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ABSTRACT:

This paper presents an evaluation of the pull-out behaviour of tyre strip-reinforced
granular soil. The three-dimensional discrete element method (DEM) and laboratory testing
were used to systematically calibrate the soil particles and the tyre strip based on their
stress-strain relationship, tensile stiffness, and interface shear strength. Particle shapes
were considered during sand calibration. The scaled pull-out resistance was found to
match that of the experimental data. Contributions of the sectional interface shear force to
the total pull-out resistance were calculated to explain the progressive failure mechanism
mobilised at the tyre-sand interface. The shear force along the tyre strip was not uniformly
distributed but higher in the middle portion of the tyre strip. It gradually extended towards
the front end of the tyre strip before global interface slipping failure occurred. Comparing
the pull-out behaviour of extensible and inextensible tyre strips, the elastic deformation of
the tyre strip delayed the occurrence but not the magnitude of peak pull-out force. Micro-
mechanical interactions between tyre strip and sand during shear mobilisation were
discussed, and induced anisotropy was revealed. The experimental and DEM investigation
results in this study provide researchers with an improved understanding of tyre-soil

interaction under pull-out loads.

KEYWORDS: Geosynthetics, Rubber tyre strip; 3D Discrete Element Method (DEM); Pull-

out behaviour; Shear mobilisation; Micro-analysis
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1. INTRODUCTION

Recycled tyres have been successfully used in geotechnical engineering to reinforce
granular aggregates as a sustainable and economical solution. The first research on waste
tyres reinforced soil was commissioned in 1976, France. Then the first application of waste
tyre reinforced structure was built in 1984, France, where a 5 m high by 10 m long retaining
wall was constructed (Sayao et al, 2009). Traditionally, waste tyres could be processed
into strips, shreds or powder, and then mixed, for example, with soils to reinforce
embankments, slopes, retaining walls, foundations and docks (ASTM D6270, 2008). Results
of many laboratory tests and some field demonstration projects involving tyre-sand
mixtures have been widely reported in the last 20 years, for example, Bosscher et al.
(1992,1997), Foose et al. (1996), Humphrey (1998), Ghazavi and Sakhi (2005), Balunain
et al. (2014), Bali Reddy et al. (2016), McCartney et al. (2017), Fox et al. (2017), and
Manohar & Anbazhagan (2021). Related tyre research had attracted more attention
worldwide, especially in the Asia Pacific region and in Europe (Hazarika et al., 2010).
Compared with granulated tyre or tyre powder, using a larger size of tyre products like tyre
strips could promote industry up-take when considering the processing cost.

For example, studies of a mat-reinforced slope with the mat made of whole tyres and
cut tyres, i.e. tyres with one sidewall removed were conducted (O’ Shaughnessy and Gaga,
2000). Kim et al. (2011) conducted field-scaled pull-out tests to compare the pull-out
performance of cell-type tyre and geocell reinforced soil, respectively. It was concluded
that the ultimate pull-out capacity of cell-type waste tyres was about 1.25 times larger than
that of geocells. Li et al. (2017) found that the pull-out loads mobilised by tyre strips were
two times higher than the pull-out loads mobilised by the uniaxial and biaxial geogrids,
under the same pull-out testing conditions. Additional recent studies (Li et al., 2016; Li et
al., 2020; Li et al., 2021) also revealed a good potential of using larger-size waste tyres to
partially or completely replace geogrids or geocells. However, there is only a limited
number of studies that focus on the load-deformation behaviour of tyre strips rather than
tyre chips, particularly through pull-out tests. It is therefore essential to investigate further

into the interface behaviour between soil and tyre and the pull-out behaviour of tyre
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embedded in the soil. Better understanding the underlying mechanisms is important for the
design of tyre reinforced structures.

Since many factors, such as apparatus type, testing conditions, material properties
and surface characteristics of the tyre strip and how the mat is produced, etc., affect the
interface shear behaviour, the interaction mechanism between soil and tyre becomes fairly
complex. To help understand tyre reinforcement mechanisms, some numerical simulations
with particular consideration of the discontinuous nature of granular material were
proposed to explore tyre-soil interaction, unfortunately, most of them were focused on tyre-
soil mixtures. Lee et al. (2014) studied the behaviour of sand - tyre chip mixtures under
different strain levels using laboratory tests and two-dimensional numerical simulations and
found that the angle of friction increases as the sand fraction increases, and the mixtures
show contractive behaviour. The 3D DEM models for rigid-grain and soft tyre chips were
proposed to explore the behaviour of sand-tyre mixtures based on triaxial monotonic
compression tests and one-dimensional compression tests (Lopera Perez et al., 2016;
Asadi et al., 2018; Zhang et al., 2020). These researchers concluded that both tyre size
and content should be considered depending on the intended purpose of use for the
mixtures. To investigate further the tyre-soil interface behaviour, Ren et al.(2020) proposed
specific and convincing details about rubber tyre calibration processes, along with
validation and verification using 3D DEM numerical tensile test simulations, with a focus
on creating large-size tyre strip models. However, the micro-mechanical tyre strip
reinforcement mechanism through numerical pull-out tests has not been investigated.

