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Abstract. Soil containing plant roots may be expected to exhibit a greater shearing resistance compared
with the same ‘unreinforced’ soil, providing enhanced stability and effective erosion control, particularly for
earth slopes. To be able to rely on the improved shearing resistance and stiffness of root-reinforced soils, it
is important to understand and quantify the effectiveness of root reinforcement. This requires sophisticated
multiscale models, building understanding at different length scales, from individual soil-root interaction
through to full soil-profile or slope scale. One of the challenges with multiscale models is ensuring that they
are representative of real behaviour, and this requires calibration to detailed high-quality experiments. The
focus of the work presented was to capture and quantify root-reinforcement behaviour and associated soil
and root deformation mechanisms during direct shear at the macroscopic to millimetre length scales. A
novel shear box was developed to operate within a large-scale X-ray computed tomography (CT) scanner.
Tests were interrupted to be scanned at a series of shear displacements from 0-20 mm to capture the
chronology of behaviour in three-dimensions. Digital volume correlation (DVC) was applied to the CT
dataset to obtain full-field 3D displacement and strain component information. The study demonstrates
feasibility of the technique and presents preliminary DVC results.

1 Introduction

The use of vegetation has been demonstrated as an
effective approach for improving slope stability to
prevent shallow landslides and erosion. The planting of
trees, shrubs and grasses on slopes provides a potential
increase in soil shear strength due to (1) a reduction in
groundwater and pore water pressures as plants transpire
water [1], and (2) mechanical root reinforcement of the
soil. There are two mechanical effects of roots: (1) small
diameter flexible roots that act in tension through soil-
root friction to increase the soil-fibre composite strength,
and (2) large diameter roots that intersect the shear plane
act as individual anchors that can slip through the soil
matrix without breaking, mobilizing a small fraction of
their tensile strength [2, 3].

The magnitude of the root strengthening effect is
influenced by many complex factors. These include
variabilities in plant roots (geometry, orientation,
mechanical properties and root-soil interface) and soil
characteristics (compaction, water content, etc). These
competing parameters make it challenging to fully
understand the behaviour of root-soil interaction and
how roots promote the strengthening of soil [2-6].

To quantify the mechanical effects of roots on soil
shear strength, there have been several laboratory
studies, e.g. direct shear, centrifugal and root tensile
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strength tests [2-6]. In addition, many models for soil-
root interactions have also been developed [7, 8].

The direct shear test is a commonly used laboratory
method to study the shear strength of soil and root
reinforcement. To gather more information from
mechanical experiments such as the direct shear test,
there have been several studies implementing digital
image correlation (DIC) to obtain full-field displacement
and shear information during loading. This is achieved
using a box with transparent windows through which
cameras recorded images of the soil during loading; DIC
is applied to the images to obtain displacement and strain
fields [9, 10]. A limitation of this technique is that it can
only make observations of the surface plane which could
be influenced by the conditions on the boundary. It is
also challenging to capture localised features such as
soil-root interaction which may not be directly present
on the observed surface.

To fully capture the three-dimensional behaviour of
the soil and soil-root interaction, it is important to
capture information within the bulk of the soil.
Developments in advanced X-ray computed tomography
(CT) have been shown to work well for capturing 3D
information within soils (including roots) and have seen
a considerable rise in use in soil science within the past
decade [11]. Extending the CT technique further,
interrupted in situ experiments on soils have been carried
in previous studies to understand the mechanics of soil
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and soil-root behaviour. These studies have applied
digital volume correlation (DVC), a technique similar to
DIC to obtain 3D full-field displacement and strain
information [12-14] but have so far studies have been
limited to high resolution CT (<1 pm voxel resolution)
of small samples [14] or on sand with densely packed
fine particles which are easier to track with DVC [12,
13].

The focus of the research presented here is to
combine direct shear box experiments with in situ CT to
understand and quantify the 3D soil mechanics and soil-
root interactions when subjected to a direct shear load.
The study explores the feasibility of this experiment at a
larger scale (field of view: 80 x 80 x 80 mm) to that
which has been generally carried out before (both at
Southampton and elsewhere) and on soil containing
sand, silt and clay with particles up to 2 mm
(representing a suitable growth medium for the plants).
Results from these experiments will be used to develop
and improve modelling strategies including ongoing
work with Meijer et al. [15].

