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Abstract. Imaging technology may be used in geotechnical engineering to enhance our understanding of microscopic
characteristics and micro-mechanical behaviour of sands. In this study, silty sand samples loaded uniaxially under K,
condition for ageing times of one hour and one week were preserved using low viscosity epoxy resin. High quality
images were captured by scanning electron microscope utilizing a backscattered electron detector to give excellent
contrast between the grains and the voids. Change in microstructure due to ageing is investigated statistically using
particle orientation and distribution of spatial distance between particles in horizontal and vertical directions. It was
found that although mean distance between particles only slightly reduces, overall ageing causes larger sand particles to
rotate. It is suggested that only few fine particles (silt) rotate during ageing because the majority of them are not in the
strongly loaded force chains, so that they just float within the voids.
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INTRODUCTION

The macro-mechanical behavior of sand is highly
dependent on its particle arrangement and its
associated pore spaces, thus its microstructure. Sand
ageing is a macroscopic phenomenon which describes
the increase in stiffness and strength of a sand over
time following disturbance. This occurs under constant
effective stress without detectable changes in density.

There is no consensus yet about mechanisms
behind sand ageing. In general, there are two main
suggested mechanisms, chemical (Mitchell &
Solymar, 1984; Sheldon, 2003) and mechanical
(Schmertmann, 1991; Bowman & Soga, 2003).This
study attempts to enhance our understanding of ageing
under mechanical creep behaviour, by investigating
microscopic changes that occur during ageing under
load. The paper focuses on the initial results for loose
silty sand in terms of changes in soil fabric with time.

MATERIAL AND TESTING METHOD

Material

The materials used in this research program were
reconstituted in the laboratory by mixing a sand
fraction and a fine fraction. Sand particle diameters
range from 75um to 300um. The fine fraction (<75um,
15% by weight) used in this study is non-plastic silica
flour from 32um to 75um(particles smaller than 32pum
were removed, because they create difficulties for

image analysis).The resultant mean diameter, (ds),
maximum and minimum void ratio of €. and e,
were 150um,1.026 and 0.645, respectively. Figure 1
shows the particle size distribution of the combined
fraction.

<32um removed
by wet sieving
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FIGURE 1. Combined particle size distribution.
Sample Preparation for Image Analysis

Specimens were prepared in an impregnation
cylinder by moist tamping (Ladd, 1978). While moist
tamping does not replicate natural deposition,
segregation of fines does not occur as may happen
with pluviation and other preparation methods. A low
viscosity and shrinkage epoxy curing agent, EPO-
THIN, by Buehler Inc. was impregnated into the
specimen.

An apparatus to preserve the soil fabric using
epoxy resin adapted from Masad (1998) was used with
a modification to enable the fitting to be used
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many times. The soil sample, prepared to a relative
density of 40%, was loaded to 30kPa under zero lateral
strain (K, condition). Samples were left under load for
periods of one hour and one week, respectively.
Muszynki (2000) found significant changes in pore
size distribution of silt soil that was left in secondary
compression for one hour and for five days, thus
similar ageing times were used in this study. The
epoxy resin was then injected into the base pedestal of
the impregnation chamber under a low pressure. It is
possible that injection could cause some disturbance to
the finer grains. Nevertheless it can be assumed that
disturbances are the same between different samples.
Once the epoxy impregnated specimen was fully
cured (about two weeks), it was removed from the
impregnation chamber. The sample was then cut,
sectioned and polished with successively finer
abrasive discs and finally alumina powder.

Capturing Image and Image Processing

Images were taken by high resolution field
emission Scanning Electron Microscope (SEM). A
back scattered detector (BSD)was used to obtain good
quality images (Llyod, 1987).Captured images were
then processed and analyzed using image analysis

software [mageJ and Image Pro Plus 7.0.
Enhancement of the image involved contrast
expansion, correction for noise and

thresholding/segmentation. The resulting image the
then displayed as a binary image using black and white
colours to distinguish foreground and background
regions.

Microstructure Measurements

In this study two measures were used to quantify
the microstructure changes i.e. particle orientation and
distribution of spatial distance between particles.

Particle orientation is usually defined by the angle
of the apparent long axis andmay be presented visually
using a rose diagram. Measurement of the angles was
done based on long axis orientation using the angle
option within Image Pro Plus software. Due to a
relatively large number of fine particles, in order to
avoid bias related to particle size, a weighted value
based on area for the orientation of particles is used
here. Particle orientation distribution can be analyzed
by circular statistics (Fisher, 1993). The properties of

particle orientation distribution can be obtained by the
resultant vector length (R), mean resultant length (r),
and mean angle (0o,,)

O =—tan ({Z[l sm(Zal]] {Z[l CUS(Z‘XL]D 3)

Where ; is the length of long axes of the particle, N is
the number of measurements, a is the angle between
the unit vector and the true direction and r is a measure
of the concentration. The value of r ranges from zero
to one. When r equals to one, all particles are oriented
in the same direction.

