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Abstract:

Near surface macropores and macro features (e.g. cracks and fissures) provide pathways for rapid
water infiltration into the core of clay fill earthworks. However it is more difficult to measure the size
and distribution of macropores located below the weathered soil surface (>1.5 m depth) and hence
assess their influence on water flow through the clay fill core of an earthwork.

This paper explores the influence of macropores on the rate of water flow within the core of a
historic railway earthwork. Samples were excavated from the core (1.5 m — 6.5 m depth) of a clay fill
railway embankment and subjected to laboratory saturated hydraulic conductivity testing. The
samples were scanned using X -ray computed tomography (XCT) before and after laboratory testing.
XCT was used to measure the size and distribution of macropores (>63 x10® m) within the samples
and compare with the saturated hydraulic conductivity measurements.

The results showed that the distribution of macropores and the saturated hydraulic conductivity of
the samples from the embankment core was not dependant on the depth of excavation. The total
macroporosity of the samples was very small relative to the total porosity (less than 10%). The
saturated hydraulic conductivity of the samples was more closely related to the connectivity of the
macropores (mean length) than to the total porosity or the total macroporosity.

The macropores were variably distributed within the core of the clay fill embankment, they did not
show a clear relationship with depth and they were connected over relatively short lengths (the
mean macropore length was not greater than 1.6 x103 m). Therefore water flow through the core of
the embankment is likely to be through the clay fill matrix, rather than through the connected
macropore pathways which allow rapid water infiltration at the near soil surface (<1.5 m depth).
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1. Introduction

Changes in pore water pressure critically influence the strength and volume change of clay fill soils.
This affects the long-term performance (deformation and stability) of earthworks constructed from
these materials (Glendinning et al., 2014; Briggs et al., 2017). Such structures include new and
historic railway and highway embankments, flood embankments and embankment dams.

There is evidence that near surface macropores and macro features (e.g. cracks and fissures) provide
pathways for rapid water infiltration into the core of clay fill earthworks (Dyer et al, 2009; Li et al.,
2011; Dixon et al., 2018). This can increase the rate of pore water pressure rise within earthworks in
response to environmental changes such as precipitation and flooding events. Macropores can also
act as preferential flow paths in soils below the near surface zone (Beven & Germann, 2013).
However, there is limited data showing the size and connectivity of macropores within the core of
clay fill embankments. Therefore, it is difficult to establish whether preferential flow occurs through
connected macropores or through the clay fill matrix; as is assumed in simulations of embankment
hydrology (Kovacevic et al., 2001; Scott et al., 2007; O'Brien, 2013, Briggs et al., 2016).

It can be difficult to measure the size and distribution of macropores within soils without disturbing
the sample structure. Recent research (e.g. Perret et al., 1999; Mooney, 2002; Mees and London,
2003; Luo et al., 2008; Anderson et al., 2010; Peth et al., 2010; Mooney et al., 2012; Geistlinger,
2013; Naveed et al., 2013; Shin et al., 2013; Lamorski et al., 2014; Larsbo et al., 2014; Katuwal et al.,
2015; Eck et al., 2016) has explored the use of computed tomography to visualise macropore
structure within small (<50 mm) samples of reconstituted soil. However, the technique has not been
used to measure macropores within larger, denser samples of in situ clay fill, nor has it been used to
explore the distribution of macropores through the core of an earthwork.

This paper presents an investigation into the use of X-ray computed tomography (XCT) to visualise
and measure macropore structure (>63 x10°® m) within 100 mm diameter samples of clay fill. XCT
and laboratory testing is used to explore relationships between the macropore structure and
saturated hydraulic conductivity of clay fill samples obtained from the core (1.5 m to 6.5 m depth) of
a historic railway earthwork.

2. Method

Soil samples were obtained from Laverton Embankment (Figure 1) in Gloucestershire, in south-west
England. The embankment is approximately 6m high and it was built between 1900 and 1906 as part
of the Honeybourne Line, which now forms the Gloucestershire-Warwickshire Steam Railway. Many
railway embankments of this period were constructed by end-tipping locally excavated clay to form
poorly compacted, ‘dumped’ clay fill embankments (Vaughan et al., 2004; Briggs et al., 2017).

