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An experimental investigation into the use of mica as a material

for the stabilisation of marginal clays in construction

Abstract

The scarcity and cost of high-quality construction materials have resulted in their use being
reserved for the construction of structures that experience relatively high stress, such as roads
with high traffic volumes. Consequently, mechanically improved abundant marginal materials
are common in relatively low stress construction applications such as landscaping, low-volume
paved roads and fill material for flood embankments. In clays, mechanical improvement is
commonly achieved through the addition of chemical stabilizers such as lime, bitumen, cement,
and fly ash. However, these chemical stabilizers are associated with high cost and a large
carbon footprint. Here, we present the first research demonstrating that clays can be
mechanically improved through the addition of mica. Mica wastes are generated in significant
volume as a by-product from the mining of relatively valuable materials. This paper explores
the use of mica to improve the ultimate limit state of marginal clays for use as construction
material. Kaolin clay was prepared with muscovite sand and muscovite silt in variable fractions
(0%, 2.5%, 10% and 30% muscovite fraction). The hydraulic and mechanical response of the
composite materials were investigated through one-dimensional compression and direct shear
testing. The most notable finding is that, at very low normal stresses (<100 kPa), a relatively
small fraction of mica is sufficient to shift the angle of shearing resistance of the composite,
from the value for pure clay (¢’~17°) towards the value for pure muscovite (¢’~26°). X-ray
computed tomography scans of the consolidated and sheared samples show that the relatively
high strength of the mica clay composite at low normal stress is due to a fold-like mode of

deformation observed in shearing. This mechanism appears to be suppressed at high stresses



with the shear band likely developing through the clay matrix. As a result, the composite

exhibits the same friction angle of the clay alone at high stresses.

Keywords: Mica, shear strength, hydraulic conductivity, marginal clay, kaolin, circular

economy



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

1 Introduction

In recent years, the scarcity and cost of high-quality construction materials have resulted
in their use being reserved for the construction of structures that will experience relatively high
stress, such as roads with high traffic volumes [1]. Consequently, abundant marginal materials
are common in relatively low stress geotechnical applications such as landscaping, low-volume
paved roads and fill material for flood embankments. Further, the use of local marginal
materials can result in significant carbon savings [1-6] as well as enhancing the drive towards

a circular economy [1,7,8].

Marginal materials are defined as materials that do not possess, in their present form,
quality levels that meet current standards sufficient for their use as various structural
components. Thus, their properties need to be improved mechanically. Chemical stabilizers
such as lime, bitumen, cement, and fly ash have successfully been used in the past to improve
the performance of some marginal clays [1,9-11]. However, these chemical stabilizers are
associated with high cost and a large carbon footprint [12]. By-product mica could prove a

valuable alternative to improve the mechanical performance of marginal clays.

A significant amount of mining by-product is mica generated both from the mining of
relatively valuable materials such as gold, copper, uranium and platinum [13] and that of less
valuable materials such as china clay [14] and mica itself [15]. About 10 million tons of mica
waste is generated in a year and over 600 million tons of total industry stockpile are estimated
to be available [16]. Due to its abundance, researchers have begun to explore its use in
construction. Mica has high radiation resistance and good insulation properties [17] and has
been shown to have good thermal and mechanical properties. For example, [18,19] observed
that the mechanical and thermal properties of glass-mica composites are superior to those of

conventional building materials, such as concrete, masonry products and cement mortar.
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Similarly, [20], demonstrated the possibility of using a tungsten mine waste, containing mica
and quartz, to produce alkali activated binders using a calcination process. To-date, the
proposed applications for mica in construction use processes that expend relatively large
amounts of energy (calcination and glass manufacture). Whilst highly valuable, these high
energy applications may not be desirable for the full 600 million ton backlog of mica waste
now stockpiled. There is, therefore, scope to investigate lower-energy applications of waste

mica in construction.