This paper is aimed at addressing the lack of micro investigation of the shear
mobilisation between tyre strip and soil based on pull-out tests. Tyre strip of 60 mm to 100
mm in length embedded in soil was reproduced by building a series of numerical models
based on the well-established contact constitutive models in PFC?P version 5.0 (Itasca,
2018). The results of the numerical simulation include the visualization of a load transfer
mechanism for both tyre and soil particles assembly, special emphasis was also placed on
the inherent changes of interface contact forces that contribute to macroscopic strength as
well as the correlation between macro pull-out force and micro anisotropy parameters. The
progressive shear mobilisation of the rubber tyre during the pull-out test was also

3
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investigated. The results could help understand the tyre strip reinforcement mechanism
and provide a basis to improve the guidance to relevant engineering practice.

2. NUMERICAL MODELLING AND CALIBRATION
2.1 Numerical direct shear tests

Simulation of direct shear tests was performed using DEM to calibrate the micro-
mechanical parameters of sand. Fujian standard sand (the uniformity of coefficient was
1.92, the coefficient of curvature was 1.4) was used in the test. Since the computational
time in DEM simulations is highly dependent on the number of particles, an ‘up-scaling’
technique was commonly used to balance the computational cost against the scaling effect
on the sample response (Wang and Leung, 2008; Lin et al., 2013; Tran et al., 2013). In this
study, the particle sizes of sand in the laboratory tests were scaled up by a factor of 7 for
DEM simulations. It should be noted that different researchers adopted different scale
factors to ensure enough number of particles in the simulations. There was no agreed
value for each study. Ren (2021) performed a series of numerical tests to demonstrate a
scale factor of 7 was reasonable. Figure 1 shows the particle size distribution of sand in
laboratory tests and DEM simulations. The inset shows a picture of the Fujian Standard
sand under a microscope, which reveals that the particles were subrounded. The
magnification of the microscope was 30 times the original size. It was also used as a

reference to create a general shape of the sand particles in the numerical sample.
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Figure1. Particle size distribution of sand in laboratory tests and DEM
simulations

With the help of Morphologl G3 from UCL (Ren, 2021), particle shape factors as shown
in Table 1 were calculated. Morphologi G3 is a particle characterization instrument installed
with a laser scanning optical microscope that can capture two-dimensional images of the
sand grains and then automatically calculate the size and shape factors, such as aspect
ratio, circularity and convexity, based on 2D measurements of dimensions, area and
perimeter of each particle (Fan et al., 2021). Table 1 presents the measured average value
of each shape factor of the sand particles, and the shape factors of the adopted DEM
particle clump as shown in Figure 2(a). Efforts were made to ensure that the values of
shape factors such as elongation and convexity are similar. Note there were some
limitations of these 2D measurements, such as the flatness Index was not calculated, so it
was calibrated against experimental results. Figure 2(b) shows the entire sand sample with
15,664 randomly oriented particles generated in the direct shear test box. The numerical
simulations were conducted at three different confining stresses, namely 30, 50 and 100
kPa, the same as those in the laboratory shear box tests. A simple contact model of the

PFC?P version 5.0 was used (ltasca, 2018). The sand was first generated at the densest
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state using an initial friction coefficient of 0.0, and then slowly compressed to the specific
normal stresses with the friction coefficient of 0.2. More details on the preparation of
experimental direct shear tests and the step-by-step DEM procedure for direct shear tests
on sand can be found in Ren (Ren, 2021). The input parameters of DEM investigations were
listed in Table 2. It should be noted that the input parameters adopted for the direct shear
tests are E* (sand particle effective modulus) and knlSV/ks!S! (Normal-to-shear stiffness ratio
for sand particles). E* influences the peak shear stress value and k»[/k;[®! have an obvious
effect on the stiffness. During the calibration process, different values for E* and kn[S/klS!
were attempted, and then a final set of values E* = 40 MPa and k.Sl/ks'S! = 1.2 were
obtained. It can be observed that the shear stresses obtained from DEM modelling agree
reasonably well with the experimental results at various normal stresses, as shown in
Figure 2(c). This suggests that the numerical model can give good reproduction of the

shear behaviour consistent with the corresponding experimental tests.

Table 1. 2D particle shape information obtained from Morphologl G3 and 3D
shape information adopted in DEM numerical model

Shape parameter 2D from Morphologl G3 3D for DEM
Elongation index (EI) 0.756 0.75
Circularity 0.928 x
Convexity (Cx) 0.958 0.97
Flatness index (FI) x 0.81
Roundness (R) x 0.28
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Table 2. Input parameters for DEM modelling of sand

Parameter Sand

Density of the soil particles [kg/m3] 2650

Sand particle diameter [mm] Gradation as shown in Fig. 1
Sand particle effective modulus, E* [MPa] 40
Normal-to-shear stiffness ratio for sand, kn!S!/ks!S! 1.2