Six soil cores (87-102 mm diameter, 160 mm height) were extracted from a borehole at the crest of
Laverton Embankment at approximately 1m intervals between 1.5 m and 6.5 m depth. Intact
samples were obtained from within the core of the earthwork rather than from the more variable
near surface soil (<1.5 m depth), where dynamic weathering processes (e.g. desiccation cracking,
plant roots) and seasonal soil moisture variation would influence the soil structure (Smethurst et al.,
2003; Glendinning et al., 2014; Dixon et al., 2018). Boreholes drilled along the length of the
embankment showed that a variable upper layer of fouled ballast (approximately 0.9 m thick)
overlaid clay fill formed from locally excavated, end-tipped Charmouth Mudstone (Gunn et al.,
2016). The cores were collected using cable-percussion drilling with a Dando Terrier 2002 rig. This
allowed the recovery of continuous 1 m long samples captured in polyvinyl chloride (PVC) liners. The
diameter of the two deepest cores was reduced from 102 mm to 87 mm during drilling to reduce
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sampling resistance at these depths. The sample from 6.5 m depth was disturbed during drilling so it
was not possible to determine if this was clay fill or clay from the embankment foundation.

While it is difficult to obtain perfectly undisturbed samples for testing (Clayton and Siddique, 2001),
disturbance was minimalised in every part of the sampling process. After trimming, the samples
were stored in PVC tubes with secure end caps to prevent mechanical disturbance and evaporation.
The samples were stored in a refrigerator at 3°C. Table 1 shows the size, sampling depth, bulk
density and gravimetric water content of the samples. A 100 mm diameter, reconstituted sample
was prepared from sample 4C (3.5 m depth) using wet compaction to a bulk density of 1.91 x10°3
kg/m3. Particle size distributions were obtained for the samples from 3.5 m and 4.5 m depth using
wet sieving and hydrometer tests (BS 1377-2:1990). These showed that the samples were well
graded, consisting of 45% clay, 50% silt and 10% sand particles. Soil index testing showed that the
liquid and plastic limits of the samples were between 61-77% and 27-37% respectively. X-Ray
diffraction analysis of the clay fill was undertaken using a Bruker D8 Advance X-ray powder
diffractometer with CuKa radiation. This showed that the clay fraction of the fill (<2 x10® m)
consisted of Quartz, Calcite, Kaolinite, lllite and Sodium Magnesium Aluminium Silicate.

XCT scans were undertaken at multiple stages in the laboratory testing process. First, the samples
were scanned to obtain macropore information prior to laboratory testing. Second, the samples
were saturated within a triaxial cell and subjected to constant head permeability testing. The
samples were then removed and scanned in the saturated condition. Finally, the triaxial cell samples
were divided into three smaller samples and subjected to one-dimensional consolidation tests. The
details relating to each of these stages is described in more detail below.

2.1 XCT scanning and analysis procedure

X-ray computed tomography is a 3D imaging process that is based on the principle of
electromagnetic wave attenuation. X-rays emitted from the source pass through the sample and are
attenuated by absorption and scattering (Mooney et al., 2012). The degree of attenuation along any
x-ray path is controlled by the materials it passes through (each of which has a linear attenuation
coefficient (i) dependent on the electron density of the material) and the X-ray energy. The X-rays
are then converted to photons and recorded using a scintillator-fronted detector. As the sample is
rotated, 2D grey-scale images (projections) are collected from many angles. Each image records the
total attenuation of the X-rays. The 2D projection data are then reconstructed into a 3D volume
using numerical algorithms, and can then be visualised as a 3D voxelised volume (a voxel is the 3D
equivalent of a pixel) where the intensity or brightness of each voxel represents the attenuation, and
therefore density of the material in that voxel volume. The size of the voxels reflects the spatial
resolution of the scan.

Although visual inspection is a valuable qualitative tool, the image data can be quantified using
software packages such as Avizo (FEI Visualization Sciences Group), CT Analyser (Skyscan-Bruker) or
Fiji (Schindelin et al., 2012). As the greyscale is related to the material composition, the porosity of a
material, or the volume fraction of any phase (e.g. solid, liquid) or mineral can be determined by
counting the number of voxels assigned to it during segmentation of the sample (see Appendix).
Quantitative 3D analysis is made challenging by artefacts within the image data (e.g. image noise,
beam hardening, ring artefacts), poor greyscale contrast between the different phases and minerals
(better contrast is achieved at lower energies but at the cost of poorer transmission and lower signal
to noise), and insufficient spatial resolution (often called the partial voxel effect) which causes a
voxel to be made up of several minerals or phases and causes averaging and blurring of phase
boundaries (Cnudde & Boone, 2013). For these reasons, CT investigations in the geosciences (Pender
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et al., 2009; Ito & Azam, 2017; Wildenschild & Sheppard, 2013) have generally used smaller sample
sizes (< 50 mm).

