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Abstract: The reuse of end-of-life (EOL) tyres as earth reinforcement materials in civil engineering
projects have been studied for decades. Entire EOL tyres infilled with compacted soil can form
segmental tyre encased soil elements (TESEs) with considerable load-bearing capacity. The TESEs
can be used to construct structures like low-rise buildings, railway foundations and geotechnical
structures. One of the most important aspects of TESE systems, i.e., the shearing interaction between
neighbouring units is not yet well understood. In this study, thirty-six laboratory tests have been
conducted to investigate the response of TESEs under intercourse shear actions. This was followed by
a supply chain environment and economic analysis to investigate the acceptability of the system. The
results revealed that the type of encased soil had more effect on the interface interactions between
courses of TESEs compared to the TESEs’ construction pattern. It was also found that the frictional
coefficient could be increased by either using coarse and angular aggregates as the encased soil or
reducing the amount of the encased soil to form a high portion of rubber-to-rubber contact at the
composite interface. Supply chain environment and economic analysis revealed that using entire
tyres as construction materials has low CO2 emission and considerable economic benefits.

Keywords: waste tyre; waste utilisation; tyre encased soil; supply chain analysis; direct shear test

1. Introduction

The number of end-of-life (EOL) tyres has been increasing rapidly in recent decades.
Statistical evidence shows that approximately 50 million tyre-equivalent passenger units are
generated in Australia every year [1]. Less than 46% of these tyres are effectively recycled,
while the remaining are either stockpiled or illegally dumped [1]. A similar situation was
found in many other countries [2,3]. There is an urgent need to explore more approaches
to consuming EOL tyres. EOL tyres have inherent high strength and durability even after
their service lives as parts of vehicles, making them ideal as engineering construction
materials [4,5].

Utilisation of EOL tyres as construction materials in various forms (i.e., crumb, shred-
ded, whole tyre) has been an active research area in the past decades [2,3,6–14]. Applying
whole EOL tyres without shredding can help to reduce the carbon footprints related to
processing the tyres [15,16]. Whole EOL tyres infilled with compacted soil can form seg-
mental tyre-encased soil elements (TESEs) with a considerable compressive strength [12,15].
For example, an ordinary 175/65R14 passenger car tyre filled with sandy material can
withstand a compressive load of more than 1800 kN. Sun Indraratna [12] found that the
high compressive load-bearing capacity of TESEs can be theoretically explained by the
increased apparent cohesion due to the additional confining forces of the encasement tyre
when the TESEs are subject to compressive loadings. TESEs have been used in constructing
low-rise buildings, railway foundations, reinforced slopes, retaining walls, and embank-
ments [2,5,9,12,13,17–21]. Reusing EOL tyres as reinforcement materials in engineering
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structures is an attractive solution to reducing the volume of used tyres disposed into
landfills [9], with the added potential benefit of reduced cost for reinforced earth structure
construction [2].

In recent years, research studies in low-rise tyre wall houses built of TESEs have
proved that tyre wall houses have excellent architectural performance [22–25]. For instance,
the tyre wall houses require little to no energy to heat and cool in various climates. The
indoor air temperature can be naturally regulated by the thermal flywheel effect due to the
thermal mass of the tyre wall and the earth-sheltering method. The interaction and shear
load transferring mechanism between the tyre courses is a key parameter which determines
the behaviour of the tyre wall systems. Freney Xu [15] found that the stability of tyre walls
constructed using TESEs is closely related to intercourse friction. Two past investigations on
stacked TESEs reported frictional coefficients between courses of TESES ranging between
0.55 and 0.81 [26,27]. Studies on the shear performance of masonry structures and soil bag
structures revealed that the material type and geometry on the interfaces would affect the
intercourse friction properties, resulting in isotropic or anisotropic behaviour [28–32]. How-
ever, the effects of material properties and construction patterns on the interface properties
of TESEs are yet to be explored. The limited amount of data restricted understanding of the
interface interaction between courses of TESEs. Also, limited studies on the lifecycle cost
and environmental analyses of such systems have limited its real-life application. Hence,
this study aims to study the interfacial performance between courses of TESEs as well
as the environmental and economic benefits of reusing entire tyres in civil engineering
constructions. To address these issues and to investigate the suitability of the TESTs sys-
tem, a series of laboratory direct shear tests was performed followed by a supply chain
environment and economic analysis.

