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Abstract

The reverse extrusion (RE) test has been used to evaluate the undrained shear strength of fine-grained soils, but its
interpretation is complicated by uncertainties in failure mechanisms. This study adopts X-ray computed tomography (CT)
combined with a marker-based tracking method to characterize internal flow patterns during RE testing of kaolinite
samples prepared at different water contents. Fine sand particles embedded within the samples served as tracking markers,
enabling detailed characterization of internal deformation through sequential X-ray CT scans and advanced image pro-
cessing techniques. An artificial neural network (ANN) model was developed to enhance marker linkage between scans,
using optimized searching zones based on the axisymmetric displacement fields. The analysis revealed two distinct
deformation regions for the tested samples, largely independent of soil water content. Near the loading ram, significant
radial inward soil displacements created a dome-shaped shear failure surface, driving soil extrusion to occur via the central
orifice. In contrast, the region nearest the closed end of the sample chamber exhibited minimal soil displacement, being
somewhat influenced by sidewall friction, entrained air bubbles, and stress transfer from the extrusion zone. The observed
deformation patterns, characterized by arched shear surfaces and stress rotation zones, differ significantly from previously
assumed RE models. These findings highlight the need to refine RE test interpretations, as applied to fine-grained soils, in
order to account for complex internal flow mechanisms, chamber sidewall friction effects, and the presence of entrained air
bubbles, which would result in improved reliability of RE undrained shear strength measurements.

Keywords Clays - Non-destructive testing - Particle tracking - Reverse extrusion test - Undrained shear strength -
X-ray CT
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vy Displacement vector along y-axis
w, Displacement vector along z-axis
w Water content

Vv Volume parameter

1 Introduction

The failure mechanisms in fine-grained soil deposits
determine the capacity and safety of geotechnical infras-
tructures, including shallow and deep foundations,
embankment dams, and slopes [5, 18, 19, 24]. For example,
Terzaghi’s bearing capacity theory predicts the loading
capacity of shallow foundations by considering the failure
mechanisms within a plastic soil deposit under a strip load
[7]. Meanwhile, various experimental tests measuring the
shear strength of soils, e.g., direct shear test, triaxial test,
fall-cone test, rely on the assumed failure mechanisms in
clay samples [22, 26, 34]. Additionally, the reverse extru-
sion (RE) test offers a practical means to quantify the
undrained shear strength (c,) of fine-grained soils by
measuring the extrusion pressure (p.) [13—15, 35]. This
method involves compressing a soil sample in a cylindrical
container and extruding it through a small orifice. Previous
RE results showed that the p. value correlates well with ¢,
at various water contents for a specific soil type [27, 32].
However, the assumed similarity between soil extrusion
patterns and those in metal extrusion processes remains
unvalidated, while high extrusion pressures, localized
consolidation, and air bubbles entrained during preparation
of the soil sample introduce further uncertainties [25].
These factors complicate the correlation between p. and ¢,
particularly for soils with dissimilar plasticity and
hydraulic conductivity properties [25]. Moreover, the
extrusion mechanisms studied in RE tests share structural
similarities with clay three-dimensional (3D) printing
processes, indicating potential applications in optimizing
clay formulation process.

X-ray computed tomography (CT) is a non-destructive
imaging technique that can serve an important role in
visualizing and quantifying soil behavior and soil-structure
interactions within laboratory experiments [17, 30, 33]. For
coarse-grained soils, X-ray CT has provided valuable
insights into various mechanisms, such as strain localiza-
tion [8], particle breakage [39], internal erosion [23], etc.,
thereby elucidating their impacts on the macroscopic
behavior of these soils. Digital volume correlation (DVC),
a technique comparing sequential X-ray scans, is effective
in quantifying the 3D displacement fields [3], primarily for

@ Springer

coarse-grained soils with discernible solid—void contrast
and particle mineralogy [11, 29]. Operating at a resolution
of several microns, X-ray CT facilitates particle-scale
analysis, including tracking of individual sand particles, by
utilizing their location and morphology information,
thereby quantifying their kinematics [2, 11]. The particle-
scale kinematical information provides more nuanced
insights into shear band formation and reveals the influence
of particle shape [1].

Characterizing deformation in fine-grained soils with
X-ray CT poses challenges due to the sub-micron particle
sizes, often being smaller than the imaging resolution. To
overcome this, Birmpilis et al. [4] employed DVC, lever-
aging contrast between soil components (e.g., silt grains
and clay matrix) in X-ray attenuation to measure 3D strain
and displacement in fine-grained soils. DVC has also been
applied to investigate the desiccation [10] and wetting
behaviors of fine-grained soils [21]. Alternatively, the lar-
ger markers embedded in clay samples can be used to
represent the deformation pattern of the surrounding soil
matrix. For instance, platy mica particles embedded in
kaolinite were tracked under one-dimensional compression
[12] by comparing their shape parameters within a cylin-
drical searching region. Also, Xu et al. [37] adopted
entrained air bubbles, as markers, to monitor internal
deformation and desiccation crack formation in drying
kaolinite pastes. Using an artificial neural network (ANN),
air bubbles were linked between sequential X-ray CT
scans, accounting for changes in the bubble geometry
caused by drying-induced soil shrinkage. Recently, Wu
et al. [36] proposed a two-step method, where particle
tracking results from embedded sand particles were
implemented to enhance DVC analysis. These studies
demonstrate the potential of various techniques for ana-
lyzing the internal deformation of fine-grained soil
samples.