The samples were scanned using a Nikon X-Trek XTH225ST with a maximum accelerating voltage of

195kV at 105 mA. The beam was pre-filtered using 0.5 mm Cu to reduce beam hardening. A total of
1800 projections were taken over 360-degree rotation with a two-second exposure time. Data were
reconstructed using the Nikon proprietary filtered back projection algorithm, with a voxel resolution
of 53-63 x10°m (see Table 3; after Muddle, 2017).

The XCT scan settings shown in Table 2 were used to examine the clay fill samples. Initial
investigations (Muddle, 2017) showed that it was not possible to scan a larger (300 mm) block
sample of clay fill without reducing image resolution, losing greyscale contrast between the mineral
phases and forming excessive imaging artefacts such as beam hardening.

The image processing and interpretation followed the procedure developed by Muddle (2017), as
outlined in the Appendix. The images were reconstructed using the Nikon proprietary software
(Nikon, 2019). The software contains correction algorithms to reduce ring artefacts, beam hardening
and noise. The same reconstruction settings were used for each sample to aid comparison of the
data and the repeatability of the tests. However the impact of these algorithms on the image
reconstruction were not explored, hence they may not represent the best available method.

Four different methods of image enhancement were explored (a median filter, sharpened filter, non-
local means filter and Gaussian filter). The effectiveness of these methods was measured by
comparing the degree of contrast from the image slices and greyscale histograms. A sharpened
median filter was identified as the most effective and computationally efficient image improvement
process (see Appendix). Initial investigations showed that automated watershed thresholding
(lassonov et al., 2009), was not appropriate for the clay fill samples (see Appendix). Manual
interactive thresholding was required for the clay fill samples because they were dense samples with
intensity histograms that lacked complete definition. A two-voxel partial volume correction was used
for the clay fill samples because it minimally altered the macroporosity measurement (less than
0.04% for the samples tested) but removed a large number of objects from the image. The influence
of the partial volume correction on the measured pore properties is shown in the Appendix.

Preliminary investigations (Muddle, 2017) were used to develop a rigorous and repeatable image
analysis method, which allowed the macropore properties of the clay fill samples shown in Table 1
to be compared. Due to the inherent variability of the 100 mm diameter samples, the scans were
performed at a range of voxel sizes. Table 3 shows the voxel resolution achieved from each scan. To
keep the resolution constant between repeated scans of the same sample and to allow for
comparison of the evolution of the macropore structure with saturation, the partial volume effect
correction was matched between corresponding samples. A 40 mm sub volume at the centre of the
sample was used for subsequent image processing and analysis, to reduce computational demand.

The consistency of the image analysis procedure was explored by examining the results of the three
scans over the height of sample 5C (at the top, middle, and bottom of the sample). Data from three
individual scans was processed independently; however there was some crossover (overlap) in the
scans. This allowed the scans to be compared, showing that the volume of voids per slice in the
sample aligned almost exactly (Figure 2).

2.2 Saturated hydraulic conductivity testing
Saturated hydraulic conductivity (Ksqs:) measurements were undertaken using the samples from
Laverton Embankment. This allowed a direct comparison with the macropore property metrics
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measured using XCT. However it should be noted that this sample size (102 mm diameter) may limit
the ability to measure the permeable fabric within a clay fill embankment, which requires 250 mm
diameter samples (Rowe, 1972), or in situ testing to measure the presence of larger cracks and
fissures within the near surface (<1.5 m depth) soil (Dixon et al., 2018).

The samples were installed in the triaxial cell and saturated using backpressure saturation (B-ratio >
95%). The use of CO; flushing was explored to achieve higher saturation, but this was ineffective.
The effective stresses applied to the samples replicated field conditions at the depth from which the
samples originated (Table 1). Constant head permeability tests were undertaken according to BS
1377-5:1990 (British Standards Institution, 1990) using a hydraulic gradient (i) of 125. The
saturated hydraulic conductivity was calculated using Darcy’s Law (Darcy, 1856).

The triaxial samples were divided into three layers and subjected to three, one-dimensional
oedometer consolidation tests according to BS 1377-5:1990. The saturated hydraulic conductivity of
the samples was calculated using Terzaghi's (1943) consolidation theory.

