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Polymer addition to enhance healing and self-healing of kaolin clay
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ABSTRACT: The ability to induce or prevent self-healing of fractures in soil, especially those with signifi-
cant clay content, is a highly promising, vastly under-researched area of geotechnical engineering. Undesira-
ble fracturing and fissuring of soil can lead to a range of serious problems including slope instability, and
failure of roads and foundation systems. Clay-polymer composites have the potential to improve the engineer-
ing properties of clay. The aim of this study is to develop new clay-polymer composites that promote healing
of fissures with enhanced strength. Poly (acrylamide-co-acrylic acid) partial sodium salt, which is a cross-
linked material with high water retention capacity, is used in this study. A series of tests, including desicca-
tion tests, cone penetration tests, rheometer tests for viscosity and standard oedometer tests have been per-
formed to investigate the effects of the polymer on the properties of kaolinite clay, especially its healing ca-
pacity. In the desiccation tests distinct crack patterns occurred after 72 hours for pure kaolin specimens, but no
cracks occurred for the clay-polymer mixture. Addition of polymer changed the soil properties with the
maximum liquid limit, the minimum viscosity and the maximum compression and recompression indexes
found for a polymer concentration of 0.9%.

1 INTRODUCTION healing in cementitious materials, paints, coatings
and ceramics have been achieved over the last few
Clay is a key ingredient in a large number of engi-  years, using either polymeric hydrogels, reinforce-

neering applications related to water resources, river ~ ment fibres, fly ash, biological agents or a combina-
control, earth dam construction, waste containment, tion of these (Tittelboom et al. 2013, Snoeck et al.
and is important in building foundations and slope = 2016). To date, there has been limited exploration of
stability. The ability to heal fissured clay can, for  these approaches for controlling cracking in clays.
example, open up land to construction previously  Fissured clays present challenges in characterisation
considered unsuitable, save lives and property by  and design and this has been appreciated for many
significantly reducing the risk of some types of land-  years (Terzaghi, 1936). The operational strength is
slides and land heaving, prevent pollution of  often found to be less than the peak bulk strength
groundwater through better design of waste con-  measured in the laboratory because of the presence
tainment systems and reduce the cost of earth dams  of fissures and this has been a factor in the unex-
by preventing piping and failure. While the process  pected failures of slopes, embankments and other
of fracture formation in clay soil has been extensive-  constructions. It is generally considered that swell-
ly researched, the knowledge of healing and self-  ing due to stress decrease in the neighbourhood of
healing processes remains very limited. Most studies ~ open fissures leads to a reduction of the peak
of healing have inferred its existence through meas- strength; however, the micro-mechanisms involved
urements of hydraulic conductivity (Eigenbrod, in this phenomenon are not well understood (Picarel-
2003, Shi & Booth, 2005). Although these studies  li et al. 2006). For example, it has been suggested
have indicated sealing of the cracks, this may not be  that rain water entering these fissures, leads to a de-
the same as healing, which implies the full regaining  crease in suction which causes swelling, followed by

of strength and a loss of memory of the cracks (Bas-  the reconsolidation of the swollen material (Ter-
tiaens et al. 2007). Bio-cementation of soil, in which ~ zaghi, 1936). It has also been suggested that changes
the by-product of microbial digestion has a cement-  in pore water chemistry contribute to strength reduc-
ing and pore-clogging effect, is a form of self-  tions (Picarelli et al. 2006), and that progressive
healing that has recently received considerable atten-  failure and high horizontal stresses can play a role

tion in the literature. These studies have focused on ~ (Duncan & Dunlop, 1968). It has also been observed
identifying the best combinations of bacteria and  that repeated shrink-swell behaviour can lead to

physico-chemical conditions that produce the heal-  slickensides being formed in the fissures. Several
ing outcomes and the best means of delivery of heal-  authors have suggested that self-healing occurs on
ing agents, rather than developing a theoretically-  ancient slicken-sided failure surfaces in clays lead-

sound understanding of how healing and self-healing  ing to a regain in strength, but this has been recently
occurs at various scales (Paassen et al. 2010, DeJong  attributed to questionable assumptions of failure
et al. 2013). Major breakthroughs in inducing self-
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back analysis and experimental testing limitations
(Mesri & Huvaj-Sarihan, 2015).

Experiments have been performed with the goal of
developing an experimentally-validated theory of
healing and self-healing in clay to better understand
how to promote healing of fissures, with improved
strength and reduced hydraulic conductivity, hence
solving problems of construction on fissured clay
and the use of clay liners in dehydrating environ-
ments. In this paper the role of polymer addition to
kaolin is investigated and the clay-polymer compo-
site characterised through self-desiccation tests, cone
penetration tests, rheometer tests, oedometer tests
and scanning electron microscopy (SEM) images.

