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SUMMARY

The small angle neutron scattering method (SANS) was used to analyze the nano-structure of a natural clayey
soil used for containment of industrial liquid wastes. A Tertiary clay deposit called the Londonderry clay was
used to contain the wastes in a state-run landfill facility in NSW. A number of site assessments have been carried
out at the site and continual efforts have been made to characterize interactions between soil materials and
contaminants at the site. Hence, it is of research and practical interest to investigate the effects of deformation on
the nano-scale structure of the soil. Experiments have been conducted to analyze the structure of reconstituted
clayey soil samples that were subjected to uniaxial compression ranging from 200 kPa to 800 kPa. The small
angle neutron scattering instrument was used to measure the scattering intensity of these samples at a scattering
vector (q) range between 0.01 and 0.1 A"1. The sector integration technique was used to analyse elliptical
scattering patterns along the major and minor axes. A relation between stress, void ratio and nano-scale structure
properties was then briefly discussed for use in assessing the performance of clayey soils as in situ barriers.

INTRODUCTION

The Castlereagh site 50 km west of Sydney was
used as a landfill facility to dispose of industrial
liquid wastes from 1974 to 1998. A Tertiary clay
deposit called the Londonderry clay was used to
contain industrial liquid wastes. This clay layer is
interlaid between a Quaternary sand and a clayey
gravel layer. After vegetation and the sand layer
were removed, trenches approximately 5 m x 20 m
5 m deep were excavated into the clay layer, and
municipal solid and industrial liquid wastes were
placed. The trenches were then covered with the
excavated materials to a depth of approximately
2 m.

Because of public concerns about the fate and
transport of the wastes, site investigations have
been conducted. A series of experiments have also
been performed to develop a general understanding
of the interactions between the clay and the
contaminant (e.g. Itakura, 1999). To further develop
this understanding, preliminary studies have been
conducted to analyse the nano-scale structure of the
clay using the small angle neutron scattering
method (SANS).

MATERIAL AND METHODS

Soil description

The soil used in this study was freshly collected
from 5 m below the ground surface during waste
cell excavation work. The clay has a clay content of
40% with kaolinite and quartz being the

predominant minerals present in the soil. Figure 1
shows a scanning electron microscope (SEM)
photograph of the Londonderry clay. It was
apparent that the microstructure of the clay
consisted of multiple layers of clay particles.
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Figure 1. A photo of the Londonderry clay by SEM.

Preparation of samples

The soil used for characterization was aii-dried and
size-selected with a 2 mm mesh sieve in the
laboratory. The soil fractions were mixed with
distilled water to a moisture content of 40%, then
placed in a mould of 100 mm length and 20 mm
diameter and cured under three different uniaxial
compression stresses: 200, 400 and 800 kPa for
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several days. After curing, the samples were
extruded from the mould and cut into slices of
discrete thicknesses between 4 mm and 7 mm in the
direction of compression. The slices were then
transferred to an aluminium canister. The moisture
content of the cured sample was determined using
the remaining sample, and was then used to
estimate the void ratio at each compression stress.
The void ratios were estimated to be 0.77, 0.66 and
0.52 for 200 kPa, 400 kPa and 800 kPa,
respectively.

The neutron transmission rate for each sample
relative to a blank sample was measured to check
the effects of absorption and multiple scattering on
the data measurement, significant when the
transmission rate becomes smaller than 0.63. Figure
2 shows that the samples have strong multiple
scattering. The transmission rates generally
decrease against an increase in sample thickness. It
was also observed that samples compressed at 800
kPa have a higher transmission rate than those at
lower stresses. These observations are consistent
with a general understanding that the more pore
water a sample contains the lower the transmission
rate would be.
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Figure 2 Relation between neutron transmission
rate and sample thickness.

Data acquisition

The small angle neutron scattering instrument at
HIFAR was used to measure the neutron scattering
intensity of a thermal neutron beam incident on the
soil slices. The neutron flux at the sample was
estimated to be about 104 n . c m V at a wavelength
of 3.5 A. The measurement was taken at a
scattering vector (q) range between 0.01 and 0.1 A'
'. The nano-scale range corresponding to this vector
range is approximately between 0.58 ran and 11.17
nm. The measurement was also taken for blank
samples to consider the effects of ambient neutrons
on measured data. The scattering intensity acquired
by the detection system was controlled and

collected by custom application software running
on a UNIX workstatation.