2.3 Mercury intrusion porosimetry (MiP) testing

Mercury intrusion porosimetry (MiP) testing was undertaken using the reconstituted sample and
sample 5Cpot) from 4.58 m depth. This was used to measure pores in the samples which were not
captured by the XCT technique. MiP involves applying an absolute pressure to mercury (a non-
wetting fluid) in order to force it to enter pores within the sample. If the pores are assumed to be of
cylindrical shape then the pore diameter can be estimated using the Washburn equation (Washburn,
1921). The surface tension of mercury was taken to be equal to 0.484 N/m at 25°C (Smith, 2015).
The contact angle between mercury and the pore wall is usually taken between 139° and 147° for
clays (Diamond, 1970), so 140° was used in these tests.

Mercury intrusion porosimetry can be used to estimate porosity for pore diameters between 4 x107°
m and 0.4 x103 m. This is a much finer resolution than is possible using XCT (greater than 50 x10°®
m). However, MiP does have several limitations when applied to this investigation. First, it is not
possible to measure isolated pores that are completely enclosed by solids and it is not possible to
measure pores that are only accessible through smaller ones. Second, the minimum practical
pressure of the machine limits the largest size of pore that can be measured. Mostly critically, MiP
requires the use of very small samples (less than 0.001kg) which must be oven dried or freeze-dried
prior to testing. This limits the usefulness of MiP when investigating the influence of macropores on
the saturated hydraulic conductivity of the clay fill samples (i.e. the pores with a diameter >0.4 x10°3
m). However, it does give an indication of the volume of pores that were not captured by the XCT
images, as a useful comparison. Oven drying of the samples and phase relationships (Powrie, 2014)
were used to obtain the total porosity of the samples over the full range of pore diameter sizes.

2.4 Method to compare the strength of association between the XCT results and the
results of conventional laboratory testing

The correlation between the XCT derived property metrics and the laboratory measurements of
sample porosity (n), density (p), and saturated hydraulic conductivity (Ksqt), were examined using
Spearman’s (1904) correlation coefficient (rs);

6Y D?
N3—N

s =
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Where, D is the difference between the two ranks of each observation and N is the number of
observations. Spearman's correlation coefficient is a non-parametric test used to measure the
strength of association between two variables, where rs = 1 means a perfect positive correlation and
the rs =-1 means a perfect negative correlation.

3. Results

The total macroporosity within the samples (after Partial Volume Effect correction, see Table 4)
ranged from 0.12 % to 4.12 % and the mean macropore length varied between 0.80 x10° m and 1.6
%10 m (excluding sample 7C). These values are similar in magnitude to those derived from CT scans
of soils reported in the literature (Luo et al., 2010 (silt loam samples); Naveed et al., 2013 (clay and
sandy clay samples); Shin et al., 2013 (artificial clay samples); Larsbo et al., 2014 (clay loam
samples)).

The macropore structure within each of the samples (2C to 7C) was variable (Figure 3). Some
samples contained large, isolated macropores (Figure 3a), some contained biological-type pores
running through the sub volume (Figure 3b) and the reconstituted sample (Figure 3c) contained a
more uniform size and spatial distribution of macropores. A comparison of the volume of voids per
slice in each of the samples shows that there is no clear variation in the distribution of macropores
with depth within the embankment core (Figure 4). This was also evident in the three dimensional
macropore visualisations (e.g. as shown in Figure 3). These visualisations showed that Sample 7C was
heavily fractured because of disturbance during excavation. This is evidenced by the large range of
the volume of voids in Sample 7C (Figure 4).

The laboratory saturation procedure reduced the total macroporosity, the macropore density and
the macropore surface area density within the samples (Table 4). Some consolidation may have
occurred due to the high hydraulic gradient used for the test, or when the pore pressure within the
samples was lowered (relative to the cell pressure) before they were removed from the triaxial cell
(Pender et al., 2009). Figure 5 shows the pore size distribution per slice (as a percentage of total
pore volume) through the 40 mm cubed sub volumes in samples 2C, 3C and 4C. This shows that the
saturation procedure decreased the volume of pores per slice and increased the macropore
uniformity of the samples. The saturation procedure also reduced the size of the largest macropores
within each sample, indicating that these pores are more likely to be affected by the saturation
procedure than the smaller pores within the samples. This is in agreement with evidence showing
that larger pores close first during the compaction of sediments (Delage & Lefebvre, 1984).