2 MATERIAL

2.1 Kaolin clay

The kaolin clay Q38 used in this study was obtained
from SIBELCO Australia (Gillman, South Australia)
in powder form. The chemical composition of the
kaolin is given in Table 1. Material passing a No. 40
sieve (425 um opening) was used for this study. This
sieve size was selected to maintain consistency for
all tests and based on the criteria prescribed by Aus-
tralian standard AS1289.3.9.1-2009 for liquid limit
(LL) and consolidation tests.

Table 1. Chemical Composition of kaolin (data provided by
SIBELCO Australia).

Constituent Present (%)
SiO:2 48.7
ALlO:s 34.6
MgO 04
K20 1.2
Na:0 02
CaO 0.1
Fe20s 0.9
TiO2 1.3
LOI 12.1

2.2 Poly (acrylamide-co-acrylic acid) partial
sodium (PAS)

Polyacrylamide (PA), one of the most commonly
used polymeric flocculants, is a linear chain mole-
cule that can form strong hydrogen bonds. The ver-
satility of PA lies in the fact that it is available in
molecular weights from 10,000 to 15,000,000 and its
functions can be controlled using the amide group. It
can be obtained in co-polymerised form with acrylic
acid which enables its ionic charge to be adjusted.
This co-polymerised material poly (acrylamide-co-
acrylic acid) partial sodium salt (PAS) is used in this
study. It is a white powder and is soluble in water
and some protic solvents. The material has molecu-
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lar weight, Mw = 520,000, very high water retention
capacity and its physical properties are not sensitive
to pH, e.g. viscosity is unaffected by pH in the range
from 3 to 10. Common applications for this material
are as thickening agents, flocculating agents and as a
filtering aid.

2.3 Clay-polymer composites

The clay-polymer mixtures used in this study were
prepared using the kaolin Q38 and PAS at specific
dry mass ratios. Dry powders of clay and polymer
were thoroughly mixed together, and then distilled
water was added and mixed to a uniform consistency
to provide the required initial moisture content under

controlled laboratory conditions at 20°C.

3 METHODOLOGY

3.1 Consistency Limit Tests

Australian Standard procedures have been used to
determine the liquid (LL) and plastic (PL) limits of
the kaolin-polymer mixtures. The fall cone pene-
trometer method (AS1289.3.9.1) has been used to
determine the LL of the samples in this study. It
should be noted that the Liquid limit (LL) test is a
form of dynamic shear test, and the LL corresponds
to the water content at which a soil has an undrained
shear strength of about 2.0 kPa.

3.2 Scanning electron microscopy

Scanning electron microscopy (SEM) has been em-
ployed to observe the soil fabric. Since the inter-
particle physicochemical forces that determine the
overall mechanical behaviour of fine-grained soils
take place at the microstructural level, it is helpful to
explore the initial microstructure, how this is affect-
ed by polymer addition and how it evolves in re-
sponse to changing environmental conditions. Sam-
ples of different mixtures and at different moisture
states were prepared for SEM image analyses using
a freeze-drying technique (Gillott, 1969, O’Brien et
al. 1970).

3.3 Rheometer Tests

A series of tests have been performed in an Anton
Parr MC 502 Rheometer to investigate the viscosity
of the kaolin-polymer mixtures. The apparatus was
configured with a pair of concentric cylinders to
measure the viscous liquid responses. The viscous
behaviour in clays is commonly investigated by per-
forming laboratory tests such as creep tests, stress
relaxation tests, and Constant Rate of Strain (CRS)
tests. These more traditional tests provide limited
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Figure 1. Variations of LL and viscosity of kaolinite-xanthan
gum mixtures as function of xanthan gum concentration (after
Nugent et al. 2009)

information on the fabric and microstructure, and are
not directly related to liquid limit. Rheometer tests
have the advantage of being rapid and they have
been used in other studies of biopolymers. For ex-
ample, results of a study looking at LL and viscosity
as a biopolymer (xanthan gum) is added to kaolin
are shown in Figure 1 (Nugent et al. 2009).

3.4 Oedometer Tests

Oedometer tests were performed according to
AS1289.6.6.1 to measure the clay-polymer compo-
sites’ consolidation properties. Specimens were pre-
pared as slurries at moisture contents of approxi-
mately 1.3 times LL. The applied load was increased
in increments to 288kPa, and then unloaded.

3.5 Self-desiccation tests

Six mm thick samples of the various clay-polymer
mixtures were placed in small glass containers 52

mm in diameter and allowed to air-dry. The initial
water content for all samples was 100%. The reason
for choosing this water content was to ensure the
PAS was fully dissolved and to allow easy mixing of
the samples. All the samples were air-dried at room

temperature of 21°C for 72 hours.

4 RESULTS

4.1 Results of liquid limit

Figure 2 shows the influence of PAS on the liquid
limit of kaolinite Q38. It can be observed that with
an increase in polymer concentration, LL increases
from 55% for pure clay to a maximum of 108% at
PAS concentration of 0.9% and then decreases back
to 74% at PAS concentration of 2%. This pattern of
behaviour is consistent with the results shown in
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Figure 2. Liquid limit changes with the mass dosage of poly-
mer adding into kaolin Q38

Figure 1 for xanthan gum-kaolin mixtures, which
shows a peak at around 0.5% xanthan gum concen-
tration. The increase in LL at low concentrations is
believed to be caused by relatively strong polymer-
clay bonds allowing the creation of an open struc-
ture. As further polymer is added increasing aggre-
gation of the clay particles is believed to occur, a
limit is reached in the sorptive capacity of the clay
and subsequent polymer addition acts as an inert
filler of the space between the aggregates.