This study investigates the internal deformation patterns
during RE tests with X-ray CT. An X-ray-transparent
extrusion apparatus was fabricated using strong plastic to
characterize the internal deformation of three kaolinite
samples, with embedded fine sand particles, prepared at
various water contents. Sequential CT scans are performed
during the RE process for each sample, enabling the
tracking of individual sand grains to reveal detailed internal
soil deformation and flow behaviors. Due to the complex
internal deformation, we develop a guided marker-based
tracking algorithm to optimize the size and shape of the
searching zones, minimizing tracking errors, while con-
sidering the axisymmetric displacement field. Of the RE
test the tracking results reveal distinct displacement pat-
terns and provide new insights on the complex soil defor-
mation and flow patterns of RE testing.
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2 Experimental setup

Timar [31] performed a pioneering study on the extrusion
of fine-grained soil, employing the direct-extrusion
approach. A loading ram compressed a fine-grained soil
sample contained in a metal chamber of bore cross-sec-
tional area A,. When sufficiently large, the applied force
(F,) caused soil extrusion to occur via an orifice, of area Ay,
located centrally in the chamber base, with the extrusion
ratio defined as R =A, / A;. However, the frictional resis-
tance generated at the metal sidewall to soil interface, as
the soil sample is pushed along the chamber length to
extrude via the die opening, complicates the data inter-
pretation. Thus, subsequent soil extrusion investigations by
various researchers [15, 16, 20, 35] adopted the RE
approach, in which the die orifice is centrally located in the
loading ram, invariably using a soil chamber of 38-mm
bore diameter and a 6-mm dia. orifice, giving an extrusion
ratio of R = 40.1.

A comprehensive review of previous RE apparatus and
experimental studies of fine-grained soils is presented in
O’Kelly [25]. The applied force is continuously monitored
during the course of the RE test, with the applied pressure
value that causes extrusion to occur (ie., p, = F./A,)
proposed as a means of quantifying the c, of fine-grained
soils [14—16]. The primary advantage of the RE test over
direct shear and triaxial tests is its simplicity in terms of the
RE apparatus, testing procedure and test duration, requiring
only a few minutes to complete each test [35]. Moreover,
the RE test exhibits a similar ease of operation to the fall-
cone test, while providing the distinct advantage of
inducing a clear shear failure within clay samples, a feature
not achievable by the fall-cone test.

However, an examination of RE tests performed on
dissimilar fine-grained soils, employing the same extrusion
ratio and ram displacement rate, revealed that the p, / ¢,
ratio varies between soils [14, 25], leading to the present
general unreliability of the RE tests (employing apparatus
with R &~ 40) for ¢, determination. Therefore, if further
examined and standardized, the RE test could hold strong
potential for wider adoption due to the simplicity and short
duration for set up and completion of the RE test, requiring
only a few minutes to complete [35]. By examining
sequential X-ray CT scans and using an enhanced ANN
tracking algorithm, this study focuses on characterizing the
internal deformation mechanisms of the RE test by tracking
fine sand particles that were embedded in the kaolinite
samples undergoing extrusion.
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Fig. 1 Reverse extrusion testing: a schematic diagram of RE
apparatus (not to scale); b photo of RE apparatus set up in a uniaxial
loading machine

2.1 Reverse extrusion (RE) apparatus

For the present research, a nylon RE apparatus (Fig. 1a)
was specially developed to facilitate X-ray CT scanning of
the sample deformation patterns occurring at intervals
during the RE tests. The inverted sample chamber of the
RE apparatus had a bore diameter of 38 mm and was
50 mm deep. When set up in a uniaxial loading machine
(Fig. 1b), the RE’s detachable loading ram is moved ver-
tically upwards, inside of the restrained sample chamber, to
cause axial compression of the compacted soil therein.
When the applied force is sufficiently large, downward
extrusion of the soil occurs via a central 6-mm dia. orifice
in the top of the hollow loading ram. The sample chamber
and orifice diameters were set as 38 and 6 mm, respec-
tively, resulting in an extrusion ratio of R = 40.1. These
dimensions are commonly employed in previous RE
investigations of fine-grained soils [25]. To prevent the fine
sand markers that were embedded in the kaolinite samples
from sticking and potentially interfering with the smooth
relative movement of the RE’s loading ram and chamber
sidewall, the apparatus design provided a 1.0-mm-wide
annular gap between them.

During the axial compression, the fixed base of the RE
loading ram, which is positioned centrally on the platen of
the uniaxial loading machine, is enlarged to avoid its tilt-
ing, as the ram is displaced upwards at a rate of 1 mm/min
by a stepping motor. This displacement rate is typical of
that employed in previous RE investigations and is deemed
sufficiently fast for the undrained loading condition. A
linear variable differential transformer (LVDT) transducer
and a load cell recorded the ram displacement and the axial
force acting across the length of the constrained sample.
Periodically, the entire extrusion apparatus was carefully
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separated from the loading machine for performing a
sequence of X-ray CT scans. During this process, using
nylon screw fasteners, the fixed ring securely clamped the
loading ram to the chamber, thereby preventing their rel-
ative movement, avoiding any disturbance to the soil
sample.