The results of the MiP tests for Sample 5Ciot) and the Reconstituted Sample are shown in Table 5.
The porosity measured using the MiP technique was significantly lower than that measured using
phase relationships (e.g. 26% and 50% respectively for the Reconstituted Sample). The MiP data
showed that the samples contained a modal pore diameter of 0.05 x10°® m. This is one thousand
times smaller than can be observed using the XCT images. Both the MiP and the total porosity values
are much larger than the porosity of the samples measured using XCT. This shows that the most
significant proportion of the total porosity consists of pores that are smaller than the macropores
(>63 x10® m). However, the fewer, larger pores may still influence water flow. Experimental
evidence suggests that pores larger than 0.3 x103 m in equivalent cylindrical diameter are the main
pathways for rapid, non-equilibrium flow (Jarvis, 2007). This indicates that the XCT pore property
metrics will be more representative of these larger pores than the pore sizes measured using total
porosity or MiP.
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The saturated hydraulic conductivity (Ks.:) measurements from triaxial permeability tests and one-
dimensional consolidation tests are compared in Table 6. The Ks;: measured using the triaxial
samples was consistently lower than that measured using the oedometer samples. The values of Ksat
are comparable with laboratory measurements of London Clay fill reported by O’Brien, et al. (2004),
which showed a median Ksq: of 8 x10™2° ms™? (range 3 x10° to 2 10! ms™ ) from 34 laboratory tests.
Both the laboratory K.+ values shown in Table 6 and those reported by O’Brien et al. (2004) are
approximately two orders of magnitude lower than those measured for clay fill using in situ testing
methods (O’Brien et al., 2004; Dixon et al., 2018).

Figure 6 shows the Spearman’s correlation coefficients for the XCT derived macropore property
metrics and the laboratory measurements of sample porosity, density and saturated hydraulic
conductivity (at the triaxial scale and the oedometer scale). This shows that the total (phase
relationship) porosity has a negative correlation to both the triaxial and the oedometer
measurements of saturated hydraulic conductivity. There is a mild (r; = 0.39) correlation between
the triaxial Ksq: and the total macroporosity derived from the XCT data. A closer (rs = 0.71) correlation
is shown between the total macroporosity and the oedometer Ksq:. The XCT measured mean
macropore length shows a strong positive correlation with the Ks,: measured using both the triaxial
cell (rs = 0.96) and the oedometer (r; = 0.86). This shows that the saturated hydraulic conductivity of
the samples was influenced by the length of the macropores, rather than the quantity of macropores
(total macroporosity).

Reference to Table 4 and Table 6 shows that the samples with the greatest mean macropore length
had the highest saturated hydraulic conductivity. The mean macropore length represents a measure
of the connectivity of macropores within the samples. This shows that the connected macropores
were small (mean macropore length up to 1.6 x103 m) but sufficient to provide preferential flow
pathways through the samples. Experimental evidence (Jarvis, 2007) and conceptual models (Jarvis
et al., 2016; Jang et al., 2011) show that this occurs in soils which contain large continuous
macropores but lack well-connected networks of smaller macropores.

There is a closer correlation between the pore property metrics and the oedometer Ksq:
measurements than with the triaxial Ks;: measurements. Figure 6 shows a close correlation between
the Kse: measured using the oedometer and all of the pore property metrics. This is because the XCT
sub volumes (40 mm cubes) are more representative of the scale and hence the macropore
distribution of the oedometer samples (20 mm thick) than the triaxial samples (80 mm thick).
Munkholm et al. (2012) showed similar results for scans of agricultural soils, in that the strongest
correlations were found between parameters assessed at similar levels of observation. Visual
inspection of the samples (e.g. Figure 3) showed that the macropores extended through lengths
equivalent to the oedometer samples but not throughout the full height of the triaxial samples.

4. Conclusions

XCT was used to visualise and quantify the pore structure within 100 mm diameter clay fill samples
at a resolution that enabled the measurement of macropores (> 63 x10° m). The samples were
scanned in both partially saturated and fully saturated conditions to investigate the evolution of the
internal macropore structure following saturation. Additionally, XCT-derived pore property metrics
were compared to saturated hydraulic conductivity measurements to assess the influence of
macroporosity on water flow. The following conclusions can be drawn:

1) The XCT results show that the distribution of macropores (>63 x10°® m) was variable throughout
the embankment core (between 1.5 m and 6.5 m depth). The saturated hydraulic conductivity (Ksat)
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of the samples also varied throughout the embankment core, showing no clear relationship with
depth. Comparative macropore data from other clay fill embankments is not available, but this result
is representative of the variable, poorly compacted nature of the dumped clay fill (Vaughan et al.,
2004; Briggs et al., 2017). This is in contrast to the relationship of decreasing Ks.t with depth
measured in overconsolidated clay cuttings (Chandler, 1974; Dixon et al., 2018).