This paper explores the feasibility of using by-product mica for enhancing the mechanical
properties of marginal clay for low stress applications in construction. The paper presents an
evaluation of the shear strength, compressibility and hydraulic conductivity of muscovite and
kaolin composites for geotechnical uses such as structural fills and landscaping. Speswhite
kaolin clay was mixed with variable weight percentages of muscovite silt or sand, in the ratios
0%, 2.5%, 10% and 30% by weight of muscovite. The hydraulic and mechanical behaviour of
these composite materials was then tested via one-dimensional compression and direct shear
tests. Finally, sub-samples from the sheared specimens were imaged using X-ray computed
tomography to enable an evaluation of the microscale mechanisms controlling the macroscopic

behaviour of these composite materials.

2 Materials and specimen preparation
Three different materials were used in this study: Kaolin, Muscovite silt and Muscovite sand

(Figure 1). Composite specimens made up of muscovite silt or sand mixed with kaolin in the

ratios 2.5:97.5, 10:90, and 30:70 by weight were prepared and tested.
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Figure 1. Images of (from left to right) kaolin, muscovite silt and muscovite sand used in this study

Speswhite kaolin with a liquid limit wi = 0.64 and a plastic limit wp=0.32 was used in the
experiments. The grain size distribution, obtained through Laser diffraction analysis, is
characterised by 80% clay-fraction (fraction < 2 micrometer) and 20% silt-fraction (fraction 2-
63 micrometer). Muscovite silt used for this study was purchased from LKAB minerals Ltd.
The muscovite silt has a median diameter dso = 30 um, particle sizes in the range 1 - 87 um
(obtained through Laser diffraction analysis) and a specific gravity of 2.8. Its chemical
composition obtained with Micro- X-ray Fluorescent (Micro XRF) spectrometer performed at
Bruker AXS is shown in Table 1. Muscovite sand was purchased from Specialist Aggregates
Ltd. The muscovite sand has a median diameter, dso = 1.5 mm, particle sizes in the range 0.25—
2.8 mm, and a specific gravity of 2.8 (see figure 1¢). Its chemical composition obtained through

Micro XRF is shown in Table 1.

Table 1. Chemical composition of muscovite silt, muscovite sand and kaolin used in this study.

Element Atomic | Compound Normalized Stoichiometric Composition (wt.%)
Number
Muscovite Silt Muscovite Sand Kaolin
Al 13 ALO3 32 30-36 38
Si 14 Si02 43 43 -50 47
K 19 K20 13 <9-12
Ti 22 TiO2 1 1
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Fe 26 Fe203 8 1-5 -

Loss on ignition Max 5% Max 5%

The kaolin and muscovite were supplied as dry powders/grains. We mixed the sample with
a spatula until a homogeneous mixture was obtained, as determined by visual inspection since
the colours of clay and mica particles are very different. To reconstitute kaolin clay and mica
composite from slurry, distilled water was added to the dry powder up to a water content 1.5
times the liquid limit of kaolin (wL=0.64) following the procedure suggested by [21]. The
reconstituted slurry preparation was used to better understand the intrinsic properties (devoid
of field depositional conditions, ageing, cementation, and leaching) of the natural clay which
is a robust frame of reference against which to assess the in-situ state of the clays. Slurry
samples were used for both oedometer and direct shear tests. Samples were reconstituted from
slurries prepared at the same initial water content to ensure that the different compression
behaviour of the composites is only associated with its intrinsic properties (and not biased by

differences in the initial conditions)

3 Experimental procedure

3.1 Direct Shear Tests

Drained direct shear box tests were conducted using a digital direct shear apparatus (ELE
International, Sheffield, UK) according to the BS1377 standard [22], see figure 2 for typical
setup for a direct shear test. The shear box has internal dimensions of 60 x 60 mm and
accommodates specimens up to 20 mm height. The apparatus is equipped with a 5 kN capacity
load cell and two displacement transducers to measure the shear force and both the vertical and

shear (horizontal) displacements.
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From the specimen consolidation data, it was determined that a shearing rate of 0.01
mm/min was sufficient to prevent pore water pressure build-up and thus maintain drained
conditions during shearing. With the exception of the 100% kaolin sample, all specimens were
sheared at this rate. For comparison with the composite materials, shear tests performed on the
100% kaolin clay, reconstituted from slurry and consolidated to 50, 100, and 150, are reported
here taken from [23], with a shearing rate of 0.02 mm/min, and for the specimen consolidated

to 300 kPa from [24], with shearing rate of 0.005 mm/min.