2.2 Materials and sample preparation

The extrusion tests were performed on kaolinite pastes
(IMERYS, Speswhite), with a measured fall-cone liquid
limit (LL) of 67%, and a thread-rolling plastic limit of
37%. Fine quartz sand, with a particle-size range of
0.3—0.6 mm, a coefficient of curvature of 1.05, and a
coefficient of uniformity of 1.37, was adopted as the
internal markers. The density of quartz sand is ~ 2.6 Mg/m®,
while the bulk density of the kaolinite samples varied
between 1.40 and 1.75 Mg/m®, depending on their water
contents in the investigated range of w =42-57%. As
shown later, the large difference in the densities of the sand
grains and the kaolinite particles produced a good contrast
within the CT images. The fine sand was selected to bal-
ance imaging resolution with the number of data points.
Specifically, the chosen particle-size range (of 0.3—0.6 mm)
ensured sufficient voxels to resolve particle morphology,
achieving a particle-to-voxel size ratio of ~ 16. Further-
more, compared to larger particles, fine sand grains (at the
same mass proportion relative to the fine-grained soil)
offered a higher number of data points, enabling more
effective characterization of the soil deformation pattern in
the RE test.

The kaolinite—sand mixture was prepared using the
following steps. First, de-aired water was thoroughly mixed
with the kaolinite powder to create a paste with an initial
water content of ~ 100% (i.e., 1.5 x LL). Fine sand was
then carefully mixed into the kaolinite paste, ensuring
uniform distribution of the sand grains (markers)
throughout the mixture. The sand particles constituted
around 4.7% of the total volume of the kaolinite—sand
mixture, resulting in an average spacing between adjacent
sand grains of about twice their diameter (~ 35 voxels).
Subsequently, subsamples of the mixture were allowed to
air dry at ambient laboratory temperature for sufficient
periods to achieve the targeted water contents. Note that
the sand-to-kaolinite mass ratio varied among the tested
kaolinite—sand samples with the same sand-to-kaolinite
volume ratio, depending on the water content of kaolinite
pastes. The samples were then allowed to homogenize
overnight to ensure uniform moisture distribution. Finally,
to prepare the homogenized mixture for extrusion testing,
gentle pressure was applied using a palette knife to place
the kaolinite—sand mixture into the RE chamber, ensuring
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it was almost completely full of the soil mixture without
introducing excessive compaction.

2.3 Testing procedure and X-ray scanning

Extrusion testing was performed on kaolinite—sand samples
prepared at three water contents of 57% (Sample 1;
Iy, = 0.67), 52% (Sample 2; I, = 0.50) and 42% (Sample 3;
Iy, = 0.17), where I is the liquidity index. For each water
content, an RE test was performed without scans. The red
curves in Fig. 2 show the applied pressure against ram
displacement traces for these tests. In the extrusion tests
with X-ray CT scans (green curves), the sample was pro-
gressively loaded until the applied pressure reached the
extrusion pressure (p.), at which point the upward dis-
placement of the RE loading ram was stopped. After a
10-min standing period, the pressure acting along the
sample length had stabilized after stress relaxation. The
fixed ring was then secured to clamp the RE loading ram to
the sample chamber, and the entire extrusion apparatus was
removed from the loading machine to perform the first scan
(S1).

X-ray CT scans were conducted using a GE Phoenix
Vtomex scanner, operated at a voltage of 120 kV, and a
current of 310 pA. The RE apparatus was rotated on a
precision rotating stage for 15 min. 4497 projections were
collected to reconstruct X-ray images at a voxel size of
28 um. Once scan S1 was completed, the RE apparatus was
carefully reinstalled on the uniaxial loading machine. The
loading platen was slowly displaced upwards to remove
apparatus compliance and then stopped. The fixed ring was
unfastened, allowing free movement between the RE
loading ram and the sample chamber to occur with further
displacement of the loading ram. The loading platen was
displaced upwards again, causing an additional ram dis-
placement of ~ 2.5 mm. When the re-applied pressure
matched the experimental curve for the sample tested
earlier without CT scanning, the procedure was repeated to
obtain the second scan (S2).

3 Image processing and analysis
3.1 Image processing

Figure 3a shows a typical horizontal slice for the scan S1
of Sample 1. The grayscale image presents distinct contrast
between the markers (sand grains), kaolinite, entrained air
bubbles, and the sidewall of the nylon extrusion chamber.
Image processing was performed using Python in order to
extract the markers from the grayscale images, and
involved three main steps: (i) a median filter (kernel size:
3 x 3 x 3) was applied three times to balance noise
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Fig. 2 Loading behaviors of kaolinite—sand samples at different water contents of a 57%, b 52%, and ¢ 42%, with and without X-ray CT scans.