2) The macropore length had a greater influence on the saturated hydraulic conductivity (Ksat) than
the total porosity within the laboratory-scale samples. This relationship was more evident for the
oedometer samples with a short (20 x103m) flow path than for the triaxial samples with a longer
(80 x103 m) flow path. The macropores increased the permeability of the samples, but they were
connected over relatively short lengths (the mean macropore length was up to 1.6 x103 m).
Therefore the assumption of matrix-dominated flow used in simulations of embankment hydrology
(Kovacevic et al., 2001; Scott et al., 2007; O'Brien, 2013, Briggs et al., 2016) is likely to be
representative of the clay fill in the embankment core at Laverton. However, it may not be
representative of embankments formed with lenses of alternative materials (e.g. a widened or
repaired embankment), or representative of clay fill soil near the surface (<1.5 m depth), where
visible cracks and fissures can develop over greater lengths (Dixon et al., 2018).

3) The process of saturation and laboratory testing altered the macropore structure of the clay fill
samples. The largest macropores within the samples were most affected by the saturation
procedure and were more sensitive to disturbance and small stress changes than the smaller pores.
This is in agreement with measurements taken during the compaction of sediments (Delage &
Lefebvre, 1984) and the consolidation of residual clay (Pender et al., 2009). Therefore the
contribution of macropores to water flow within clay fill soils at low effective stress (e.g. within in a
small embankment) may not be captured during laboratory testing; leading to underestimates of the
in situ water flow and storage characteristics (e.g. permeability, porosity).
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7. Tables

Table 1: The labels and details of the samples excavated from Laverton Embankment (both in situ
and saturated conditions shown)

Table 2: The XCT scanner settings used to scan samples from Laverton Embankment

Table 3: The voxel resolution achieved from XCT scan of the 100 mm diameter clay fill core samples
from Laverton Embankment. The greyscale threshold values (256 levels) are shown in brackets.

Table 4: The pore property metrics for 40 mm cubed (central) sub volumes of clay fill calculated using
XCT image data

Table 5: Mercury Intrusion Porosimetry (MiP) results and total porosity for Sample 5Coy and the
Reconstituted Sample.

Table 6: Porosity and saturated hydraulic conductivity measurements from triaxial permeability tests
and one-dimensional consolidation tests on the saturated clay fill samples
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8. Figures

Figure 1: Laverton Embankment in Gloucestershire as viewed (a) from the road, (b) from above.

Figure 2: A profile showing the volume of voids throughout the height of Sample 5C. This profile is
composed of data from three individual sub volumes (40 mm sub volumes) at the top, the middle and
the bottom of the sample

Figure 3: Three dimensional visualisations of macropore structure within 40 mm sub volumes of (a)
Initial Sample 5C oy ,(b) Saturated Sample 5Cpor), (c) The Reconstituted Sample. These samples had
a corrected macroporsity of 58%, 53% and 40% respectively (Table 4).

Figure 4: Profiles showing the volume of voids per slice for each of the samples, located between 1.5-
6.5 m below the embankment surface.

Figure 5: Profiles showing the volume of voids within per slice (%) from the XCT data before and after
sample saturation for samples (a) 2C, (b) 3C and (c) 4C.

Figure 6: Spearman'’s correlation coefficients for the pore property metrics from the saturated clay
fills samples and the laboratory hydraulic conductivity measurements.

Figure 7: A flowchart outlining the key stages of the XCT image analysis procedure.

Figure 8: A midsection slice from the reconstituted sample image data (40 mm cube sub volume)
subjected to (a) no filter, (b) a median filter, (C) a sharpened median filter, (d) a non-local means
filter, and (e) a Gaussian filter.

Figure 9: Greyscale intensity histograms for the reconstituted sample after the application of image
enhancement techniques (shown in images).

Figure 10: A midsection slice through the reconstituted sample (40 mm cube sub volume) (a) prior to
segmentation, (b) after thresholding using the fully automated watershed method, (c) after manual
thresholding using the interactive method. The pores are shown as black. The segmented pores are
shown as blue.

Figure 11: The impact of partial volume correction (2 voxels) on pore volume throughout the
reconstituted sample.
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9. Appendix

An initial investigation was used to develop the image analysis procedure for the clay fill samples
(Muddle, 2017) by first examining a reconstituted clay fill sample (100 mm diameter, 87 mm height).
A flowchart outlining the key stages of the XCT image analysis procedure is shown in Figure 7. The
details of the filtering, thresholding and partial volume correction stages are described below.

