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ABSTRACT:  This paper investigates the behavior of deployable anchors using plane strain and X-ray microtomography 
(μCT) experiments. A deployable structure is a system that changes size and shape under applied loads, presenting a novel 
approach to reduce transportation and life cycle costs of materials without sacrificing load-carrying capacity. Presented is 
the experimental methodology to determine the increase in the shear plane in sandy soil using deployable underground 
anchors. Ink tacking technique was employed to locate the shear plane. This study finds that the ink tracking technique 
captures the shear plane effects in sandy soil for deployable awns in ground anchors. Moreover, bar cross-section 
optimization represents origami behavior under in-plane and out of plane loading. In addition, the initial results of the 
deployable geosystem - soil interaction from μCT are presented. Experimental testing involves subjecting a scale model 
deployable system to displacement-controlled loading in sand. Utilizing μCT scanning with 35 μm voxels, images are 
captured to track the bending of the anchor's awns (compliant appendages). 
Keywords: Deployable anchor; X-ray microtomography; Particle movement; Shear Plane. 

 
1 INTRODUCTION 

Traditional cylindrical pile anchors are usually 
designed based on the interaction between the pile’s 
surface area and the surrounding soil, as this 
interaction determines the pull-out capacity (Aubeny 
2017). Consequently, cylindrical piles tend to be 
over-designed, using more material than strictly 
necessary to meet strength requirements. The 
installation of underground piles, typically through 
using impact or vibration hammers, induces 
vibrations in the surrounding soil, and poses potential 
harm to nearby existing structures or equipment 
(Colaço et al. 2021). To address these challenges, 
deployable structures are proposed, aiming to be a 
materially efficient design that has less significant 
effects on nearby structures. This novel design 
features a pile with deployable attachments, referred 
to as awns. This design can maintain an equivalent 
surface area to cylindrical piles while using less 
material due to the deployable awn attachments. 
Furthermore, this design utilizes a torque-driven 
installation process, similar to the installation process 
for helical anchors, rather than using impact or 

vibration hammers. The shear plane effects of these 
deployable awns in sandy soil have yet to be 
experimentally explored, and an equivalent model of 
these awns has yet to be computationally analyzed.  
Within the field of geotechnical engineering, there 
have been studies that explore geotechnical systems 
that deploy during installation such as suction 
embedded plate anchors and piles with anchor wings 
(Wilde et al. 2001, Aubeny 2017, Sakr et al. 2020). 
Concurrently, experimental investigations have 
explored the effects of soil disturbance during the 
installation of helical piles on their tensile capacity 
(Lutenegger and Tsuha 2015). Large scale field tests 
have also been performed to study the soil 
disturbance effects associated with the drilling of tie 
back anchors (Kempfert and Gebreselassie 1999, 
Lande et al. 2020). However, an analysis of the shear 
plane in sandy soil, resulting from the installation of 
the deployable ground anchor, remains unexplored.  
Inspired by Japanese paper folding, origami 
structures use folding patterns to create lightweight, 
deployable, and kinematically stable load-bearing 
systems with high structural efficiency. These 
structures have successfully been modeled using bar-
and-hinge models (Filipov et al. 2017). Previous 
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work by authors modeled origami as bar-and-hinge 
models by modeling the creases as hinges and the 
panels in between the creases as rigid links (Sychterz 
and Baruah 2021, Baruah and Sychterz 2022). Bar-
and-hinge models have yet to be used for modeling 
the deployable awn attachments on underground 
deployable anchors. 
X-ray micro-computed tomography (μCT) is a 
powerful non-destructive imaging technique 
increasingly used to explore the structural properties 
of soils in three dimensions. In μCT, a series of 2D 
radiographs is captured from various angles and then 
reconstructed to form a 3D model (Viggiani et al., 
2015). This unique technique enables changes in soil 
structure under stress to be captured without 
disturbing the sample, which is critical for observing 
processes like strain localization (Desrues et al., 
2006; Peth et al., 2010), pore collapse (Pires et al., 
2020), and the formation of failure planes (Paniagua 
et al., 2013; Stefaniuk et al., 2015). 
The first objective of this paper is to develop a simple 
ink tracking technique to measure the shear plane 
location that results from the deployment of 
underground deployable anchors in a plane strain 
configuration and to model the deployable awn 
attachments as bar-and-hinge models. The second is 
to demonstrate the feasibility of using X-ray 
microtomography μCT to visualize deployable 
geosystems deformation in three-dimensional 
experiments. 
2 INK TRACKING DOT INVESTIGATION 
The ink dot tracking method is an experimental 
technique used to visualize and analyze deformation, 
displacement, and shear behavior in granular 