2 Methodology

2.1 Test specimens

Test specimens comprising of Willow (Salix viminalis,
variety Tora) and an unrooted (control) specimen were
studied. Test specimens were prepared within a 110 mm
diameter, ~500 mm long cylindrical tube. The tube
comprised of two 250 mm length sections, forming a
plane at the middle of the tube on which controlled shear
could later take place. A 2 mm clearance gap was left
between the two tubes, which were supported in position
using a purpose-made bracket. The base of the tube was
sealed with a permeable membrane.

Both Willow and unrooted specimens were prepared
in Bullionfield soil (mineral portions consisting of 71%
sand, 19% silt and 10% clay, James Hutton Institute,
Dundee, UK) with a pH of 6.2 [3]. The soil was oven
dried at 60°C for 48 hours and sieved to <2 mm particle
size. De-aired water was added to achieve a water
content of 0.18 gg!. The soil was compacted in 10 equal
layers to achieve a target bulk dry density of 1.4 Mg/m?>.

The Willow plants were grown for 60 days under
controlled lighting and at a controlled temperature of
21°C and relative humidity of 41%. Lighting was
provided by a Maxibright T5 unit, equipped with eight
blue T5 fluorescent tubes delivering 4450 lumens of
light per tube, operating for 16 hours per day. The height
of the lights was adjusted to maintain a ~150 mm
distance between the lights and the tallest part of the
plants.

Immediately prior to carrying out the direct shear
tests, specimens were fully saturated in water before
being placed on a saturated bed of sand within a large
container. Water was drained from the bottom of the
container to leave the water table in the sand 0.5 m
below the shear plane in the specimen tubes, creating a
water suction of 5 kPa at the shear plane.

2.2 Test rig

To facilitate in situ testing within a large-scale X-ray
computed tomography (CT) scanner, a bespoke direct-
shear test rig was manufactured (see figure 1). The rig
was designed to enable direct control and monitoring of
the load, displacement and tensiometer sensors from
outside the CT scanner.
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Fig. 1. Experimental setup of the direct shear box test within a
large X-ray CT scanner (Hutch) at the University of

Southampton.

The test fixture consisted of an aluminium support
ring to fully constrain the upper half of the specimen
tube whilst providing a consistent X-ray transmission
throughout the 360° rotation. The lower half of the
sample tube was mounted to a bracket attached to two
guide rails to constrain all degrees of freedom except for
the lateral shear displacement.

Once the sample tube was mounted in the rig, the
bracket which temporarily supported both halves of the
tube was removed. A razor blade set to 2 mm depth was
run around the parameter of the tube at the shear plane to
remove the influence of roots in contact with the
sidewall of the tube. To minimise the loss of water
during the experiment, both the top and bottom of the
tubes were covered and taped with aluminium foil to
provide an airtight seal, and the stem of the plant above
the surface was cut off to remove transpiration effects.

2.3 X-ray computed tomography: in situ direct
shear experiments

X-ray CT scans were undertaken at the Mu-VIS facilities
at the University of Southampton, UK using a large
Nikon Metrology Hutch CT scanner.

To provide enough X-ray transmission through the
rig and specimens, a 450 kV X-ray gun was used. The
scan settings are shown in table 1. A short scan time was
chosen to minimise the effects of soil movement during
the scan, and to enable all scans to be undertaken within
a 12-hour session.

CT scans consisted of four noise study scans and
seven shear test scans. Noise study scans were used to
provide a noise sensitivity study for DVC. These
consisted of two stationary scans, one rigid body motion
scan with the specimen displaced 2 mm upward and one
change in magnification scan, with the specimen
displaced 2 mm away from the X-ray gun. In the first
two cases (stationary and rigid body motion), the
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expected strains should be zero. In the last case, the
magnification will provide an artificial uniform increase
in strain.

Table 1. X-ray CT scan parameters.