Concept of an analytical model

The differential cross section for SANS (do/dty
can be expressed in the form

da
dQ

= A F(qY (1)

The constant A depends on the contrast and the
number density of the scattering entities that make
up the scattering medium. F(q) is the scattering
amplitude or form factor associated with the
scattering entities, q is the scattering vector and
depends on the scattering angle 6 and the neutron
wavelength X as

q={47t/X)sin(G/2) (2)

To obtain information from SANS measurements it
is often necessary to assume a more or less general
model of the scattering medium involved. For
amorphous, porous materials such as clays, an
example is the model proposed by Debye et al.
(1957), the so-called "Swiss Cheese" model, which
represents a distribution of holes of random shape
and size in a solid. For this the form factor squared
is given by

F(qf =
1

(3)

where a is a correlation length which, in the words
of the authors, "measures the grain size in the
medium".

In recent years, fractal models have been developed
which assume self-similarity over a range of scale
lengths. The intensity distribution for a mass fractal
•was obtained by Sinha et al. (1984) as,

F(q)2 =
sin [(£> - 1) arctan

(4)

The quantity £ is the correlation length giving the
size of the fractal structure and D is the fractal
dimension. There is also a surface fractal the form
of which is very similar to the mass fractal. Both
these fractal forms have the property that for certain
integral values of D (ie D = 2 and D = 3 for the
mass fractal), they reduce to the simple form,

F(q)2 = CD-I)
(5)
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RESULTS AND DISCUSSION

Measured data obtained for the samples exhibited a
anisotropic scattering pattern as shown in Figure 3.
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Figure 3. A typical anisotropic scattering pattern.

The intensity distribution depends on the azimuthal
angle <j>. Eq. (5) was then generalized with two size
parameters £i and £2 for two orthogonal directions,
corresponding to the directions of the major and
minor axes of the elliptical pattern.

(6)

Fitting the data involved determination of the four
parameters A, %ly %2 and D from which some
physical properties of the scattering medium could
be deduced.

Since, in our case, the data was confined to q values
over a limited range such that q^»\, it was not
possible to extract values for A, fy and S,t directly
from the data. Treatment of multiple scattering
effects also became very difficult.

To analyse the SANS measurement of the clay
samples, the intensity data was averaged as a
function of radius over a thirty degree sector along
both the major and minor axes of the elliptical
scattering pattern, and fitted for these two
orthogonal directions. When q%»l, eqs. (1) and
(6) reduce to the general form

-X-+B (7)

When the intensity data was plotted against q on
log-log scale as in fig.4, the value of p = 2(2>-l)

was determined from the slope of the curve, B was
the constant background contribution and

K = A £ ~ p

was the scaling factor.

(8)

The profiles along the major and minor axes of the
elliptical SANS pattern share the same value of A
since they had a common origin. Thus different
values for K obtained from fitting SANS profiles
along the major and minor axes give the relative
magnitudes of the size parameters ^ and 2̂ but not
their absolute values.

The data was least squares fitted using eq. (7). A
typical theoretical data fitting on the measured data
is shown in Figure 4.
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Figure 4. A typical least squares fit pattern.

From the values of K; and Ks obtained by fits along
the major and minor axes respectively, the value of
the ratio a= £;/4s can be calculated as

a =

Up
(9)

The results are shown in Table 1 with
corresponding values of a calculated using eq. (9).
The values in parentheses are estimated errors on
the K and a values. It was observed that for the
200kPa and 400kPa pressures there was no
noticeable effect on the samples. The values for a
are a little higher when the pressure is increased to
800kPa. The sample thickness does not seem to
affect the value of a. This is as expected since
anisotropy in the scattering intensity data should
not be affected by multiple scattering.
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When we assumed that increasing the pressure did
not affect the basic absorption and scattering
characteristics of the medium, so that the total
scattering cross section remains unaltered, then

AF{q)2qdq =Ct (10)

where C, is constant, independent of the applied
pressure but different for different sample thickness
t. Using eq. (6) the integral is readily evaluated to
yield,

c,=- In A (11)

Using the definitions eqs.(8) and (9) for K and a ,
we obtained an expression for the size parameter <fj
along the major axis.