materials. This was developed as a simplified method 
compared to (Sadek et al., 2003; Stanier et al., 2016; 
White et al., 2003) for measuring soil movements in 
plain strain structure topology optimization 
experiments. A setup was constructed to deploy the 
anchor while recording the sand displacement data. A 
representation of the test set up can be seen in Figure 
1. A similar test set up was used previously in this 
lab, using the same materials (Tucker and Sychterz 
2022). A clear acrylic box with dimensions 14.6 cm x 
14.6 cm x 4.76 cm sat on an elevated wooden crate. 
Below the crate was a camera to capture the bottom 
of the box acrylic box as the anchor was deployed. 
Two pieces of wood were clamped beside to the 
acrylic box to prevent the box from shifting during 
the tests. Pulley clamps were attached to the edges of 
the crate and were aligned with the center of the 
acrylic box.  
Gel food coloring was mixed with water in a 1:1 ratio 
to create a concentrated ink mixture. Dots of ink were 
added in a grid formation at the bottom of the acrylic 
box, at a spacing of 6.35 mm, as shown in Figure 1b. 
The main shaft of the anchor has a diameter of 25 
mm and a height of 75mm and was printed with the 
3D printing acrylic material called VeroMagentaV. 
The awns of the ground anchor had a height of 25 
mm, and the thickness of the awn was tapered to the 
circumference of the anchor, with the largest 
thickness being 2.0 mm. The material of the 3D-
printed awns was a mix of VeroMagenta and rubber 
material called Agilus. The petroleum jelly helped 
keep the deployable anchor in place during the test 
set up, and to ensure that the anchor deployed 
smoothly without sand underneath the pile.  

Figure 1.Test Set Up Representation  
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Once the ink pattern was added to the bottom of the 
acrylic box and the anchor was placed in the center of 
the box, fused silica sand was added into the acrylic 
box up to a 25 mm mark to ensure the awns were 
covered. To ensure the deployable anchor remained 
centered during testing, an acrylic lid with a hole for 
the anchor pile was placed near the top of the acrylic 
box. This also allowed sand to move over the awns as 
they deployed. A nylon string was threaded through 
the hole at the top of the pile, wrapped 
counterclockwise around it, guided across pulleys on 
the wooden crate’s sides, and tied beneath the table. 
During the test, the nylon cord was pulled to deploy 
the anchor 180 degrees. A force sensor was attached 
to the nylon cord beneath the table to record the 
applied force. Additionally, a 10 N weight was placed 
on top of the ground anchor to ensure the deployable 
anchor did not lift out of the acrylic box during the 
test. The movement of the ink pattern on the bottom 
of the test set up box is recorded by the document 
camera beneath the box during deployment. The 
displacement of the ink dots is used to determine the 
location of the shear plane that results from the 
deployment of the awns. The methodology that is 
developed is described in the results section of this 
paper. To analyze the computational structural 
behavior of a single awn, an equivalent representation 
of the awn was created in the form of a bar and hinge 
truss model. By matching the deformations of the bar 
and hinge model to the deformation of the awn, the 
model was created. 

This model is developed to represent the awns 
protruding from the pile to quantify the in-plane and 
out-of-plane deformation behavior and equivalent 
stiffness between the computational finite element 
model and bar-and-hinge model. Prior to applying 
external loads, the awns are analyzed to calculate the 
in-plane and out of plane deformation characteristics 
under different boundary conditions, specifically 

pinned and roller supports. The loads are distributed 
across the end node. To form the bar and hinge 
model, the bar elements are sized to match the overall 
geometry of the awn plate so that the bar model has 
the same planar dimensions as the awn (25 mm x 25 
mm). To determine the individual bar diameters, the 
total volume in the awn plate is equated to the 
combined volume in all the circular bars, by 

𝐷𝑏 = 2√ 𝑉𝑎𝜋𝐿𝑏 

where Db is the new bar diameter, Va is the volume of 
the awn, and Lb is the length of the bars. 