Friction coefficient of the sand particles 0.2

Friction coefficient between the sand particles and the walls 0.0

2.2 Numerical tensile tests

Both laboratory and numerical tensile tests were conducted to obtain the model

packing and input parameters for rubber tyres. Three similar tyre strip samples were tested

to ensure repeatability. Figure 3(a) shows the relationship between tensile stress and
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tensile strain. The tensile strength of the tyre strips is high and around 60-70 MPa. For
tensile strain below 20%, there is a linear relationship between tensile stress and tensile
strain. From beyond 20% until breakage (at 105% on average), tensile strain exhibits a
nonlinear relationship with tensile stress. Considering that most existing tests did not pull
the tyres to breakage, we selected model data below a 16% tensile strain from test 1
(Figure3(a)) as a reference for further numerical calibration. In the numerical tensile test,
a body-centred cubic (BCC) structure and a simple contact bond model of PFC3P version
5.0 were used to prepare a tyre specimen (Ren et al., 2020). More details on specimen
preparation and relevant parametric studies can be referred to Ren (2021). The calibrated
numerical tensile stress in Figure 3(b) shows a good agreement with the experimental data.
This DEM simulation with the chosen set of parameters satisfactorily models the properties
of a rubber tyre in the laboratory tests. The input parameters of DEM investigations were

listed in Table 3.
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Figure 3. (a) Tyre strip tensile test results; (b) Comparison between the numerical
and the experimental tensile test results

Table 3. Input parameters for DEM modelling of tyre strip

Parameter Tyre
Density of the tyre particles [kg/m3] 1100
Particle diameter [mm] 0.5
Coefficient of inter-particle friction [u] 0.9
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Tyre particle effective modulus, E* [MPa] 20

Normal-to-shear stiffness ratio for tyre, k,™/k,™ 4.5
Tensile strength, cb_tenf [N] 2e150
Shear strength, cb_shearf [N] 2e150
Friction coefficient of the tyre particles 0.7

2.3 Numerical tyre - soil interface direct shear tests

Simulations of the interface direct shear test shown in Figure 4(a) were conducted
under three normal stress conditions (30 kPa, 50 kPa and 100 kPa), the same as those in
the laboratory tests (conducted by Ren (2021). The sand samples were sheared at a
displacement rate of 1 mm/s to a total displacement of 10 mm. The corresponding
numerical interface tests simulation procedure was introduced by Ren (Ren, 2021). It should
be noted that the set of parameters for sand was from the calibration results in Table 2,
and the set of parameters for the tyre strip was from the calibration results in Table 3. In
this section, only the friction coefficient between the tyre strip and sand particles needed
to be calibrated. By trial and error, the friction coefficient between rubber tyre strip and sand
particles was determined as 0.7. A comparison between the numerical and the tyre-sand
interface experimental results were illustrated in Figure 4(b), showing a good match

between the experimental results and the simulated data.
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Figure 4. (a) DEM model for the tyre strip-sand interface direct shear test; (b)
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Calibration results

2.4 Numerical tyre - soil pull-out tests

To obtain valuable insights into the reinforcement mechanism of tyre-reinforced soil,
this section presents rubber tyre strip-soil pull-out tests both experimentally and
numerically. The laboratory tyre reinforced soil pull-out tests were conducted by Li et al.
(2017). In the rubber tyre and sand pull-out tests, the physical properties and the particle
size distribution of Fujian Standard Sand were introduced in section 2.1. The relative sand
density achieved during sample preparation in pull-out tests was 0.95. Three similar tyre
strips were laid on a 20-mm thick layer of compacted sand in each test. The ends of the
tyre strips located outside the box were attached to the pull-out clamp as shown in Figure
5(a) and Figure 5(b). The tyre strips inside the shear box were 420 mm in length, 30 mm
in width, and 15 mm in height. Figure 5(c) shows the results of the pull-out tests, peak force
increased as the normal stress increased for tyre strips. Here, the pull-out force was
normalized by the width of the box (i.e., 300 mm) for comparison. The differences in
stiffness tend to decrease as the normal stresses increase. More details about the

displacement, pull-out speed and pull-out force can be found in Li et al. (2017).
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Figure 5. (a) Pull-out tests of tyre strips reinforced sands: plan view; (b) elevation

view; (c) pull-out force-displacement curves under various stresses (after Li etal.,
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In the numerical pull-out tests, considering computational power, dimensions for both
pull-out box and tyre strip were downscaled relative to those in the laboratory tests. The
box dimensions in numerical simulations were 60 mm in length, 50 mm in width and 40
mm in height. The height and width were designed by minimising the boundary effect, and
the length of the box was intentionally shortened. One tyre strip was adopted in the pull-
out test. The dimensions of the rubber tyre specimen were 60 mm in length (the length
inside the sand specimen was 50 mm, the length outside the box for clamping was 10 mm),
10 mm in width and 3 mm in height. The sand particles and rubber tyre were created
following the same procedure described. All micro input parameters for DEM pull-out test
simulations were listed in Table 2 and Table 3. The basic DEM sample preparation
procedures of pull-out tests generally have three stages: (1) create walls and prepare sand
- tyre specimens, (2) create and consolidate the sand specimen to the desired confining
stress level and (3) execute the pull-out process. Note the size of the opening where the
tyre left the box was constantly adjusted numerically following the deformation of the tyre
strip.