2. Materials and Methods
2.1. Materials

Three types of soils were used in this study to construct TESEs, which were sandy loam,
recycled aggregate, and uncrushed clay. These soils were sourced from a local soil supplier
near Adelaide. Any granular material could be used as the encased materials, although
the stiffness of the TESEs may vary. These soils were selected because they covered a
range of different soil types with different characteristics, i.e., particle size distribution and
other properties, which may produce TESEs with different performances. The particle size
distribution of the soils is presented in Figure 1. The physical characteristics of the soils are
summarised in Table 1. According to the unified soil characterisation system (USCS) [33],
the sandy loam, recycled aggregate and uncrushed clay were classified as poorly graded
sand (SP), silty sand (SM) and low plasticity clay (CL), respectively.
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EOL tyres with a standard size of 175/65R14 were used in this study to construct
TESEs. The tyres were sourced from a national tyre recycler, Tyrecycle Pty Ltd. Simple
visual observation criteria were followed when selecting the tyres: no cord damage or
exposed steel radials. The function of the tyres was to provide circumferential confining
stresses to the encased soil, which is like other soil reinforcement materials, such as geocell
and geotextiles [12,19,34]. Hence, the tensile properties of the tyre material were important
to characterize. ASTM D638-14 [35] was followed in this study to prepare the tyre tensile
test samples and loading protocols. It should be noted that this method could underestimate
the strength of the tyres [15]. The results of the tyre direct tensile tests are listed in Table 2.

Table 1. Physical properties and technical specifications of the soils.

Properties Sandy Loam Recycled Aggregate Uncrushed Clay Standards

Maximum grain size, Dmax(mm) 4.75 32 55 * AS 1289.3.6.1 [36]
Minimum grain size, Dmin(µm) 0.5 0.4 0.3 * AS 1289.3.6.1 [36]

Coefficient of uniformity, Cu 2.2 57.0 19.7 * ASTM D2487 [33]
Coefficient of curvature, Cc 1.0 0.3 0.3 * ASTM D2487 [33]

Maximum dry density, γdmax(t/m3) 1.69 1.81 1.79 AS 1218.5.1.1 [37]
Optimum moisture content, OMC(%) 12.3 15.0 8.6 AS 1218.5.1.1 [37]

Liquid limit, LL(%) 25 26 33.6 AS 1289.3.1.1 [38]
Plastic limit, PL(%) 20 24 23.5 AS 1289.3.2.1 [39]
Plastic index, PI(%) 5 2 10.1 AS 1289.3.3.1 [40]
USCS classification SP SM CL ASTM D2487 [33]

* Represents the lump sizes in the used uncrushed clay, not real particle size.

Table 2. Physical properties and technical specifications of the EOL tyres.

Properties Values Standards

Standard size 175/65R14 -
Outside diameter (mm) 584 -

Rim diameter (mm) 355.6 -
Tread height (mm) 175 -

Average thickness (mm) 12 -
Average tensile stress at 2% strain (MPa) 2.1 ASTM D638-14 [35]
Average tensile stress at 5% strain (MPa) 5.2 ASTM D638-14 [35]

Average ultimate strain (%) 13.1 ASTM D638-14 [35]
Average ultimate tensile strength (MPa) 14.1 ASTM D638-14 [35]

2.2. Preparation of TESEs

The TESEs were prefabricated before stacking together for the test setup. The TESE
fabrication was done following the process reported in previous studies [15,41]. An empty
tyre was placed on the floor. A layer of box cardboard was inserted into the tyre’s cavity
to cover the bottom opening and provide a cap at the bottom of the tyre (to form a tyre
container). Soil was added into the tyre container to half fill it, and then the soil was
compacted with a pneumatic tamper. Then more soil was added, and the compaction
process was used again until the upper side wall of the tyre was slightly swollen/bulging.
The top surface of the TESEs was then levelled to ensure it was flat. While compacting the
soils at their optimum moisture content could make the compaction process easier, this
was not considered in this study. Instead, the used soils were oven-dried to filter out the
influence of moisture content on the results when comparing the differences caused by
each type of soil.

2.3. Direct Shear Test Setup and Instrumentation

The interface properties between TESEs were investigated by performing 36 direct
shear tests. As mentioned earlier, three types of soils were utilised to construct the shear
test samples. For each type of soil, three different construction patterns (i.e., out-of-plane,
in-plane and one-on-one) were prepared to investigate the effect of construction patterns
on the behaviours. The schematic drawings of the shear test setups are presented in
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Figures 2–4. These three test configurations were considered to simulate the in-plane
staggered pattern, out-of-plane staggered pattern and one-on-one stacked pattern that may
be used in the constructions.

Sustainability 2022, 14, x FOR PEER REVIEW 4 of 16 
 

2.2. Preparation of TESEs 
The TESEs were prefabricated before stacking together for the test setup. The TESE 

fabrication was done following the process reported in previous studies [15,41]. An empty 
tyre was placed on the floor. A layer of box cardboard was inserted into the tyre’s cavity to 
cover the bottom opening and provide a cap at the bottom of the tyre (to form a tyre con-
tainer). Soil was added into the tyre container to half fill it, and then the soil was compacted 
with a pneumatic tamper. Then more soil was added, and the compaction process was used 
again until the upper side wall of the tyre was slightly swollen/bulging. The top surface of 
the TESEs was then levelled to ensure it was flat. While compacting the soils at their opti-
mum moisture content could make the compaction process easier, this was not considered 
in this study. Instead, the used soils were oven-dried to filter out the influence of moisture 
content on the results when comparing the differences caused by each type of soil. 