Normal Load Loading cap

Porous Plate
Top perforated Plate

Carriage ﬂ

Load from drive unitgﬂ [Water | | - ‘ . Reaction from load ring
T‘:FX Split box

Base plate

Figure 2: Typical setup for a direct shear test

3.2 One-dimensional (oedometer) compression tests

One dimensional oedometer compression tests were performed in a front-loading oedometer
cell -diameter 75 mm (Controls Testing Equipment Ltd) according to [25], see figure 3 for a
typical setup of an oedometer cell. Prior to loading, all samples were submerged under water
in the oedometer cell. Samples were compressed in incremental steps starting from 3kPa
vertical stress and doubling the load up to 2230kPa vertical stress. Unloading was performed

in five steps.

For each loading and unloading step, samples were allowed to consolidate, i.e. the

subsequent loading step was only applied when the secondary compression branch of the

Lower perforated plate



10

11

12

13

14

15

16

17

consolidation curve was clearly visible. The change in void ratio associated with a given
loading step was computed by taking into account the change in the void ratio accumulated in
the current loading step, due to primary consolidation, and the change in void ratio accumulated

in the previous loading step, due to secondary consolidation (see Appendix I).

For each loading step, the consolidation time tso associated with 50% consolidation was
calculated and this enabled estimation of the consolidation coefficient ¢y and, hence, the

hydraulic conductivity k as detailed in Appendix II.

The void ratio associated with each imposed vertical stress was calculated backwards from

the final specimen water content, the dry mass, and the specimen cross sectional area.

Load

Porous stones
Water
Confining Ring

SPECIMEN

Porous stones

Figure 3: Typical setup of an oedometer cell

3.3 X-ray Computed Tomography

X-ray tomographies of the sample were performed with a Nikon XT H 320, see figure 4 for
details of the X-ray computed tomography setup. The scan was performed using 3141
projections during a single revolution at 125kV energy and 108 pA current. The samples
scanned were cylindrical samples cut out of consolidated or consolidated and sheared

specimens with ~ 20 mm in diameter and the full sample height (after consolidation). The voxel
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size was 14.19 x 14.19 x 14.19 um. The samples were covered with Parafilm® to maintain a
constant water content during the scan and the tomographies were reconstructed using Nikon

metrology X-Tek software and visualised using Thermo Fisher Scientific Avizo software.

Scan Image

Sample
Rotation

=7

X-Ray Source

Figure 4: Typical X-ray computed tomography setup.

4 Results

4.1 Shear strength behaviour of kaolin-mica composites

Figure 5 (a, b, ¢, d, e) shows the results of direct shear tests performed on 100% kaolin, 10%
muscovite sand/kaolin composite, 100% muscovite silt, 10% muscovite silt/kaolin composite
and 100% muscovite sand, respectively. The kaolin, 10% muscovite sand/kaolin composite
and muscovite silt and muscovite sand all exhibit a monotonic increase in shear stress up to the
ultimate value and a contractile volumetric behaviour. This is the typical behaviour for the
composite. It is worth noting that for both the kaolin and muscovite, the curves, in terms of the

shear displacement versus the ratio between shear stress t and normal effective stress c’,