Figure 6 shows the embedded rubber tyre in the pull-out tests. The particle size of
the rubber tyre specimen was 0.5 mm, while the mean size (Dso) of the sand particles was
3.36 mm, having been scaled up by a factor of 7 for DEM simulations in this study. Even
the minimum sand particle size was 0.518 mm after scaling up. This means that
interlocking between sand particles and rubber tyres was minimized during the pull-out
process. The pull-out process was executed with a specified constant velocity of 0.25 m/s
at the clamp end. The external 10mm (blue particles) of the tyre strip were ‘clamped’ and
pulled leftward together horizontally under the same velocity. To minimize the dynamic
effects, the pull-out rate was gradually increased linearly over time from zero to the final
rate. The pull-out process terminated when the clamp end displacement exceeded 10 mm.
During the simulation, the displacements and force at the clamp end along the pull-out
direction (i.e., the negative direction along the x-axis as shown in Figure 6) were monitored

during the pull-out process. Here, the pull-out force was calculated by summing all the ball-
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clump contact forces in the x-direction. Following these procedures, three numerical pull-
out tests were conducted. The corresponding target stress levels were 30 kPa, 50 kPa and

100 kPa, respectively. More details can be found in Ren (Ren, 2021).

Clamp end

Open end

unit: mm

Figure 6. Clamp settings for the DEM model of a tyre strip pull-out test

3. PULL-OUT BEHAVIOUR OF TYRE STRIP EMBEDDED IN SOIL

3.1 Macro responses during the pull-out process

Figure 7(a) shows the development of pull-out force against clamp end displacement.
A comparison between extensible and inextensible tyre strips (without tyre extension) was
also presented in this figure. Here, the extensible tyre strip cases represent the calibrated
tyre strips with a Poisson’s ratio of 0.5. The pull-out process was executed with a specified
constant velocity of 0.25 m/s at the 10 mm clamp end, whereas extension and deformation
were allowed for the rest of 50 mm of the tyre strip. The inextensible tyre strip cases strictly
exclude tyre extensions, the corresponding pull-out process was executed on the entire
tyre specimen rather than just at the clamp end. It was observed that for extensible tyre
strip cases, the pull-out forces at different normal stresses increase approximately
continuously and then stay at the peak pull-out forces without strain-softening as pull-out
displacement increases from 0 mm up to 10 mm. A general observation is that the peak
pull-out force increases with a rise in normal stress.

The results also indicate that higher normal stress can extend the critical pull-out
displacement corresponding to the peak pull-out force. Overall, although the values for
pull-out forces in numerical simulations are quite small as shown in Figure 7(a), these

1
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general trends are consistent with the experimental findings reported by Li et al. (Li et
al.,2017) shown in Figure 5(c). It is believed that a shortened pull-out box and reduced
rubber tyre specimen dimensions (Length ratio = 420/50 = 8.4) with the use of a single strip
of a rubber tyre in the simulation all potentially decrease the reinforcement ability of the
specimen during the pull-out process. For example, the experimental peak pull-out
resistance under normal stress of 30 kPa is around 35 kN/m, as shown in Figure 5(c). The
experimental pull-out resistance of a single shorter tyre strip embedded in a box with a
width of 50mm could be approximated to be 35 /3 /8.4*50 = 69.4N. The result matches the
magnitude for a simulated pull-out force of around 66.6 N at a peak state under 30 kPa, as
seen in Figure 7(a). It should be noted that the pull-out force in the experimental test results
plotted by Li et al. (2017) was measured in kN/m and it was normalized by the width of the
box for comparison. Some interaction between neighbouring tyre strips may affect the
result, hence the pull-out force may not be simply divided by a factor of three, and the exact
effect of tyre length will be presented later in this paper. In addition, the experimental tyre
strips have irregularities, such as the natural curvature of the tyre and the grooves on the
tyre surface, the corresponding simulations should be recreated according to the real
shapes of the tyre strips in theory to replicate the exact tyre strip pull-out behaviour. Overall,
the scaled pull-out force was considered comparable with the corresponding experimental
results.

Comparing extensible and inextensible tyre strip cases, the results show that the pull-
out forces of the inextensible tyre strips increase much faster than that of the extensible
tyre strips and approach the peaks at lower critical pull-out displacements. In contrast, the
pull-out force-displacement curves of the extensible tyre strips follow a comparatively
slower rate and reach the corresponding peak at a higher critical pull-out displacement. All
curves show an initially higher constant tangent stiffness, then followed by gradually
decreasing stiffness until the peaks. The results also show that the peak pull-out forces are
similar for both the extensible and the inextensible tyre strip cases under each normal
stress level. This is because the extensible tyre strips are more elastic and hence extend
longer to reach the same pull-out load compared to the corresponding inextensible tyre
strip cases. It appears that the sawtooth undulation in the 100 kPa simulations (in Figure

1



299

300

301

302

303

304

305

306

307

308

309

310

311

312

313

314

315

316

317

318

319

320

321

322

323

324

325

326

327

328

7(a)) is more significant. This is possibly induced by a pressure-dependent numerical
inaccuracy and is related to the pull-out rate. During the pull-out process at a higher
pressure, the particle contact force chains columns sustain more easily within the shear
band. As pull-out force continues to increase, particle contact forces cannot redistribute in
time. It is until finally, slipping occurs at contacts and columns buckle, then particle contact
forces redistribute and the pull-out force then reduces. We can also explain the
phenomenon using the inertial number. To keep the inertial number the same, a higher
confining pressure implies that a lower loading strain rate is required. Some simulation
trials were performed. Results indicate that if a simulation was performed at a slightly
slower pull-out velocity, the force fluctuation reduces although the average pull-out force
remains the same.