Bowman (2002) thought that interlocking of
particles may cause soils to age. Interlocking particles
are related to particle edges, so that a mean free path
method was used in this study to measure the
distribution of spatial distance between particles. For
this method, a series of scanning lines are drawn
which pass through both solid particles and voids
(Figure 2b), and the lengths are measured (Kuo, 1998;
Masad and Muhunthan, 2000). The directions of the
scanning lines used here were vertical and horizontal
(Figure 2), commensurate with principal vertical and

axisymmetric radial stresses.
Fi ﬂit}! ll"
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FIGURE 2. Mean free path method

Bowman (2002) suggested the use of variance and
kurtosis as statistical measures to asses particle
interlock. For an interlocked structure to have the same
average density as an unlocked one there must be areas
where particles are more clustered and more loosely
packed, compared to the unlocked structure. Variance
(s?) is defined as

PRDICEE )

n

Where s is standard deviation, x is the log void
distance along a scan line, x,, is the mean log void
distance and n is the number of samples. Kurtosis is a
measure of peakedness of the curve compared to a
truly normal curve. In this study it is a measure of
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relative number of closely packed particles and large
void gaps. It is formulated as below:

_ nn+1) X = X,
= m—1Dn-2)(n— 3)2( s )4]
(%)
3(n—1)2
C(-2)(n-3)
RESULTS

Particle Orientation

Over 5000 particles from 20 images per test were
measured for the distribution of particle orientation.
Figure 3 shows the mass weighted distribution of
particle orientation for all particles. Figure 3a
represents rose diagram for one hour ageing time. This
provided a ‘baseline’ of initial fabric against which
other tests (one week ageing time in this study), could
then be compared. The results indicate that the
distribution of particle orientations prepared by moist
tamping are fairly random with a slight bias towards a
vertical orientation, as found by previous researchers
(Jang &Frost, 1998). From the Fisher analysis, Table
1, the mean direction for all particles is 15.5° and
mean resultant length r is 0.02844 (near isotropic).

TABLE 1. Particle orientation

Particle Ageing R r Ol
time (©)
All 1 hour 81598 | 0.02844 15.5
1 week 138660 | 0.04847 | -34.7
Silt only 1 hour 10128 | 0.01500 143
1 week 23047 | 0.03300 252
Sand only 1 hour 82087 | 0.03717 18.1
1 week 117135 | 0.05448 94.6

Figure 3b shows the result of the same loading
which was applied for one week. This test is compared
to the ‘baseline’ test of one hour (Figure 3a). The rose
diagram shows little overall change in the number of
particles oriented at various degrees. The mean
direction changes to -34.7° compared to 15.5° in the
baseline test. This does not suggest much
microstructural change considering the bidirectional
data of the rose diagram, however, the r value is
slightly higher.

It is interesting to then split the data into
approximately silt and sand sized particles, as in Table
1. As seen in Figure 4, we see that the orientation of
silt-sized particles (with an area less than that of a
circle with diameter 75um) is near isotropic for one
hour and one week and little change in mean
orientation (14.3° and 25.2° respectively, with low r).
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Figure 5 shows only sand-sized particles. We see here
that the mean orientation changes from 18.1° to 94.6°,
while the dispersion r increases. Hence the majority of
particle rotation occurs in the larger group. This may
suggest that forces chains mainly consist of larger
particles (sand) while fine particles mostly float in the
voids between.

10 .
(a)
FIGURE 3. Opverall rose diagram for 1 hour (a) and 1 week
of ageing(b)

FIGURE 4. Rose diagram of silt-sized particles for 1 hour
and 1 week of ageing

FIGURE 5.

Rose diagram of sand-sized particles for 1
hour and 1 week of ageing

Spatial distribution

Figure 6 shows that a typical distribution of particle
spacing on a histogram gives a highly right-skewed
distribution. In order to be meaningful, this type of
distribution should be transformed to approach



normality (Chatfield, 1983). A fitting distribution
analysis gives a log normal distribution as the best fit.
Thus all data and statistical analysis were performed
on log form.
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FIGURE 6. Distribution of particle spacing from a typical
section

The average spatial distribution results between
one hour ageing and one week ageing are shown in
Table 2. Generally, the mean log horizontal and
vertical spacing are almost the same, indicating an
‘isotropic’ structure. This is due to the nature of moist
tamped samples. Over time there is a slight reduction
in mean log spacing both in the horizontal and vertical
direction between particles indicating that loading
causes a slight decrease in overall global density or
void ratio. There is however, very little difference in
any of the measures (variance or kurtosis) over time in
either horizontal or vertical direction. This may
suggest that either that particle clustering is not taking
place or that any such change is being masked by the
presence of the free-floating fine particles. Further
investigation with these small particles being removed
by image analysis is on-going to assess the influence
of the fines.

TABLE 2. Spatial distribution results

Ageing Mean Mean Mean
time log spacing Variance Kurtosis
s B

H v H v H \%
1 hour 1.17 1.16 021 025 -093 -0.93
1 week 114 114 024 025 092  -092
H=Horizontal; V=Vertical

CONCLUSION

This study is attempting to enhance understanding
of ageing mechanisms for silty sands, which are
common in nature. A scanning electron microscope
via electron backscattered detector was used to
investigate the microscopic changes that occur during
ageing. Image analysis combined with statistical
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analysis shows that the orientation of sand-sized
particles changes subtly under constant loading over
time. However that of silt-sized particles does not
change appreciably. It is suggested that few silt
particles rotate during ageing because many of them
are just floating in the voids. Initial results of spatial
analysis suggest that there is little change in the void
spacing between particles when the entire particle
system is considered. Analysis of the spatial
distribution of voids excluding the influence of the
fines is on-going, as well as examination of specimens
aged for longer time periods.
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