Figure 8 shows images of the midsection slice from a 40 mm sub volume of the reconstituted clay fill
sample with different applied filters. All of the filters reduced the level of noise present within the
images. The sharpened median filter and the non-local mean filter gave the sharpest contrast
between phases with the most defined pore edges. The Gaussian filter and the median filter showed
blurring of the pore boundaries. Examination of the greyscale intensity histograms (Figure 9) shows
that the median and Gaussian filters did not significantly improve the definition of the material
phase peaks within the greyscale histograms. The sharpened median filter and the non-local means
filter improved the image quality and the definition of peaks. The sharpened median filter was twice
as computationally efficient as the non-local means filter and was therefore selected for the
subsequent analyses.

The effectiveness of automated watershed thresholding in relation to interactive manual
thresholding was compared by visual assessment of slices throughout the height of the
reconstituted clay fill sample. Figure 10a shows an image with a sharpened median filter prior to
segmentation. This can be compared with the same slice after the application of automated
watershed thresholding (Figure 10b) and the manual method (Figure 10c). These Figures show that
the automated thresholding method produced more unsegmented pores than the manual method.
The manual method was a more reliable segmentation method than the automated method for a
sample of clay fill with intensity histograms lacking complete definition.

All objects with an equivalent diameter less than two voxels (106-126 x10°® m) were removed from
the image data prior to quantification of the macropore property metrics. The partial volume
correction removed a large number of objects from the images for the reconstituted sample. This is
because the reconstituted sample had a relatively uniform pore size and distribution, with few large
macropores compared to the number of smaller macropores. While a large number of pores were
removed, particularly in the largest sub volume, the volume of removed pores was small. The effect
of a two voxel partial effect correction on the total calculated macroporosity was between 0.02 %
and 0.04 % of sample volume depending on the size of the subsample.

Figure 11 shows the influence of the partial volume correction on the profile of volume of pores per
slice through the height of the reconstituted sample. The correction does not significantly alter the
profile, with the exception of one section at the centre of the subsample with a higher
macroporosity. The difference indicates that the increase in macroporosity in the middle slices was
due to many individual, small macropores rather than fewer, larger macropores. The measured
increase in macroporosity was a consequence of the laboratory preparation of the reconstituted
sample.



7. Tables

Table 1: The labels and details of the samples excavated from Laverton Embankment (both in situ
and saturated conditions shown)
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Height
(x103 m) 98 86 87 80 92 78 92 83 107 94 75 91 78 92 87
Diameter
(x103 m) 102 102 102 102 102 102 102 102 102 102 102 87 87 87 100
Bulk density
175 173 179 179 185 191 180 179 184 184 189 181 185 1.87 1.91

(%107 kg/m?)

Origin - depth of
centreofsample ) oy o0 551 551 351 351 450 450 454 458 458 551 551 651 3.58
from the surface
(m)

Water content

(gravimetric%) 25 31 26 34 26 29 26 29 26 26 30 25 33 24 33

* Sample 7C could not be saturated and rescanned due to the fragmented nature of the sample



Table 2: The XCT scanner settings used to scan samples from Laverton Embankment

Sample Voltage  Current Exposure Projections Vertical Other
(mA) (ms) slices
(kv)

102 or 87 mm
diameter Copper*

L 195 105 2000 1800 1998 filter (0.5
cylindrical ]

mm thick)

sample

* Copper filter used to reduce beam hardening

Table 3: The voxel resolution achieved from XCT scan of the 100mm diameter clay fill core samples
from Laverton Embankment. The greyscale threshold values (256 levels) are shown in brackets.

Sample Voxel Sample Voxel Sample Voxel
resolution resolution resolution
(x 10% m) (x 10 m) (x 10° m)

2C (25) 58.2 5C-top*? (50) 57.3 6C (48) 53.4

2C saturated*?! 61.1 5C-top 61.5 6C saturated*! (53) 52.9

(26) saturated*! (53)

3C (48) 54.8 5C-mid*2 (55) 53.7 7€ (60) 54.4

3C saturated*?! 60.4 5C-bot*? (46) 54.7 Recon (105) 62.7

(24)

4C (50) 55.5 5C-bot 59.7

saturated*! (49)
4Csaturated*!  58.2
(58)

*1 Saturated and unsaturated sample resolutions were matched using the PVE correction to allow for
comparison between the samples.