Locations of the two scans (S1 and S2) are marked in the plots

reduction and detail preservation; (ii) a threshold value was
determined manually, to separate the markers from the
other phases, as shown in Fig. 3b; (iii) individual markers
were labeled with unique identifications through a water-
shed segmentation, to distinguish between markers that
were in close proximity (Fig. 3c). Note that, by comparing
the volume consistency of manually linked markers asso-
ciated with the scans S1 and S2, the threshold was verified,
with differences of less than 2%. Figure 3d shows the 3D
view of individual markers (sand grains) dispersed
throughout the kaolinite—sand mixture for Sample 1,
exhibiting a relatively uniform distribution. Each of the
three  tested kaolinite—sand sample pairs
tained ~ 20,000 sand grains, with an average nearest-
neighbor distance between grains of ~ 1.1 mm (standard
deviation of ~ 0.17 mm).

con-

3.2 Marker shape analysis

The location, size and shape parameters of individual
markers (sand grains) were determined from the labeled
images (details given in [37, 38]). The x, y and z locations
of the markers were measured with respect to their cen-
troids. Size parameters were calculated from the triangular
surface mesh generated using the Marching Cube

algorithm, including volume V, surface area SA, major
dimension a, intermediate dimension b, and minor
dimension c. Specifically, marker volume was obtained by
dividing the volume into tetrahedrons and applying surface
integrals. The shape of the markers was quantified using

the sphericity SP(= /36nV2/SA) and aspect ratio AR
(= (b/a+c/b)/2) parameters. Figure 4 shows the distri-
butions of typical marker size and shape parameters for the
three kaolinite—sand samples. The mean volume of indi-
vidual markers (sand grains) was 0.146 mm? (Fig. 4a),
indicating a volume-equivalent diameter of 0.65 mm, with
the major dimension varying primarily between a = 0.5
and 1.5 mm (average value of 0.89 mm) (Fig. 4b). Note
that an inconsistence of volume distributions was observed
between the three samples in Fig. 4a, which is likely
attributed to the segmentation of markers at the different
soil water contents. The SP and AR parameters for the
individual markers were both found to vary mainly
between 0.6 and 0.9 (Fig. 4c, d).
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Fig. 3 Illustration of image processing: a typical grayscale horizontal slice; b histogram of gray value; ¢ markers separated by watershed
segmentation; d 3D visualization of individual markers, with the color indicating marker label

4 Marker tracking with artificial neural
networks (ANN)

4.1 ANN-based tracking algorithm and training
dataset

The ANN model links markers between two sequential
scans based on the markers’ size, shape, and location
parameters. First, each marker in the scan S1 is compared
with all markers in the scan S2 to define a correlation
factor, in the range of 0 to 1, that indicates the possibility of
correctly linking two markers between these scans. Then, a
ranking algorithm establishes a unique linkage between the
markers in the two scans according to the correlation fac-
tor. The marker-tracking procedure mainly includes three
steps: (a) unification of the coordination systems across
different scans; (b) training and validation of an ANN
model based on manually linked markers; (c) implementa-
tion of the trained ANN model to all markers, and the
creation of one-to-one linkages between the two scans.
More details of the marker-tracking algorithm using ANN
are described in Xu et al. [37].

For the kaolinite—sand Sample 1, we manually linked
300 pairs of markers between the scans S1 and S2. Using

@ Springer

ImagelJ software, the markers were paired based on their
shape similarity and relative locations within marker
clusters, ensuring accuracy. Figure 5 compares the size and
shape parameters for the 300 manually linked marker pairs
between the scans S1 and S2, with the markers ranked
based on their parameter values in S1. Marker volume
shows the highest consistence between the two scans,
indicating higher accuracy in volume measurements
(Fig. 5a). In contrast, the major dimension (a) and
sphericity (SP) have a slightly larger scatter compared to
marker volume (Fig. 5b, c¢). The aspect ratio (AR) param-
eter exhibits the largest scatter, of approximately £ 0.05,
which is significant relative to the total AR variation of 0.4
(Fig. 5d). This scatter likely results from errors in deter-
mining the markers’ orientations through principal com-
ponent analysis. Thus, the marker volume parameter
(V) emerges as the most reliable parameter for marker
tracking due to its minimal relative error.

4.2 Tracking results and filtering algorithm
The performance of ANN models, each trained with one of

nine distinct tracking parameter groupings, is summarized
in Table 1. All models were trained using the 300 manually
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Fig. 4 Cumulative distributions of typical size and shape parameters for the sand particles (markers) embedded in the three kaolinite samples:

a volume; b major dimension; ¢ sphericity; d aspect ratio

linked marker pairs between the scans S1 and S2 for
Sample 1. These models were subsequently tested to
evaluate their tracking accuracy, and to calculate correla-
tion factors for all of the markers in Sample 1. ANN
models based on the parameter groupings 1, 2 and 3 pro-
duced very low tracking accuracy (< 16.5%), emphasizing
the critical role of incorporating the marker location
information (4x, Ay and A4z) into the tracking algorithm.
This finding highlights that marker size and shape param-
eters alone are insufficient to reliably differentiate between
individual markers, particularly given the large number of
markers (sand grains) in the kaolinite—sand sample and
their narrow particle-size range (of 0.3 to 0.6 mm). In
contrast, the parameter groupings 4 to 9, which included
marker location information along with size and/or shape
parameters, significantly improved the tracking accuracy to
over 82%, as listed in Table 1. Grouping 9, which inte-
grates the marker location (Ax, Ay, Az), size (AV, ASA, Aa,
Ab, Ac) and shape (4AR) parameters, produced the highest
tracking accuracy of 91.78%. Furthermore, when applied to
all of the markers in Sample 1, the ANN model trained on
grouping 9 produced the highest mean correlation factor of
0.83.