10
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overlap. This indicates that the failure envelopes in the Mohr-Coulomb plane c'- 1 [26] for both
the muscovite and the clay are linear and pass through the origin as shown in Figure 6. The
experimental data for muscovite silt and muscovite sand lie almost perfectly along a linear
failure envelope, with the exception of the data point associated with muscovite sand at 300
kPa vertical stress (see figure 6). The angle of shearing resistance for both the muscovite silt

and the muscovite sand was found to be ¢’=25.8° while the angle of shearing resistance for

kaolin was found to be ¢’=17.8°.
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Figure 5. Results of direct shear tests in terms of i) shear stress to normal stress ratio versus shear displacement and (plotted
at the top of each figure) ii) vertical displacement versus shear displacement (plotted at the bottom of each figure). (a) 100%
kaolin (b) 10% muscovite sand kaolin composite (c) 100% muscovite silt (d) 10% muscovite silt kaolin composite (e) 100%

muscovite sand
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Figure 6. Failure envelope in terms of ultimate shear strength versus normal effective stress of muscovite silt, muscovite sand,

kaolin and muscovite/kaolin composite.

To better appreciate the variations in shear strength with increasing normal effective stress,
for the various muscovite/kaolin composites, Figure 7 shows the shear stress to normal
effective stress ratio vs. the normal effective stress. As expected, the shear strength of the
kaolin/ muscovite composites increases toward the value of the shear strength of the muscovite
alone as the muscovite fraction increases. However, the most striking aspect of Figure 7 is that
a relatively small fraction of muscovite (30%) is sufficient to shift the shear strength to the
shear strength of the muscovite alone in the range of low effective normal stresses (¢’<50-100
kPa). Further, even for smaller muscovite fractions (2.5% and 10%) there is still a significant

increase in shear strength at low effective normal stresses. This effect vanishes as the normal

12
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effective stress increases (o’ = 200-300 kPa); at a normal effective stress of 300 kPa, the only

sample that still shows some increase in shear strength is the 30% fraction of mica sand (Figure

7b).
. 06 0.6
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Figure 7. Shear stress to normal effective stress ratio versus normal effective stress. (a) muscovite silt-kaolin composite. (b)

muscovite sand-kaolin composite

4.2 1-D compression behaviour of kaolin-mica composites

Figure 8 shows the 1-D compression curves of the clay-muscovite-silt composites at varying
proportions from 0% muscovite (100% kaolin) through 2.5%, 10, and 30% muscovite. The
compression curves of the kaolin-muscovite silt composites essentially overlap with the
compression curve of the kaolin alone, indicating that compression behaviour of the composites

is dominated by the clay matrix regardless of the muscovite silt fraction (in the range 0-30%).

The compression curve for the muscovite silt alone presents an inflection at around 20 kPa
vertical stress before becoming linear beyond 200 kPa vertical stress. The normal compression
line of the muscovite silt is clearly located above the normal compression line of the kaolinite,
which further corroborates the finding that the compression behaviour of the kaolin-muscovite

silt composites are dominated by the clay matrix.

13
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Figure 8. Oedometer compression curve of muscovite silt and kaolin composites

Figure 9 shows similar 1-D compression curves for the clay-muscovite-sand composites.
Again, the compression curves of the kaolin-muscovite sand composites essentially overlap
with the compression curve of the kaolin alone indicating that compression behaviour of the

composites is dominated by the clay matrix.

The compression curve for the muscovite sand alone presents an abnormal initial void
ratio. It is not clear whether this is due to an error in the computation of the void ratio change
upon the first loading steps due to ‘wall effects’ at the interface between the top surface of the
specimen and the loading cap (void ratio change would have been overestimated), or as a result
of swelling occurring upon flooding of the oedometer cell (the water content of the initial slurry
was the same for all the specimens tested). Unfortunately, the compression test of the
muscovite sand alone could not be repeated. Table 2 shows the secant compression index of
mica silt and mica sand composite obtained for vertical stress values between 100 and 2000

kPa.