CT scan parameter Value
Voltage 300 kV
Power 90 W
Voxel resolution 46 um
Number of projections 3142
Frames per projection 4
Exposure time 134 ms
Scan time 30 minutes
8 mm aluminium (total
Filtering trgnsmission through vyall
thickness from cylindrical
support on test rig)

The seven shear test scans consisted of a scan with
the tube in its initial (unloaded) position, followed by six
scans performed after an incremental shear displacement
of ~3.33 mm had been applied, to provide a total shear
displacement of 20 mm. After application of each shear
displacement, specimens were held at this displacement
for ~30 minutes to allow for stress-relaxation, i.e. a small
drop in recorded load. This was done to minimise any
movement of the specimen during the CT scan.

2.4 Digital volume correlation (DVC)

Volumetric CT data was processed using DaVis
LaVision software to obtain DVC data. Matching
between sub-volumes was done using a coarse fast
Fourier transform correlation step to create an initial
predictor of the displacement field followed by a direct
correlation step.

The DVC process involves choosing an adequate
subset size to achieve a balance of noise, reliable
correlation, strain measurement accuracy and spatial
resolution. It is therefore important to first perform a
noise sensitivity study to evaluate the strain
measurement resolution [16]. The strain measurement
resolution will determine the minimum significant strain
value that can be extracted from the deformed images
which can be associated with material behaviour rather
than noise artefacts.

For the noise study, five subsets with 75% overlap
were studied with varying isotropic sub-volume sizes
with equal length, width and depths of: 192, 128, 96, 64,
48, and 32 pixels. Figure 2 shows a plot containing the
standard  deviation of Green-Lagrangian strain
components &, €y and &, for a stationary, rigid body
displacement and magnification noise study scan.
Results show a knee point at a subset size of ~64px
corresponding to a standard deviation of strain between
1000-1500 microstrain.

For the incrementally loaded specimens, trials were
conducted to establish how well the deformed volumes
correlated. Due to the large deformations in this dataset,
it was necessary to apply a sum of differential approach
instead of the reference to first method. In the latter

technique, each displacement step from 0 to 20 mm was
referenced against the initial unloaded volume. The first
shear displacement step of 3.3 mm showed strong
correlation, however there was a breakdown in
correlation in subsequent displacement steps >6.6 mm
leading to inaccuracies when compared to an LVDT
sensor measuring the displacement of the specimen in
the test rig. In contrast, the sum of differential approach
performs volumetric correlation between each loading
step rather than correlating against the first reference
image. The incremental correlations between steps are
then summed together to obtain the deformation fields.
Whilst the sum of differential approach showed strong
correlation and displacement measurement accuracy
between 0 to 20 mm shear displacements, it should be
noted that the noise (as illustrated in figure 2) will be
summed together at each load step. Therefore, it is
expected that the strain resolution for the final shear-
displacement step will be ~7 times larger than shown in
the noise study experiment.
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Fig. 2. DVC noise study on soil scan data comparing the
effects of varying subset size.

After conducting the noise study test and preliminary
DVC trials, a sub-volume size of 32 pixels, 75% overlap
and sum of differential approach was chosen to process
the shear load scan data. Despite the high noise
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associated with the 32 pixel subset, there was a strong
signal-to-noise on the shear-loaded scans with strain
signals within the shear band zone exceeding 10 times
the noise. In this case, the smaller 32 pixel subset size
improved the spatial resolution of the data and enabled
localised strain features to be captured. A smaller 24
pixel subset size was trialled, however there was poor
correlation. This was due to computer hardware
limitations which restricted the search radius size in the
direct correlation step.

3 Preliminary CT and digital volume
correlation results

The short 30-minute CT scans at a voxel resolution of 46
um, offered good resolution and contrast to capture the
soil particles, pore space and tap roots. Figure 3 shows a
cross-sectional CT slice (top view) at the shear plane.
Three tap roots are visible (circled regions) and are
observed growing vertically into the tube (into the page).

80 mm

s
Fig. 3. CT cross-sectional slice showing the top view of a
Willow planted specimen at the shear plane. Circled are three
tap roots with a diameter ~1.5 mm growing into the page.