4.2 Results of SEM

SEM images for a kaolin-polymer mixture with 0.9%
concentration of PAS are shown in Figure 3. Both the
pure clay (not shown) and the 0.9% PAS clay show
random particle orientations and no clear fabric, but
compared to the pure clay there are more face to edge
contacts between the kaolin particles with the PAS
added, which is consistent with the higher void ratio
and liquid limit. Because of volume changes during
freeze drying it was not possible to detect the more
open structure suggested by the higher LL. When the
concentration of the PAS polymer was increased to
2%, significant changes in fabric occurred as can be
observed in Figure 4. Figure 4 (b) shows a large
aggregate with face to face packing and similar
arrangements occurred through-out the sample with
2% PAS. Figures 4 (a) & (c) show, at different
magnifications, that a fine sub-stance has been
precipitated on the surface of the kaolin particles. The
nature and significance of this nanoscale phenomenon
is currently unknown. It does not appear to be the
polymer which has the typical spider web appearance
shown in Figure 5 (a). Figures 5 (b) & (¢) show SEM
pictures from a clay-polymer mixture with 4% PAS. In
these pictures particles of kaolin can be seen enmeshed
in the web like structure of the polymer. Such a
structure can explain the high water retention ability of
the
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mixtures, but further investigation is required to de-
termine whether such structures exist in all the mix-
tures.

4.3 Results of viscosity test

Rheometer tests were performed to measure the vis-
cosity of the clay-polymer samples and to provide
another indication of the clay-polymer interaction. In
these tests all mixtures were prepared at a water con-
tent of 300%, which ensured all the polymer was
dissolved and provided homogeneous solutions. The
results are shown in Figure 6 (a) for clay-polymer
mixtures and Figure 6 (b) for solutions containing
only the polymer. It can be seen that addition of
small quantities of polymer (up to 0.7%) reduces the
viscosity slightly and the same shear thinning behav-
ior observed with pure clay suspension is observed.
This type of behaviour is usually associated with
structure (layering) developing in the sheared sus-
pension. However, when 0.9% polymer is added a
dramatic reduction in viscosity occurs and the vis-
cosity is similar to that of pure polymer. It is sug-
gested that the polymer prevents any structure from
developing during shear and also beyond the critical
value of 0.9% particle interactions are dominated by
polymer to polymer effects. It is interesting to note
the similarity in the critical PAS concentration in
both LL and viscosity measurements. To explore the
influence of stress level and whether similar interac-
tion effects may occur in geotechnical applications,
oedometer tests were performed.

4.4 Results of Oedometer test

The results obtained on the volumetric behaviour of
pure kaolin and clay-polymer mixtures are shown in
figure 7. The data in Table 2 show that additions of
PAS (amounts from 0.7% to 0.9%) result in a dou-
bling of the compressibility. In this figure void ratios
have been calculated based solely on the clay con-
tent as polymer is expected to be dissolved in the
water. There was a tendency for the clay-polymer
mixtures to collapse on stress application and this is
why the 0.9% PAS mixture lies below the other mix-
tures even though it had the highest LL.

It again appears that there is a critical PAS con-
centration (approx. 0.85%) where there is a signifi-
cant change in behaviour. Below this value the pol-
ymer has a significant effect on the structure,
maintaining a more open porous fabric.

Table 2: The compression and recompression index for
clay-polymer mixtures
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Figure 6. Viscosity for: (a) Kaolin-PAS mixtures; (b) pure PAS
solutions

Contents Compression Index Recompression Index
Pure Q38 0.3482 0.0633
0.7% PAS+Q38 0.6661 0.0924
0.8% PAS+Q38 0.6834 0.0848
0.9% PAS+Q38 0.7349 0.0934
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4.5 Results of desiccation tests

The results of desiccation tests in which different
clay-polymer mixes were allowed to air-dry are
shown in Figure 8. It is clear that only pure clay de-
veloped cracks in these small-scale experiments, but
factors influencing crack development are many and
further tests are needed to explore the ability of pol-
ymer additions to resist cracking.

(b)

(a)

Figure 8. (a) 1% PAS; (b) Pure kaolinite; (c) kaolin-PAS
mixtures

5 CONCLUSIONS

A soluble polymer that is cheap, readily available,
soluble in water and environmentally safe has been
identified and some preliminary tests have been per-
formed to characterise its influence on kaolin.

It is suggested that at low polymer concentrations
significant bonding develops between the polymer
and the clay and this can potentially lead to mobili-
sation of tensile resistance which can assist in pre-
venting cracking and possibly to heal existing
cracks.
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