14



5
—8—|100% [Muscovite Sand
4.5 A
——30% Muscovite Sand
4 A —%—10% Muscovite Sand
35 | ——2.5% Muscovite Sand
® ={=0% | Muscovite Sand
kel
©
©
S
1 10 100 1000 10000
1 Vertical stress, o (kPa)
2 Figure 9. Oedometer compression curve of muscovite sand and kaolin mixture

3  Table 2: Compression index for mica sand and mica silt

Mica Silt Compression Mica Sand Compression
index Index
0% (Kaolin) 0.19 0.19
2.50% 0.21 0.19
10% 0.21 0.21
30% 0.21 0.21
100% 0.22 0.40

5  There was no evidence of muscovite particle crushing in either the muscovite silt or sand;
6  Figure 10 shows there was no change in the laser diffraction particle size analysis of the

7 specimens before and after compression.
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Figure 10: Mica particle size distribution before and after compression

4.3 Hydraulic conductivity of kaolin-muscovite composites

The hydraulic conductivity of the kaolin-muscovite composites was derived from the
consolidation response upon individual loading steps based on Terzaghi’s theory of one-
dimensional consolidation [26] (Appendix II). As shown by [27], the values of hydraulic
conductivity inferred from the consolidation data are consistent with the values measured

experimentally via standard constant head/falling head hydraulic conductivity tests.

Hydraulic conductivity is plotted against vertical stress for both the muscovite silt
composites and the muscovite sand composites in Figure 11. As expected, the hydraulic
conductivity decreases as the vertical stress increases and, hence, the void ratio decreases
(Figures 11a and 11b). The percentage of mica added (2.5% - 30%) does not significantly affect
the hydraulic conductivity of the composite material compared to the clay. Therefore, up to

30% mica, the hydraulic conductivity remains controlled by the finer fraction.

16
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Figure 11. Hydraulic conductivity versus vertical stress. (a) kaolin-muscovite silt composites. (b) kaolin-muscovite sand

composites.

4.4

X-ray CT slices of consolidated and sheared samples

Figures 12a, b show X-ray CT slices of two samples of the sand sized mica mixed with kaolin

(30 percent mica sand) after consolidation to 50 kPa and 300 kPa vertical effective stress
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respectively. Mica sand particles appear to be randomly oriented in both samples, which is a

reflection of the process of hand mixing of the composite material in its slurry state.

Figures 12c and d show the same specimens after shearing. The dashed line represents the
position of the joint between the bottom and top halves of the shear box. Figure 12¢ (the sample
sheared after compression to 50 kPa) shows preferential orientation of mica particles in the
shearing zone whereas figure 12d (the sample sheared after consolidation to 300 kPa) shows

that mica particles remained randomly oriented in the shearing zone.

50 kPa vertical effective stress 300 kPa vertical effective stress

(a) (b)

20 mm

16-20 mm 16 mm

(d)

15 mm
L 16 mm

::>]. = i /- -_ 8l | Shearingjoint

Shearingjoint

0.8 mm
0.7 mm

Figure 12: X-ray CT slices of (a) mica sand and kaolin consolidated to 50 kPa (b) mica sand and kaolin consolidated to 300
kPa (c) mica sand and kaolin consolidated to 50 kPa and shared (d) mica sand and kaolin consolidated to 300 kPa and

sheared.

5 Discussion

The results from the oedometer tests, in terms of compressibility and hydraulic conductivity of
the muscovite/kaolin composites show that behaviour in compression remains dominated by
the clay matrix. It was not unexpected that a muscovite fraction up to 30% is not large enough

to modify the compressional behaviour, which remains dominated by the clay matrix.
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Similarly, for the hydraulic conductivity behaviour, mica particles ‘float’ within the clay matrix
and this results in no significant hydraulic conductivity change of the composites (for up to

30% mica) compared to the value for mica alone.