*2 The resolution of the three samples within 5C were matched using the PVE correction to allow for porosity
throughout the height of the sample to be compared.



Table 4: The pore property metrics for 40 mm cubed (central) sub volumes of clay fill calculated using
XCT image data
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(%)

Macropore
density
(x10°)
(number/m3)
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Mean macro
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198.4
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Table 5: Mercury Intrusion Porosimetry (MiP) results and total porosity for Sample 5Cior) and the
Reconstituted Sample.

5C-bot sample Reconstituted sample
Mass of sample (x1073 kg) 0.49 1.39
Density (x10° kg/m?3) 1.78 1.91
Volume of sample (x10° m3) 275.83 730.05
Total specific volume of pores (x10® m3/kg)  152.34 134.73
Total pore volume (x10° m3) 74.62 187.72
Max pore entrance diameter (x10° m) 109.52 110.01
Min pore entrance diameter (x10° m) 0.0037 0.0037
Average pore entrance diameter (x10° m) 0.023 0.024
Modal pore entrance diameter (x10°® m) 0.051 0.052
Median pore entrance diameter (x10°m) 0.042 0.043
MIP Porosity (%) 27 26

Total porosity (phase relationship) (%) 45 50




Table 6: Porosity and saturated hydraulic conductivity measurements from triaxial permeability tests
and one-dimensional consolidation tests on the saturated clay fill samples
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Total porosity (%)
50 49 44 48 45 48 50

Oedometer (3 x 70 mm diameter,
20 mm height) - average

saturated hydraulic conductivity 17.7 6.24 735 3.75 16.5 296 2.95
(first loading step) (x10°m/s)

Triaxial (100 mm diameter, 80
mm height) - saturated hydraulic

conductivity (x10-1 m/s) 10.4 5.32 16.7 80.3 10.8 1.76 8.15

Factor of difference between
oedometer and triaxial measured 17.0 11.7 4.4 4.7 15.3 12.8 3.6
saturated hydraulic conductivity




8. Figures

(b)

Figure 1: Laverton Embankment in Gloucestershire as viewed (a) from the road, (b) from above.
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Figure 2: A profile showing the volume of voids throughout the height of Sample 5C. This profile is
composed of data from three individual sub volumes (40 mm sub volumes) at the top, the middle and
the bottom of the sample.
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Figure 3: Three dimensional visualisations of macropore structure within 40 mm sub volumes of (a)
Initial Sample 5C oy ,(b) Saturated Sample 5Cpor), (c) The Reconstituted Sample. These samples had
a corrected macroporsity of 58%, 53% and 40% respectively (Table 4).
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Figure 4: Profiles showing the volume of voids per slice for each of the samples, located between 1.5-
6.5m depth below the embankment surface.
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Figure 5: Profiles showing the volume of voids within per slice (%) from the XCT data before and after
sample saturation for samples (a) 2C, (b) 3C and (c) 4C.
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Figure 6: Spearman's correlation coefficients for the pore property metrics from the saturated clay
fills samples and the laboratory hydraulic conductivity measurements.

Image acquisition and reconstruction: Using Nikon X-Trek XTH225ST .
Data were reconstructed using the Nikon proprietaryfiltered back
projection algorithm, with a voxel resolution of 53-62 um

+
Extraction of a 40mm cubed subsample: From the centre of the
sample.

3

Image filtering: Using a sharpened median filter to smooth data,
reduce noise and remove artefacts.

1
Image sharpening: To define the material phases

|
Thresholdingand segmentation: Using interactive manual
thresholding and segmentation

]
Labelling and quantification of macropores: Using a two voxel partial
volume correction.

Figure 7: A flowchart outlining the key stages of the XCT image analysis procedure
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Figure 8: A midsection slice from the reconstituted sample image data (40 mm cube sub volume)
subjected to (a) no filter, (b) a median filter, (C) a sharpened median filter, (d) a non-local means
filter, and (e) a Gaussian filter.
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Figure 9: Greyscale intensity histograms for the reconstituted sample after the application of image
enhancement techniques (shown in images).
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Figure 10: A midsection slice through the reconstituted sample (40 mm cube sub volume) (a) prior to
segmentation, (b) after thresholding using the fully automated watershed method, (c) after manual
thresholding using the interactive method. The pores are shown as black. The segmented pores are

shown as blue.
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Figure 11: The impact of partial volume correction (2 voxels) on pore volume throughout the
reconstituted sample.