Figure 6a shows the displacement field on a vertical
plane (x—z) with a 5-mm out-of-plane thickness, obtained
using the ANN model trained with the grouping 9 param-
eter combination. Along the vertical axis, z = O represents
the top (closed end) of the sample chamber, and the 6-mm
dia. orifice is centered at (x, z) = (19 mm, 37.5 mm). The
results in Fig. 6a reveal two distinct regions, divided
approximately at z =~ 20 mm, with markedly different
deformation patterns evident. As expected, the soil located
near the orifice exhibits significantly larger deformations
compared to the upper sample region. Although the overall
deformation pattern is captured effectively, inconsistencies
in the direction and magnitude of the displacement vectors
are evident near the orifice, when compared to neighboring
vectors. The tracking accuracy of the nine parameter
groupings was also compared across the two regions of
Sample 1: i.e., the lower region near the orifice (at the
loading ram), and the upper region near the closed end of
the sample chamber. Results showed a considerably lower
tracking accuracy for the lower region, where the sample
deformations are influenced by the ‘flow’ and extrusion of
soil through the orifice, compared to the more stable upper
region. To address this issue, a filtering algorithm was
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Fig. 5 Comparison of size and shape parameters for the manually linked markers between scan S1 and S2 for the kaolinite—sand Sample 1:
a volume; b major dimension; ¢ sphericity; and d aspect ratio parameters

applied to remove anomalous displacement vectors. The
filtering criterion involved calculating the average dis-
placement within a 1.5-mm radius for each marker, and
discarding vectors whose magnitudes exceeded three times
this local average. As evident from Fig. 6b, this approach
effectively eliminates significant outliers while preserving
the integrity of the overall displacement pattern. Note that
any markers located adjacent to the orifice in the scan S1
were extruded from the sample chamber, while the markers
located near the orifice in the scan S2 experienced sub-
stantial displacements.

4.3 Influence of searching zones

As indicated in Table 1, the tracking accuracy of the ANN
models is mainly influenced by the marker location infor-
mation. Consequently, the varied deformation patterns
across different regions of the sample can adversely affect
the tracking accuracy. Specifically, the ANN model may
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generalize its learning from the upper region of the sample,
where small displacements occur, and apply it to the lower
region in which significantly larger displacements occur (or
vice versa). Moreover, the displacement trends within the
lower region exhibit substantial variation. Hence, it can be
concluded that marker location changes (i.e., Ax, Ay, Az)
should be excluded from the ANN model to mitigate the
impact of diverse displacement patterns on the tracking
accuracy. However, ANN models that relied only on
marker geometry parameters across the entire sample
achieved very low tracking accuracy, indicated by the poor
performance of the parameter groupings 1, 2 and 3, as
listed in Table 1. To address this limitation, i.e., to restrict
the number of markers considered for comparison, a cubic
searching zone (centered on each marker’s location in the
scan S1) was introduced. Among the tested parameter
groupings (of 1, 2 and 3) that did not rely on marker
location information, the grouping 2 was found to produce
the highest tracking accuracy and was applied. Figure 7a
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Table 1 Performance of different parameter combinations in terms of (i) tracking accuracy for manually linked markers, and (ii) correlation

factors for all markers

Grouping Parameters Tracking accuracy (%) Correlation factor

number Total Upper sample Lower sample Mean Standard RMSE
region region deviation

1 AV, ASP, Aa 136 1.34 1.39 0.17  0.04 0.69

2 AV, ASA, AAR, Aa, Ab, Ac 16.50 16.04 17.00 046 0.11 0.32

3 AV, ASA, ASP, AAR, Aa, Ab, Ac 15.82 14.70 17.00 042 0.12 0.38

4 Ax, Ay, Az, AV, ASA 82.87 96.64 68.53 0.77 033 0.16

5 Ax, Ay, Az, AV, ASP 82.19 96.64 67.13 0.78 031 0.14

6 Ax, Ay, Az, ASP, AAR 87.33 97.32 76.92 0.77 035 0.41

7 Ax, Ay, Az, AV, ASA, Ada, Ab, Ac 91.44 97.32 85.31 0.81 0.32 0.13

8 Ax, Ay, Az, AV, ASA, ASP, AAR, Aa, 91.44 96.64 86.01 0.80 0.34 0.16

4b, Ac
9 Ax, Ay, Az, AV, ASA, AAR, Aa, Ab, Ac 91.78 97.31 86.01 0.83  0.29 0.11

shows the evolution of tracking accuracy as the side length
(L) of the searching box reduces from oc to 80 voxels. The
results show a significant increase in tracking accuracy as
L reduces to 100 voxels, followed by a decline as L further
decreases from 100 to 80 voxels. Thus, the optimal track-
ing accuracy for the parameter grouping 2 of 67% occurred
for a search box size of L = 100 voxels, which closely
corresponds to the maximum marker displacement
observed between the scans S1 and S2 of the Sample 1.

Due to the significant variation in displacement magni-
tude across different regions in the sample, the size of the
searching zones was further optimized based on the mar-
ker’s location (x, y, z) using a deep learning model (Model-
D). Model-D predicts the potential displacement vectors
for each marker location, which were then used to refine
the size of the search box for each marker. The model was
designed following established deep learning principles
[6], using the ‘adam’ optimizer, with mean squared error as
the loss metric, and trained over 5000 epochs. Model-D
was trained on the locations and displacement vectors of
the 300 manually linked marker pairs from scans S1 and S2
for Sample 1, enabling it to predict the potential dis-
placement vector magnitude (u,, v,, w;) for any marker
location. To prevent underestimating of the searching box
size centered on the marker location in scan S1, its side
lengths were set to three times the predicted displacement
magnitude (i.e., 3u,, 3v,, 3w,). The predicted searching
zones (L) from Model-D produced an overall tracking
accuracy of ~ 80%, as presented by the orange data point
in Fig. 7a. However, despite this improvement, the dis-
placement field still exhibited some noise and anomalies,
particularly in the lower sample region, i.e., near the orifice
end, where large deformations occurred (Fig. 7b).