DVC was used to process shear-displacement
volumes for both willow and unrooted specimens. The
processed data  produced volumetric  full-field
displacements and Green-Lagrangian strain component
data.

Figure 4 shows a displacement profile plot taken at
position B indicated in figure 3 (near the vicinity of the
root), with the column depth axis extending into the
page. The line plot shows the shear displacement
position vs. tube depth above and below the shear plane.
Above the shear plane, the minimum displacement
approaches 0 mm and is representative of the fully
constrained half of the tube, whereas below the shear
plane, the maximum displacement approaches 20 mm,
i.e. the displaced half of the tube.

Comparing the displacement profile of both willow
and the unrooted specimens, there is a difference in the
shape of the profile between the two systems. The

willow exhibits a near linear displacement transition
through the shear band, whereas the unrooted specimen
exhibits an exponential bias towards the shear plane.

It is interesting to point out that the thickness of the
shear band in both specimens is approximately 30 mm.
Comparing the willow displacement profile to the CT
image of the deformed root shown in figure 4, it is
observed that the geometry of root displacement follows
the pattern of soil displacement.

Whilst the size of the shear zones for both willow
and unrooted specimens are near identical, an interesting
observation is made when the volumetric strains (sum of
€xx, &yy and &,,) are compared. Figure 5 shows a full-field
profile of the volumetric strains taken at section profile
A-A indicated in figure 3. In both specimens there is a
local increase in volumetric strain at the shear band
which is associated with soil dilation, however there are
differences in the magnitude and distribution of
volumetric strains. The unrooted system shows a near
consistent region of high (>2) volumetric strain across
the shear band, whereas a heterogeneous distribution is
observed in the willow sample.
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Fig. 4. (Left) plot of local shear displacement vs. depth above
and below the shear plane after application of 20 mm shear
displacement. (Right) cross-sectional slice showing a deformed
vertical root following the shape of the shear band.
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Fig.5. Full-field volumetric strains after application of 20 mm
shear displacement. Image taken at section profile A-A
(indicated on figure 3).
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To illustrate the difference in volumetric strain
magnitude between the two systems, a line profile of the
dotted lines shown in figure 5 is presented in figure 6.
Within this region, there is a twofold increase in
volumetric strain on the unrooted sample compared to
the willow specimen. In other areas, this difference was
observed to exceed 5 times. One possible explanation for
the difference in peak volumetric strain between the two
specimen is associated with the constraining effects of
the roots, which once mobilised locally suppress the
magnitude of dilation. At the extremities of the willow
specimen in figure 5 (left side at shear band), the peak
magnitude of dilation matches that of the unrooted
sample suggesting the roots have a local area of
influence on the surrounding soil.
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Fig.6. Line profile of volumetric strains between willow and
unrooted specimens, taken from the dotted line in figure 5.

4 Concluding remarks and future work

Preliminary results have demonstrated the feasibility of
conducting DVC experiments on direct shear tests of
root-reinforced soil at this scale (80 x 80 x 80 mm field
of view). An externally controlled, fully instrumented in
situ test rig was demonstrated to work successfully in
this application.

The large deformations during the shear box test (0-
20 mm) required a sum of differential approach to
provide accurate results from DVC data. For this setup
(soil type, voxel resolution, and sub-volume size), an
intermediate shear-displacement step size of <3.3 mm
was necessary to ensure strong correlation between
volumes.

Initial results from DVC data show that full-field
displacements and strains can be captured. It was
observed that the roots follow the overall shear
displacement path within a ~30 mm thick shear band
zone. Comparisons between unrooted and willow
specimens show an identical shear zone size, although
there are differences to the shear displacement profile
across this zone. As expected [17], an increase in
volumetric strain associated with dilation was observed
at the shear band. However, comparisons between
unrooted and willow specimens show differences in the
magnitude and distribution of volumetric strains.

Ongoing research will assess DVC data in more
detail to further understand the local effects of soil-root
interaction. Results will also be used to inform the
correct mechanisms and provide quantification to
validate ongoing model development [15].
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