This establishes an initial proportional size estimate 
across the various truss elements. The out-of-plane 
deformation with the new diameter is re-calculated 
and compared to the experimental awn deformation. 
Calculating the tuned diameters from the out-of-plane 
analysis, the bar model is further assessed for in-
plane deformations. Both the longitudinal and lateral 
axial deformations are quantified under loading. 
These results are compared to the awn deformation. If 
the bar-in-plane deformations match within 10% 
error margin, the model sufficiently represents an 
equivalent simulation of the awn. If deviations 
exceed 10%, the iterative diameter tuning process is 
repeated, and the iteration repeats until there is a 
deformation of the bar-and-hinge model within 10% 
error of the deformation of the awn. 

To find the shear plane location due to the 
deployment of the ground anchor, an ink spread 
tracking technique was developed. First, two images 
must be taken from the recording of the deployment 
test. The first image is the initial configuration before 
deployment, Figure 2a, and the second image is the 
final configuration after the deployment of the ground 
anchor, Figure 2b. The initial configuration image is 
overlaid on the final configuration to create the 

Figure 2. Ink Tracking Technique 
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overlay image that will be analyzed, Figure 2c. The 
image is then divided into eight sections, and the 
displacement of the ink dots is defined as shown in 
Figure 2d. Finally, the eight radius values were 
grouped and averaged to determine the four shear 
plane radius values depicted in Figure 2e. The shear 
plane radius values r1 and r2 result from the 
deployment of one awn, and the radius values r3 and 
r4 result from the deployment of the second awn. 

3. X-RAY MICROTOMOGRAPHY 
INVESTIGATION 

Since the Ink Tracking Method or any similar 
techniques are limited to plane strain analysis against 
a transparent surface, an initial investigation into the 
use of μCT analysis was completed on a simple T-
shaped deployable geosystem tested in axial loading. 
The T of the deployable system had dimension of 40 
mm by 10 mm by 1.0 mm and the shaft had a 
diameter of 6.0 mm (Figure 3). Tests were conducted 
in a 60 mm diameter container with a silica sand. The 
boundaries of this container will affect the movement 
of the soil particles but due to the constrains of X-ray 
field of view and image resolution the experiment is 
set this way to gather images which will help 
understanding the deployable awn- soil interaction. 
Index properties of the sand were not collected at this 
initial proof of concept stage. The experiments were 
conducted under displacement control loading in six 
total increments of 1 mm. At each step the 
experiment was scanned with the Zeiss Xradia versa-
610 x-ray microscope at a resolution of 35 μm per 
voxel. Each scan took on the order of eight hours to 
complete. Output from the μCT device was converted 
to tif images for each position using ImageJ 
(Schneider et al., 2012) with the XRM Reader plug in 
(Sutherland M, 2017). The tif images were then 
loaded into MATLAB R2024b and the center slices 
were taken for analysis (Figure 4). From this study it 
can be seen that the μCT can be used to visualize the 
deformation of a deployable geosystem in a silica soil 
under displacement-controlled loading. Interesting 
stress arching appears apparent ahead of the awn with 
a gap forming under the T-shaped (Red zone in 
Figure 4). The μCT scans further highlight how soil 
particles adjust and rearrange to accommodate the 
imposed load, resulting in localized void 

redistribution near the edges of the anchor and the 
surrounding stress zones. 

 

  
Figure 3. X-Ray container with awn 

4. CONCLUSIONS  

The ink tracking technique presented in this paper is 
an effective method for experimentally determining 
the location of the shear plane in sandy soil from the 
deployment of the awns of the ground anchor 
systems. In addition, the equivalent bar area for the 
thick origami in the bar-and-hinge model was 
successful in characterizing the in-plane and out-of-
plane behavior of the deployable awns. These 
understandings of how to experimentally analyze and 
computationally replicate the behavior of the 
deployable ground anchors are useful techniques that 
can help in the development of future designs of the 
deployable anchors. 
The investigation demostrates that it is feasible to 
study deployable systems fully embedded in silica 
sand using μCT. It highlights the significance of 
stress arching and void redistribution related to grain 
scaling in these types of tests. Specifically, stress 
arching was observed ahead of the awn, while void 
formation beneath the T-shaped anchor became more 
pronounced with increasing displacement. This 
underscores the importance of considering particle-
scale interactions and stress redistribution in the 
design and analysis of deployable systems. 
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