4.4 Guided marker tracking

To further enhance the tracking accuracy achieved for the
parameter grouping 2, the axisymmetric nature of the
internal soil flow toward the orifice was considered, with
the geometry of the searching zones confined to triangular
prisms, each centered at the identified marker location in
scan S1 (Fig. 8). This use of irregular geometry for the
searching zones, combined with the displacement magni-
tude predicted by Model-D, constitutes a ‘guided’ tracking
approach. The horizontal projection of the triangular prism
searching zone forms an isosceles triangle oriented toward
the sample’s longitudinal axis (Fig. 8a). The dimensions of
the searching zone were determined as Lp, = 3w, and

Lpy =3 Ju?+ v%, as shown in Fig. 8b, with their sizes

estimated using Model-D. Implementing this flow-trend-
based searching zone for the parameter grouping 2
improved the accuracy of the marker tracking to 90.6% and
increased the averaged correlation factor to 0.82, which is
at a similar level to those achieved for the parameter
grouping 9 incorporating particle location information.
Figure 9a presents the resulting smooth displacement field
predicted for Sample 1, demonstrating significantly
reduced noise compared to that evident in Figs. 6b and 7b.
Notably, the number of successfully tracked markers
reached 21,013; a considerable increase compared to
Fig. 6b (19,804) and Fig. 7b (20,875).
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zone predicted by Model-D
5 Soil deformation patterns in RE tests
5.1 Overall displacement field

A vertical section of Sample 1, centered on the sample axis
and with an out-of-plane thickness of 5 mm (ie.
y = 16.5-21.5 mm), was selected for analysis. The pro-
jection of the displacement vectors onto the x—z plane is
presented in Fig. 9a. The displacement field distinctly
separates into two regions (i.e., located above and below
z = 20 mm), with markedly different displacement patterns
evident. In Region 1 (i.e., near the orifice end), the soil
experienced an arch-shaped displacement trend. As the

@ Springer

loading ram moved upwards, penetrating further into the
sample container, the soil exhibited arch-shaped deforma-
tion, resulting in the downward extrusion of a 6-mm
diameter soil thread via the central orifice. During this
process, the mean vertical displacement (of 2.12 mm) for
the markers located near the loading ram was found to
closely match the ram displacement (of 2.10 mm), as
recorded by the LVDT measurements. In contrast, much
smaller marker displacements occurred in the Region 2,

e., located near the closed end of the sample chamber.
Figure 9b provides the 3D view of the displacement vec-
tors, revealing a dome-shaped region near the orifice, with
the dome’s exterior delineating the shear failure surface.
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The results confirm that the initial sample length (of ~
40 mm) was more than sufficient to prevent any interac-
tion between the dome failure surface and the closed-end
boundary condition of the sample chamber.

5.2 Region 1: Shearing and extrusion

Figure 10 shows a close-up view of the displacement field
in Region 1, which is further subdivided into four areas,
labeled A to D. In Areas A, the displacement vectors
indicate that soil wedges were pushed upward by the
advancing loading ram, undergoing relatively large vertical
displacements. The chamber sidewall (interface) has a
considerable localized impact on the displacement pattern
of these wedges, although its impact diminished substan-
tially at a short inward radial distance. In Areas B, the soil
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Fig. 10 Projection of displacement field on the x—z plane within
y = 16.5 to 21.5 mm for Region 1 of Sample 1 (note the deformation
pattern is separated into four distinct areas labeled Areas A-D)
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was pushed by the underlying wedges of Areas A. This
behavior resembles the radial-shear zone described in
bearing capacity theory for shallow circular foundations.
However, instead of the foundation penetrating the soil, the
reverse happens here, with the soil being extruded via the
orifice. The displacement direction in Areas B transitions
from upwards and radially inwards near the chamber
sidewall to radially downward as it approaches the central
orifice. Areas C lie above Areas B and exhibit much
smaller displacement vectors, with a curved shear surface
separating these regions. In contrast, Area D shows
downward movement with large displacements, as the soil
in this region is directed toward and extruded through the
central orifice. Considering the apparatus extrusion ratio of
R = 40.1, the downward displacement of the soil occurring
near the orifice is approximately 40 times greater than the
upward displacement of the loading ram. This means that
the 2.1 mm of ram displacement recorded between the
scans S1 and S2 of Sample 1 corresponds to a downward
displacement of ~ 80 mm for the extruded soil thread.
Tracking such large displacements in Area D poses sig-
nificant challenges, and even manual linking of markers in
this area between scans is often not feasible. Furthermore,
the markers located near to and directly above the orifice
are particularly difficult to track, leading to a reduced
number of tracked markers in this region. Consequently,
the small displacement vectors observed within Area D of
Fig. 10 do not fully represent the actual extrusion speed,
which is considerably higher in this central region.