(12)

From the values in Table 1, we used eq. (12) to
calculate the values of f/C, (Table 2). The value of
of the ratio $/C, decreases with increasing
compression stress, viz. decreasing void ratio, but
remains almost unaltered for a given stress across
all the sample thicknesses. Differences in the ratios
values for each thickness may be attributed to the
effects of multiple scattering.

Because of the limited amount of data measured
and analysed, intensity measurement over a wider q

range is necessary for further data analysis and
interpretation. Nevertheless, Table 2 indicates that
as a result of increasing compression stress, not
only does the void ratio decrease but the nano-scale
structure of the soil changes. Previous studies (e.g.
Morgenstern and Tchalenko, 1967; Kirby and
Blunden, 1991) observed that when soils were
deformed by compression and/or shear, the soil
fabric and permeability, viz. exhibited changes in
the macro- and micro-structures. With reference to
these studies, and the assumption that kaolinitic
clay minerals are incompressible, it is believed that
this nano-structural change is attributed to a
decrease in nano-scale pores and realignment of the
clay particles. Because of this structural change, it
is likely that the movement of water and solutes
present between the clay layers is affected
accordingly.

PRACTICAL APPLICATION OF DATA
ANALYSIS

This preliminary work may be used as a starting
point to study the long-term performance of clay
barrier materials used for waste containment in a
non-destructive manner. These materials are often
used because of their impermeable nature.
However, even when advection is minimal,
contaminants generated from waste can migrate
because of the Fickian law. Therefore, it is
important to understand the interactions between
the materials and contaminants. It is expected that
an understanding of the nano-scale structure of
these materials can contribute to these studies.

Tablel. Results from least squares fitting of eq. (7).

Sample

200kPa 4mm

5mm

6mm

7mm

400 kPa 4mm

5mm

6mm

7mm

800 kPa 4mm

5mm

6mm

7mm

P

3.17

3.32

3.3

3.27

2.98

3.02

3.05

3.0

2.87

2.87

2.83

2.93

Major Axis
KxlO5

45.6 (7.0)

51.1 (4.9)

54.8 (5.8)

36.5 (3.8)

34.2 (2.0)

28.3 (2.8)

30.1 (2.9)

21.6(1.5)

25.1 (2.1)

17.2(1.5)

14.3(1.0)

15.8 (1.2)

B

4

5

4

5

4

4

4

4

2

2

2

2

Minor Axis
KxlO5

14.1 (3.2)

13.4 (2.5)

16.9 (2.1)

11.5(2.0)

10.2 (1.1)

11.3 (1.2)

8.7 (1.0)

6.8 (0.8)

10.6 (1.1)

7.6 (0.8)

6.8 (0.4)

5.8 (0.6)

B

4

4

4

4

4

4

4

4

2

2

2

2

a

0.69 (0.06)

0.67 (0.05)

0.70 (0.04)

0.70 (0.06)

0.67 (0.04)

0.74 (0.05)

0.67 (0.05)

0.68 (0.05)

0.74 (0.05)

0.75 (0.08)

0.77 (0.04)

0.71 (0.06)
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Table.2 Values of §/C, calculated from the parameters in Table. 1

Compression
Stress (kPa)

200

400

800

4mm

0.060

0.040

0.030

5 mm

0.085

0.052

0.045

6 mm

0.074

0.060

0.054

7mm

0.094

0.068

0.053

CONCLUSIONS

Small angle neutron scattering experiments on
reconstituted natural clay samples produced
anisotropic scattering patterns. Theoretical
parameters were fitted to radially averaged data
along orthogonal axes. A relationship constructed
between the fractal properties and applied stress
indicated that the nano-scale structure was affected
by the compression stress.
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