Figure 7(b) presents the evolution of the vertical displacement of the DEM sand
sample during the pull-out process at different confining pressure. The sample experienced
slight contraction during its initial pull-out (about 1~2 mm) before dilation. Displacement at
the peak pull-out force associates well with the maximum dilation rate. Higher confining
pressure suppresses the dilation of sand, hence resulting in a smaller total vertical
displacement. Like the peak pull-out forces, the maximum dilation rate occurs at a higher
critical pull-out displacement when confining pressure increases. So it can be anticipated
that the final vertical displacement also happens at a higher pull-out displacement than 10
mm when confining pressure is high at 100 kPa. This might imply that the specific peak
pull-out force (shown in Figure 7(a)) can still increase beyond 10 mm. Under high confining
stress, vertical dilative particle movements are restricted, hence requiring a longer pull-out
displacement to reach the peak pull-out force. Related to this, longer tyre strips provide
more space allowing more sand particles to interlock and buckle more uniformly along the
interface, thus helping obtain a fully-developed progressive failure. More discussions will
be made later. Figure 7(b) also shows that the vertical displacements and the dilation rate
of the inextensible tyre strip cases are always larger than that of the extensible cases.
However, the final vertical displacements of extensible and inextensible cases reach a
similar level. This can be seen clearly from the 30 kPa and 50 kPa cases, but not the 100

kPa cases.
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Figure 7. (a) Pull-out test results from extensible and inextensible tyres: pull-out
force; (b) vertical displacement

3.2 Interface shear force distribution along the tyre strip

To gain further detailed insights into the mechanism of tyre strip-sand interaction under
pull-out loads, some micro-scale observations were provided, including the contact shear
force distribution along the tyre strip, accumulative sectional interface shear forces along
the tyre strip, and also particle displacement, particle velocity vectors, particle spin and
orientation of the particle contact force of the sand particles around the tyre strip. Taking
the case with 30 kPa normal stress as an example, the micro-mechanical data was
analysed at three representative states: initial, at peak and final 10 mm pull-out state.
Figure 8(a) illustrates the locations of the five sections along the tyre strip—sand interface,
measured from the left side wall of the pull-out box. The magnitude of the x-direction
contact forces between the tyre and the sand particles were calculated within each section
and then summed up to obtain the total pull-out forces of the tyre strip. Figure 8(b) shows
the accumulation of pull-out force at the three different states: initial 2.0-mm pull-out state,
peak 5.4-mm pull-out state, and final 10-mm pull-out state of the extensible tyre strip under
normal stress oy of 30 kPa.

It is evident from Figure 8(b) that the increase of accumulated pull-out forces is slow
in section 1, then faster in region 2 ~ 3, and then slow again in section 4 ~ 5. This implies
that pull-out forces in the middle portion of the tyre strip are much higher than the pull-out

forces at the two ends of the tyre strip. These different values of sectional interface shear
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forces along the tyre strip imply that each part of the tyre strip was mobilising a different
frictional resistance. Assuming the vertical stress acting on each section is similar in
magnitude, shear failure should occur first in the middle portion of the tyre strip, indicating
a progressive failure. Progressive failure was also observed by Li et al. (2017), who

performed laboratory pull-out tests on sand reinforced with long rubber strips.
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Figure 8. (a) lllustration of 5 sections along the pull-out box; (b) Accumulated pull-
out force along the extensible tyre strip at three different states ( ¢, = 30 kPa)

Figure 9 shows the distribution of sand particle displacement at the three different pull-
out states. Figure 9(a) shows the movement zone of the sand clump particles forming an
arch around the rubber tyre at an initial pull-out of 2 mm. The area with sand particles
movement is higher near the middle zone of the tyre strip than those near the two ends of
the tyre strip. Figure 9(b) shows the movement zone becomes bigger and extends closer
to the left wall at a peak pull-out of 5.4 mm. The height of the sand particles' movement
zone increases from the clamp end (left wall) to a maximum value in the middle, then
decreases again towards the open end. This peak state should correspond to the moment
when the shear band is fully developed. This means that the rubber tyre elements reach a
shear failure strength first in the middle section and then extend towards the pull-out clamp