All displacement vectors in Region 1 of Sample 1 were
categorized into different areas (i.e., Areas A-D), with the
resulting distributions of displacement for Areas A to C
shown in Fig. 11. Statistical analysis for Area D was not
feasible due to insufficient data, as explained above. Axial
displacement (d,) is movement along the depth of the
sample. Radial displacement (d;) is measured from the
sample’s central axis (positive when moving outward,
negative when moving inward). Circumferential displace-
ment (d.) refers to tangential movement (positive for
counterclockwise, negative for clockwise). Referring to
Fig. 11a, Area A is predominantly characterized by a large
upward vertical displacement (d,), approaching the actual
loading ram displacement value of 2.1 mm occurring
between the scans S1 and S2. In contrast, both the radial
and circumferential displacements are much smaller. The
circumferential displacement follows a normal distribution,
centered at zero, whereas the radial displacement is nor-
mally distributed around — 0.3 mm, indicating a slight
inward trend. In Area B, the radial displacement markedly
increases toward the sample center, with the average data
centered at approximately —1 mm (see Fig. 11b), whereas
Area C has considerably diminished displacements, mostly
less than £ 0.5 mm (Fig. 11c).
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5.3 Region 2: compression

Adjacent to the closed end of the sample chamber (i.e., far
from the loading ram and orifice), the soil in Region 2 is
anticipated to experience limited deformation. This is
confirmed in Fig. 12a, which presents the projection of the
displacement field onto the x—z plane, revealing a non-
uniform displacement pattern, with the primary displace-
ments being vertical, and a maximum displacement value
of only ~ 0.3 mm. The compressibility of the soil in
Region 2 is predominantly attributed to the compression of
entrained air bubbles, which respond to the extrusion force
applied across the length of the sample. Figure 12b shows
the contour plot of vertical displacement for the Region 2,
revealing that the deformations in this region are influenced
by the soil stresses transmitted from the underlying Region
1. For instance, at the bottom boundary of Region 2, the
vertical displacements are smaller at the center, where the
soil located directly above the orifice (i.e. in Area D of
Region 1) is moving downward at a significant rate to
extrude via the orifice. Furthermore, in Region 2, the ver-
tical displacement occurring near the sidewall is reduced
due to boundary interference. Thus, the non-uniform
deformation pattern in Region 2 arises from a combination
of uneven soil stresses transmitted from the underlying
Region 1, as well as sidewall boundary interference, and
the distribution of entrained air bubbles.

5.4 Deformation characteristics across the three
investigated samples with different water
contents

The displacement patterns in Region 1 for the three
investigated samples were obtained from comparing the
scans S1 and S2 for each sample (see Fig. 13). As the water
content decreases within the investigated range of w = 42—
57%, overall, the deformation patterns remain largely
unchanged, indicating that the impact of water content
variation on the deformation pattern is minimal within this
range (i.e., for Iy = 0.17 to 0.67). All three samples
exhibited a consistent arch-like deformation pattern in
Region 1, with similar contributions experienced from the
sidewall boundary. Furthermore, Fig. 14 shows the varia-
tion of the mean vertical displacement with depth in
Region 2 for all three samples. As shown, the vertical
displacement increases linearly with depth (measured
down from the closed end of the sample chamber), starting
from zero at z = 0, and increasing linearly to ~ 0.15 mm
of upward displacement at z =15 mm. This linearity
results in an averaged vertical strain (e;) in Region 2
of ~ 0.01 (i.e., calculated as 0.15/15). This small com-
pression is likely due to the reduction in the volume of
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entrained air bubbles, whose presence within the samples
was confirmed by the X-ray CT scans (e.g. see Fig. 3a).
The averaged vertical strain is marginally different
between the three samples, as shown in Fig. 14, which may
be attributed to minor variations in their initial volumes of
entrained air bubbles.

Using image processing techniques, the volume of air
bubbles present in Region 2 of Sample 1 was examined to
investigate its relative impact on the results. For the scan
S1, which had a total volume of 19,273 mm° for Region 2,

the air bubble volume was estimated to be ~ 346.7 mm3,
representing an air void content of 1.8%. In scan S2, the air
bubble volume had decreased to ~ 221.5 mm®, equating
to an air void content of 1.2%. Consequently, the volu-
metric strain (and hence the averaged vertical strain for 1D
compression conditions) due to this reduction in air bubble
volume for Region 2 was computed to be €, ~ 0.65%,
which approximately matches the ~ 1.0% value deduced
from the data plots in Fig. 14. Therefore, the compression
in Region 2 is confirmed as primarily due to the

@ Springer



5216

Acta Geotechnica (2025) 20:5203-5219

'

Rt |
\ \\\1‘
AR

X (mm)

40

(b)

Fig. 13 Projection on x—z plane of displacement field in Region 1 for a Sample 1 (w = 57%), b Sample 2 (w = 52%) and ¢ Sample 3 (w = 42%)

0.0

—— Sample1 (w = 57%)

251 — sample2 (w = 52%)

5.0

7.5 A

Depth (mm)

12.5 4

15.0 A

-0.10 -0.05
Vertical displacement (mm)

-0.15 0.00

Fig. 14 Variation of mean vertical displacement along depth in
Region 2 for the three kaolinite—sand samples

compression of entrained air bubbles. In contrast, the
impact of consolidation is expected to be minimal, given
the loading ram displacement rate of | mm/min resulted in
short-duration extrusion testing stages, the fine-grained
nature of the soil (i.e., its low permeability), and the sig-
nificantly reduced pressures acting on the samples during
the ~ 30-min intervening period between scans S1 and
S2.