By contrast, the shear strength data are not intuitive and, at the same time, have significant
practical relevance. The range of low normal effective stresses where a relatively small fraction
of muscovite generates a significant increase in shear strength (c’<50-100 kPa) are
representative of the range of stresses developing in earth structures such as flood and roadway
embankments and in the backfill of retaining structures. As a result, the addition of only 10-
30% of muscovite silt or sand to the clay, with the aim of improving the mechanical behaviour

of marginal clays, can significantly enhance the mechanical response of such geostructures.

At a more fundamental level, it is surprising that a relatively small fraction of muscovite
can shift the shear strength of kaolin-muscovite mixtures to values close to the ones of the
muscovite alone at low normal effective stress. As the compression behaviour of the composite
is dominated by the clay matrix, regardless of the muscovite fraction (in the range 0-30%), one
would have expected the shear strength to be also dominated by the clay matrix. This is the
case at relatively high normal effective stresses (c’>100 kPa) but not at low stresses (¢’<50-

100 kPa).

The kaolinite and the silt/sand mica alone exhibit ultimate shear strength that does not
depend on the normal effective stress 6’ (Fig. 7a and b). At ultimate (critical) state, it can be
assumed that particles in the shearing zone are subjected to ‘turbulent’ mixing [28] and that the
‘macroscopic’ angle of shearing resistance depends on the degree of interlocking that is
resisting to the sliding and rolling over of particles.

For the case of mica sand and silt, the interlocking would be higher due to the angularity
of mica particles and the nature of inter-particle contact. As shown by the X-CT scan in figure

13, mica particles have a rough surface. This increases the degree of interlocking at the critical
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state and, hence, increases the ‘macroscopic’ angle of shearing resistance. This is consistent
with the findings of [29] who have shown that particle angularity plays a key role in
determining the critical state angle of shearing resistance. Experimental data have shown that
the angle of shearing resistance of uniform sand can span over a very wide range depending on
particle angularity, from 40° in the case of very angular sand particles to 20° for perfectly
rounded particles (glass beads) [30]. At the same time, the frictional resistance at the inter-

particle contact is relatively high being controlled by mechanical interactions (Figure 14a).

Figure 13 — X-CT image of mica sand

For the case of kaolinite, it may be that the particles are less angular and, most importantly,
the normal stress at the inter-particle contact is diminished by the Coulombian repulsion
occurring between the negatively charged particles. This would decrease the inter-particle
frictional resistance facilitating particle sliding and rolling eventually leading to a lower

macroscopic angle of shearing resistance (Figure 14b).

For the composite material, it is instructive to observe the orientation of the sand mica
particles in the shearing zone. At low stress, mica particles highlight a pattern that resembles

ductile shearing in geologically stratified layers, which are first folded and then broken by

20
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tectonic forces (Fig. 15a, c¢). The mica particles contribute to form ‘reinforced’ layers and the
shearing process involves a fold-like mechanism rather than a particle-to-particle rolling and
sliding. This could explain why the measured friction angle in mica sand composite at low

stresses was observed to be even higher than mica sand alone (Fig. 7b).

At high vertical stress, the mica particles appear to preserve the same random orientation
observed after compression (Fig. 15b). It can be speculated that the high vertical stress
promotes the development of force chains mainly in the clay matrix and, hence, composite
layers do not form upon macroscopic shearing. In this case, the shear band likely forms in the
clay matrix (Fig. 15d) and this explains why the measured friction angle at high stresses in the

mica sand composite is observed to be close to the value measured in the kaolinite alone (Fig.

7b).