1
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end before finally reaching the open end. It can also be seen that the thickness of the
particle movement zone below the tyre is smaller than that above the tyre strip. The overall
shear band thickness is around 7 times Dso (3.36mm) of the DEM clump. The distance
between the tyre strips and the bottom boundary of the experimental apparatus was 20mm,
which is about 42 times Dsp (0.48mm) of Fujian sand, therefore there should be a minimum
boundary effect in the experimental result. Figure 9(c) shows the particles' movement zone
at the final pull-out of 10 mm. The shape of the zone is similar but slightly bigger and the
height is even higher at the clump end. Note here at the final state, the open end of the
tyre strip has moved, implying a full failure of the tyre strip has occurred. This left a relatively
loosely packed zone behind the tyre strip. Tensile strains of tyre strips during the pull-out
process were also calculated based on the recorded displacement response of tyre strips.
The tensile strain of the extensible tyre strip at the initial pull-out state, peak state and the
final pull-out state was 1.47%, 2.30% and 2.44%, respectively, whereas that of the

inextensible tyre strip had zero tensile strain at each state.
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Figure 9. (a) Particle displacement field of an extensible tyre during a pull-out test
( ov = 30 kPa) at the initial pull-out 2 mm; (b) at the peak pull-out 5.4 mm; (c) at the
final pull-out 10 mm.

3.3 Contribution of sectional interface shear force to total pull-out force

Figure 10 summarises the quantitative contribution of interface shear forces from each
section of the tyre strip to the total pull-out force at the three states. Figure 10(a) shows
the state of pull-out 2 mm for an extensible tyre. The contributions of interface shear forces
from section 2 (27%) and section 3 (28%) are noticeably greater than those of the right-
side sections, namely section 4 (19%) and section 5 (11%). Figure 10(b) shows that the

interface shear forces at the peak state follow a similar trend but even higher percentage
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contribution from the middle sections. The contributions of interface shear forces from
section 2 (32%) and section 3 (30%) are noticeably greater than those of right-hand
sections, namely section 4 (18%) and section 5 (5%) for the rubber tyre. Comparing the
peak 5.4 mm state to the 2 mm state, although the percentage contribution of section 5 is
smaller, the absolute magnitude of sectional interface shear force is similar to around 3~4
N. Note the movement of the sand particles is also the highest in regions 2~3 (Figure 9),
hence inducing the highest interface shearing force in this region. This also implies that
there is a more extensive shear banding zone and interlocking mechanism (i.e., more
relative movement/ dilative shearing between the tyre and the sand particles) at work
between the rubber tyre and sand particles in the middle portion of the tyre strip. Figure
10(c) shows the force distribution along the tyre strip for the final state with 10 mm pull-out
displacement. Much percentage contribution of section 1 increases from 14% to 24%. The
principal pull-out forces are from sections 1, 2 and 3, which provide contributions of 24%,
31% and 30% to the total pull-out force, respectively. At this stage, global failure had
happened due to the tyre detaching from the sand, which was explained in Figure 8. The
total pull-out force remains similar compared to the peak state. The percentage
contributions of sections 2 and 3 remain similar. But the percentage contribution of section
1 increases whereas that of sections 4 and 5 reduces. The low percentage contribution in
section five is probably because the tyre has moved away from this section due to global
failure. Figure 10(d)-(f) reinforces that similar progressive failure also occurs in the
inextensible tyre stirps, although the peak state occurs earlier at 3.5 mm pull-out. The shift
of the location of the highest percentage contribution from the middle section to the clump

end section is even more obvious.
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Figure 10. (a) Contribution of sectional interface force to the total pull-out force
during pull-out test ( 6, = 30 kPa) for inextensible tyre at initial state; (b) inextensible
tyre at peak state; (c) inextensible tyre at final state;(d) extensible tyre at initial

state; (e) extensible tyre at peak state; (f) extensible tyre at final state

Figure 11(a) shows the contact forces network within the specimen at the peak state.
Zone 2~3 gives the largest dilation. The space at the peak state indicates that a gap of the
loosely packed particles has already started to form behind the tyre strip. It should be noted
that the tensile strain of rubber tyre was around 2.30% at this state. Approximately 5mm of
movement at the clamp end and approximately 3mm movement at the open end were
observed. The difference should attribute to the extensibility of the tyre strip, which is 2.3%,
i.e., 1.15mm. To better understand the development of the force chains, the contact and
force distributions can be visualized with polar histograms. Ouadfel and Rothenburg (2001)
proved that the evolution of normal contact force [fi] plays the most significant role in
determining the overall shear strength of granular materials. On the other hand,
Rothenburg and Bathurst (1989) proposed that the complicated tensor that describes
anisotropy features of [fi] in granular assembly can be simplified using the second-order

Fourier series approximation, i.e.:

f. (6) = fo[1+ancos2(6 - 6,)] (1)

1
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where fy is a constant equal to the average normal contact force; a, and 6, are the fitting
parameters that stand for the magnitude of the directional variation and the principal
direction of anisotropy, respectively. 6 is the direction of the normal force obtained by
statistics. Figure 11(b)~(d) presents the anisotropy features of normal contact forces in 3
typical regions projected onto the x-z plane (side view). The area enclosed by each 10-
degree interval of the polar histogram represents the magnitude of the total normal contact
force normalized by the average normal contact force over all contacts and by the total
number of contacts. Under the peak state, the values of average contact normal force f; at
the peak state were 10.6 N, 11.3 N and 7.9 N for sections 1, 2 and 4 respectively. The
value of fyin section 2 is larger than that in section 1 and section 4. Overall, the anisotropic
principal direction develops and rotates from approximately probably from a vertically
orientated direction (section 4) to an apparent horizontally oriented direction (section 1)
when the interface shear force develops. In section 2, there is the most significant rotation
to the principal stress direction. These observations illustrate that the positional
rearrangement of particles allows the reinforced system to effectively resist external loads
(pull-out load and normal pressure).
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Figure11. (a) Region of interest at peak state under 30 kPa; (b) evolution and
anisotropy of normal contact force at peak state in section 1; (c) peak state:section
2; (d) peak state: section 4