5.5 RE flow pattern

The flow pattern observed for RE testing of the slightly
sandy kaolinite soil examined in the present study differs
dramatically from the previous conceptual model proposed
for RE testing of fine-grained soils [15, 16, 35]. These
researchers had assumed that the model shown in Fig. 15a,
originally developed for direct-extrusion testing of metals,
could also be applied to the RE testing of fine-grained soils.
In this model, the material in the ‘Shear zone’ of the
cylindrical test billet is expected to distort, shear, and
extrude via the orifice upon the application of the extrusion
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pressure, while the material above the ‘Shear zone’ (i.e.,
within the Rigid zone) and in the ‘Dead zone’ is assumed to
remain undeformed. This conceptual model is typically
used in metal extrusion processes, where materials exhibit
plastic flow and continuum behavior [9, 28]. In the present
study, the RE behavior observed in the testing of fine-
grained soil reveals a distinctly different flow mechanism,
as shown in Fig. 15b. Specifically, soil wedges form
directly above the upwardly advancing loading ram and
mobilize the overlying soil in Region 1, creating a stress
‘rotation’ zone. Here, the shear surface within Region 1
consists of two distinct parts: one part aligns along the
interface between the chamber sidewall and the soil wed-
ges (interface shear), while the second part is composed of
arched shear surfaces occurring within the soil sample, as
indicated by the red surfaces in Fig. 15b. Along these
arched failure surfaces, the shear stress equals the
undrained shear strength (c,) of the soil, which may vary
from the shear capacity (c",) mobilized at the sidewall
interface. Above the shear surface, the soil undergoes a
slight compression, with smaller upward displacements
occurring near the sample’s axis and next to the chamber
sidewall. As the loading ram moves steadily upward
causing the soil to extrude downward via the orifice, the
arched shear surfaces gradually propagate upward through
the soil sample, thereby maintaining a stable flow pattern
throughout.

6 Conclusion

This study investigated the internal flow pattern of
kaolinite samples undergoing RE testing using X-ray
tomography and a marker-base tracking method enhanced
by artificial neural networks (ANN). An innovative X-ray
transparent RE apparatus was developed to facilitate scans
without causing disturbance of the soil samples contained
in the extrusion chamber. Fine sand particles served as
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Fig. 15 Flow mechanisms in the RE test: a previous model for metals (following Whyte [35]); b updated model for fine-grained soil testing,

based on measured displacement fields in the present study

embedded markers within the kaolinite samples. Image
processing techniques, including filtering, threshold-based
segmentation, and watershed labeling, enabled the deter-
mination of the marker characteristics, such as their loca-
tion (x, y, z), size (volume, surface area, dimensions), and
shape parameters (sphericity and aspect ratio). Validation
with manually linked markers demonstrated excellent
consistency across scans, with marker volume exhibiting
the highest accuracy and reliability for marker-tracking
purposes.

ANN models were employed to link markers across
sequential scans, with a combination of marker location,
size and aspect ratio parameters producing the highest
tracking accuracy. However, complex displacement fields
occurring throughout the sample undergoing RE testing
challenged the use of particle location as a tracking
parameter. To overcome this, a guided marker-tracking
algorithm was developed, featuring flow-trend-based
searching zones shaped as isosceles triangular prism
geometries aligned with axisymmetric displacement fields.
Additionally, the size of the searching zone was adjusted
considering the displacement magnitude of the training
dataset. This tracking method, which excluded particle
location as a parameter, achieved a tracking accuracy of
90.6% and an average correlation factor of 0.82.

This study of the internal flow pattern of fine-grained
soil undergoing RE testing identified two distinct defor-
mation regions in all three samples investigated with dif-
ferent water contents. The soil in Region 1 (i.e., nearest the
orifice end, and extending approximately half the loading
ram diameter in depth) exhibited significant deformation
that was characterized by an arch-shaped shear failure
surface combined with pronounced downward extrusion
occurring via the central orifice. Within this region, four

sub-areas showed distinct deformation patterns: triangular
soil wedges were pushed upwards (Areas A), leading to
shear-induced dome formation (Areas B) and minimal
displacement zones (Areas C). Directly above the orifice
(Area D), the large downward soil displacements posed
tracking challenges. Despite variations in water content
between the three investigated samples, the deformation
patterns in Region 1 were found to remain broadly con-
sistent, indicating limited influence of water content vari-
ation within the investigated range (of I, = 0.17 to 0.67).

Whereas Region 2, nearest the closed end of the sample
chamber, experienced minimal soil deformation, with a
vertical strain averaging only 0.01. This strain was attrib-
uted to the reduction in the air bubble volume within the
soil sample (i.e., rather than consolidation, as the short
duration of the RE tests limited consolidation effects)
resulting from the extrusion force that acted across the
sample length. The small soil displacements occurring in
Region 2 resulted from the non-uniform stress transmission
from the underlying Region 1, the effect of sidewall fric-
tion, and the compression of entrained air bubbles.

The observed overall flow pattern significantly deviates
from previously assumed RE models applied for fine-
grained soils, revealing arched shear surfaces, and stress
rotation zones, as well as the influence of chamber sidewall
friction and entrained air bubbles. These findings under-
score the need to refine existing assumptions in RE anal-
ysis, as applied to testing of fine-grained soils, to account
for these complex deformation mechanisms. This research
provides a foundation for developing improved RE models
that accurately capture these intricate behaviors.
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