Shearing of mica sand/silt

ICompression IShearing

Sliding

{m—— (a)
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Figure 15. Response in shear of mica sand/silt and kaolinite composites. (a) preferential orientation of mica sand particles in
the shearing zone at 50 kPa vertical stress. (b) random orientation of mica sand particles in the shearing zone at 300 kPa
vertical stress. (c) Conceptual model for response in shear at low vertical stress. (d) Conceptual model for response in shear

at high vertical stress

6 Conclusions

This paper has evaluated the compressibility, hydraulic conductivity, and shear strength
characteristics of muscovite and kaolin composites for their use in low stress geotechnical
regimes such as structural fills. Muscovite-kaolin composites were prepared with muscovite

contents of 0, 2.5, 10, and 30 wt. %. It was observed that:

1) by adding both muscovite silt or muscovite sand to kaolin for all the weight percent of
muscovite kaolin mixtures tested, compressibility does not change. Up to 30%
muscovite sand or muscovite silt, the compressive behaviour is still clay-dominated.

i1) The addition of muscovite mica (up to 30%) to kaolin does not significantly affect its
hydraulic conductivity. Hence a gain in shear strength does not compromise the
hydraulic conductivity or compressibility of clay.

1i1) The shear strength characteristics of kaolin are significantly enhanced by the addition
of only 2.5-30% of muscovite silt or sand in the low stress regime typical of earth
structures such as flood and roadway embankments and retaining structure backfill.
Hence, whilst adding up to 30% mica to clay makes no significant difference to the

hydraulic conductivity, it does improve the shear strength at low normal stresses.
These findings show that by-product mica significantly enhances the mechanical
properties of marginal clays in low-stress, large-volume building applications such as
structural fill. Considering the high cost and carbon footprint [12] of current systems,

such as lime, bitumen, cement and fly ash [1,9-11], the addition of by-product mica as
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an alternative material for mechanical property enhancement in clays could reduce

both the cost and environmental impacts of such applications. Mica-enhanced clay

fills could also provide a low-cost, low-energy solution for the bulk of mica-based

mine wastes, removing the current requirement for their active management and

reducing their impact on the surrounding environment.
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APPENDX I — Determination of void ratio change in oedometer

compression.

Upon each loading and unloading step, specimens are allowed to complete primary
consolidation. The completion of primary consolidation can be detected only when the
secondary consolidation branch of the settlement versus time curve becomes clearly visible.
As a result, the change in void ratio accumulated upon a loading or unloading step includes
these two components. As shown in Figure 16, the primary consolidation is associated with an
increase in effective stress whereas the secondary consolidation occurs at constant effective
stress. The secondary consolidation at constant effective stress represents a change in void ratio
that should have occurred in the subsequent loading step and should therefore be attributed to

the subsequent loading step as shown in Fig. 16.
In other words, the change in void ratio Aei upon the i-th step associated with an increase
in the effective stress Acj, is given by
Ae; = Ae; primary + A€i_1 secondary [1]
where Ae; ,rimary 18 the void ratio change associated with the primary consolidation of the step

i and Ae;_1 secondary 18 the void ratio change associated with the secondary consolidation of

the previous step i-/.
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Figure 16. Computation of void ratio change Ae upon associated with an increment in effective stress Ao’
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APPENDIX II — Determination of hydraulic conductivity from oedometer

consolidation test

The hydraulic conductivity was determined as follows: The consolidation curve of each loading
step was plotted, and the primary and secondary consolidation settlements were identified as
shown in Fig. 17. The time #50 corresponding to 50% primary consolidation was then identified

as shown in Figure 17 and the consolidation coefficient C,, computes as follows:

_0.197 h? (2]
T s
where 0.197 is the theoretical time factor corresponding to 50% consolidation and /% is the

drainage length (a standard oedometer consolidating test has double drainage and, as such, the

specimen height is equal to 24).
The 1-D secant modulus £1p was the calculated as

A6;
Eyp= b [3]
L

where ¢; is the strain accumulated in the i-th loading step in turn given by:

_ de [4]
1+ eo,i

&

where Aei and eo; are the change in void ratio and the initial void ratio respectively in the i-th

step. Finally, the hydraulic conductivity & was calculated as follows

Co¥w [5]
Eip

k =

where y,, is the unit weight of water.
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Figure 17. A typical consolidation curve for 2.5% muscovite and 97.5% kaolin at 3kPa loading step showing consolidation

phases and analysis of log-time/settlement.
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