3.4 Velocity vectors and particle spin of sand particles surrounding the tyre strip

Figure 12(a) ~ (c) shows the velocity vectors of sand particles at the three states (initial
state, peak state, and final state) during the pull-out tests. It should be noted that velocity
vectors were all drawn at the same scale. These figures display the mobilisation of sand
particles along the rubber tyre strip during the pull-out process. In the case of horizontal
pull-out to the left for the rubber tyre strip, the sand particles surrounding the rubber tyre
move together with the rubber tyre strip. The interface friction between the rubber tyre strip
and sand resists movement, which causes slight orientation changes in the velocity vectors
(from vertical to diagonal), as shown in Figure 11. Furthermore, the dilative zone for sand
particles surrounding the rubber tyre strip is larger for the peak state than in the other two
states. This is also consistent with the results under 30 kPa normal stress shown in Figure
7.

Figure 12(d) ~ (f) shows the particle spin of sand particles surrounding the rubber tyre
strip at the three states (initial state, peak state, and final state) during the pull-out tests.
The particle spin represents the clump angular velocity, which was obtained automatically
from the software. It should be noted that particle spins were all drawn at the same scale.
These figures supply additional information regarding sand particle movement during the
pull-out tests. More particle spins appear at the peak state, as shown in Figure 12(e), which

is consistent with Figure 12(b). In addition, the particle spins below and above the rubber

330



483  tyre strip are nearly symmetrical. Although the pictures only show a particular 2D section
484  of the 3D simulation, it is typical that the shear banding zone is around 10 particles in
485  diameter.
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486 Figure 12. (a) Particle velocity field at initial state; (b) particle velocity field at peak
487 state; (c) particle velocity field at final state; (d) particle rotation at initial state; (e)

488 particle rotation at peak state; (f) particle rotation at the final state

489 3.5 Influence of tyre strip length on pull-out test results

490 Given that the length of the rubber tyre strip in the laboratory pull-out test (Li et al.,
491  2017) was 420 mm, exploring the rubber tyre length effect on pull-out test results could be
492  meaningful. This subsection presents some macro-scale and micro-scale data from the
493  parametric studies on the rubber tyre length effect. For the numerical pull-out tests, the box
494  was 120 mm long, 50 mm wide, and 40 mm high. The pull-out displacement was 20 mm.
495 Lengths 50 mm, 75 mm and 100 mm were selected for the rubber tyre to perform the
496  numerical pull-out tests under 30 kPa normal stress. Figure 13 shows the development of

497  the pull-out force against the clamp end displacement. The rubber tyre length seems to
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have little effect on the initial stiffness of the curves during the initial pull-out displacement,
probably due to the absence of significant particle movement at this state. However, with
further pull-out displacement, the peak pull-out force shows an obvious nonlinear increase
as rubber tyre length increases. The peak pull-out force happens as soon as it deviates
from the initial curve, the locations are indicated by the circle marks, and the pull-out forces
are linearly proportional to the tyre length, as shown in the sub-figure. Note this linear
proportional relationship may not be valid if the tensile strain of the tyre strip is beyond the
range of this study. This finding could potentially be beneficial to practical design, as it is
possible to calculate the exact pull-out force and design for the spacing of a series of long
tyre strips for use in a retaining wall. Fox and Kim (2008) also observed that specimen
length has significant effects on the measured shear strength when analyzing the
progressive failure at the geomembrane/geosynthetic clay (GCL) liner interface using a

large direct shear box.
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Figure 13. Effect of tyre strip length on pull-out tests results
Figure 14 summarises the quantitative contribution of interface shear forces from each
section of the tyre strip to the total pull-out force at the three states. Compared to the
shorter 50 mm tyre strip (as shown in Figure 10), the rate of change of sectional
contribution appears to be less significantly different. A longer tyre strip seems to be able
to spread the interface frictional resistance and interlocking shear forces more evenly

distributed along the tyre strip. That means longer tyre strips expand the action range of
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tyre strip-sand interactions, thus achieving a better reinforcing effect. Figure 14 reveals two
distinctive zones of high percentage sectional interface shear forces in section 3~4 and
section 6~7 at the peak state as shown in Figure 14(b). Then, these zones shift forward

towards the clump end to sections 2~3 and 5~7 at the final state as shown in Figure 14(c).

Initial state: pullout 2mm Peak state: pullout 11.4mm Final state: pullout 20mm

£ 09 W

force to the total pullout force (#5)

Contribution of secticnzl interface

Paosition aleng the length of the box (section number)
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Figure 14. (a) Contribution of sectional interface shear force to the total pull-out
force during a pull-out test for an extensible tyre at initial state; (b) extensible tyre
at peak state; (c) extensible tyre at final state (the tyre length inside the sand

specimen was 100 mm)

To illustrate this phenomenon better, Figure 15 shows the velocity vectors of the sand
particles at the final pull-out state, and the influencing zone that constitutes the dilative
zones affects the final peak pull-out force. The particle clumps velocity vectors reveal the
directions of particle movements. There are circular motions of particles near the interface.
When the rubber tyre length is 50 mm, there is only one circulation motion along the rubber
tyre. For a rubber tyre length of 75 mm with a longer influencing zone, the velocity vectors
appear to create more than one circulation, possibly two. With a rubber tyre length of 100
mm, the influencing zone around the rubber tyre develops a more homogenous distribution,
unlike the turbine distribution in the other two cases. The reason may be that the longer
rubber tyre can provide more space allowing more sand particles to allow the shear band

to form uniformly along the interface during pull-out.
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Figure 15. (a) Particle velocity field at the final stage of pull-out tests (tyre length 50

mm) ; (b) tyre length 75 mm; (c) tyre length 100 mm
4. CONCLUSIONS

This study investigated the pull-out behaviour of tyre strips embedded in dense
granular soil using the three-dimensional discrete element method (DEM) of Particle Flow
Code (PFC) version 5.0. The experimental direct shear tests of the sand, tyre strip tensile
tests, and tyre strip-sand interface direct shear tests were conducted by Ren (2021) to
calibrate the model parameters of sand and tyre strip in terms of their stress-strain
relationship, tensile stiffness, and interface shear strength. The calibration results indicate
that the present modelling method and the adopted input parameters are reasonable. The
interactions behaviour of the pull-out tests was investigated numerically using a simplified
small-scaled pull-out box consisting of one piece of tyre strip. The influences of the elastic
extension of the tyre and the tyre strip length were explored. The scaled pull-out load was
found to quantitatively match the experimental results obtained by Li et al. (2017). Detailed
insights into the tyre strip-soil interaction have been explored at the microscopic scale
using data such as particle displacement, particle rotation, particle velocity and orientation
of contact normal forces etc. during the pull-out process. Some major conclusions can be

drawn as follows:

(1) Systematic development of a 3D DEM model for the tyre strip-soil pull-out tests along
with corresponding calibration work was presented by comparing results of laboratory
element tests and numerical simulations. The results indicate that this is a valid practical
tool for investigating the micro-mechanical interactions between tyre strips and sand.

(2) The pull-out force of the tyre strip embedded in dense sand increases nonlinearly with

pull-out displacement until the peak state without strain softening. The tyre strip-
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reinforced soil exhibits a progressive failure, where each portion of the tyre strip
mobilises a different level of shear stress until its sectional peak shear strength reaches

a specific distance.

(3) The major contribution of interface shear forces to the macro pull-out force was from

the middle segment of the tyre strip sample, where significant particle movement was
observed. Induced anisotropy can be revealed by the rotation of principal contact force
direction and the displacement of particles. Particles in the middle segment rearrange
and rotate from the original microstructure to a relatively stable inclined anisotropic
microstructure during shear mobilisation. These micromechanical processes govern the
increase of the sectional interface stresses and control the macro-mechanical

performance of the tyre strip-reinforced system.

(4) Results of the inextensible tyre strips (extension prohibited) show that the peak pull-out

forces are reached faster and with higher initial stiffnesses during the pull-out process
than those of the extensible tyre strip cases. As a result, the critical pull-out
displacements when peak forces are reached become smaller. This is due to the faster
development of the progressive failure along the tyre strip. But the peak pull-out force
remains the same as that of the extensible tyre strip under each confining pressure.
These suggest that the elastic extensible tyre strips maintain the ultimate safety by
having the same pull-out load, but it deforms more flexibly when reinforcing soils which

is beneficial to dynamic applications.

(5) Reinforcing soil with longer tyre strips greatly improves pull-out resistance, thus a better

reinforcing effect. The peak pull-out force is linearly proportional to tyre length, although
tyre length doesn’t affect the initial stiffness of the pull-out force-displacement curves.
With a longer rubber tyre strip, the shear band zone is formed more uniformly along the
sand-tyre interface, as a more homogenous distribution of particle movement can be
developed when the tyre strip is longer. For design purposes, it is possible to design for
the actual pull-out force and the spacing of a series of long tyre strips for use in a
retaining wall based on the finding in this study that the ultimate pull-out resistance is

proportional to the length of a tyre strip.
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NOTATION

Basic Sl units are shown in parentheses.

E sample young’s modulus

E* particle effective modulus

U coefficient of inter-particle friction

FeaSV/ 1) normal-to-shear stiffness ratio for sand particles
chb_tenf contact bond tensile strength

cb_shearf contact bond shear strength

Gv normal stress

ABBREVIATIONS

ASTM: American society for testing and materials
BCC: Body-centred-cubic packing

Cx Convexity

EI Elongation index

FI Flatness index

FSA: Fourier series approximation

PFC: Particle Flow Code

R Roundness

3D DEM: Three-dimensional discrete element method
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