2.3. Direct Shear Test Setup and Instrumentation 
The interface properties between TESEs were investigated by performing 36 direct 

shear tests. As mentioned earlier, three types of soils were utilised to construct the shear 
test samples. For each type of soil, three different construction patterns (i.e., out-of-plane, 
in-plane and one-on-one) were prepared to investigate the effect of construction patterns 
on the behaviours. The schematic drawings of the shear test setups are presented in Fig-
ures 2–4. These three test configurations were considered to simulate the in-plane stag-
gered pattern, out-of-plane staggered pattern and one-on-one stacked pattern that may be 
used in the constructions. 

 
Figure 2. Shear test setup with out-of-plane staggered construction pattern. 

 
Figure 3. Shear test setup with in-plane staggered construction pattern. 

Figure 2. Shear test setup with out-of-plane staggered construction pattern.

Sustainability 2022, 14, x FOR PEER REVIEW 4 of 16 
 

2.2. Preparation of TESEs 
The TESEs were prefabricated before stacking together for the test setup. The TESE 

fabrication was done following the process reported in previous studies [15,41]. An empty 
tyre was placed on the floor. A layer of box cardboard was inserted into the tyre’s cavity to 
cover the bottom opening and provide a cap at the bottom of the tyre (to form a tyre con-
tainer). Soil was added into the tyre container to half fill it, and then the soil was compacted 
with a pneumatic tamper. Then more soil was added, and the compaction process was used 
again until the upper side wall of the tyre was slightly swollen/bulging. The top surface of 
the TESEs was then levelled to ensure it was flat. While compacting the soils at their opti-
mum moisture content could make the compaction process easier, this was not considered 
in this study. Instead, the used soils were oven-dried to filter out the influence of moisture 
content on the results when comparing the differences caused by each type of soil. 

2.3. Direct Shear Test Setup and Instrumentation 
The interface properties between TESEs were investigated by performing 36 direct 

shear tests. As mentioned earlier, three types of soils were utilised to construct the shear 
test samples. For each type of soil, three different construction patterns (i.e., out-of-plane, 
in-plane and one-on-one) were prepared to investigate the effect of construction patterns 
on the behaviours. The schematic drawings of the shear test setups are presented in Fig-
ures 2–4. These three test configurations were considered to simulate the in-plane stag-
gered pattern, out-of-plane staggered pattern and one-on-one stacked pattern that may be 
used in the constructions. 

 
Figure 2. Shear test setup with out-of-plane staggered construction pattern. 

 
Figure 3. Shear test setup with in-plane staggered construction pattern. Figure 3. Shear test setup with in-plane staggered construction pattern.

Sustainability 2022, 14, x FOR PEER REVIEW 5 of 16 
 

 
Figure 4. Shear test setup with one-on-one stacked construction pattern. 

The shear test sample matrix is presented in Table 3. To understand the relationship 
between the shear load and the normal load, four shear tests were performed under dif-
ferent normal loads (5 kN, 10 kN, 15 kN and 20 kN) for each combination of TESE con-
struction pattern and soil type. The range of the axial load represents the typical loads of 
a load-bearing wall for residential housing constructions [15]. 

Table 3. Shear test sample matrix. 

 Out-of-Plane 
Figure 2 

In-Plane 
Figure 3 

One-on-One 
Figure 4 

Sandy loam √ √ √ 
Recycled aggregate √ √ √ 

Uncrushed clay √ √ √ 
√ indicates that the material-setup combination was examined by a group of four direct shear tests, 
with normal loads of 5, 10, 15, and 20 kN. 

The shear tests were performed using a customised test apparatus equipped with 
two curved 285 mm–radius shear plates (see Figures 2–4). The curve shape was used to 
apply a uniform load to the surface of the top course TESE. The loading shear plate was 
connected to a horizontal hydraulic actuator that can push the top TESE to move parallel 
to the ground. The reaction shear plate was fixed to the strong floor. 

The system used to generate the loads in the normal direction was comprised of a 
reaction beam, a pair of sliding rails, a vertical hydraulic actuator, a load cell, and a steel 
compression plate (600 mm × 600 mm × 20 mm). The vertical hydraulic actuator was con-
nected to the top reaction beam through the pair of sliding rails. The top reaction beam 
and the sliding rails were not included in the three-dimensional drawings (Figures 2–4). 
The entire normal loading system (apart from the top reaction beam) could move laterally 
to follow the movement of the top TESE. The normal load generated by the vertical hy-
draulic actuator was distributed to the top TESE through the steel compression plate. The 
load cells (load capacity of 100 kN) connected to the actuators were used to record the 
normal and shear loads. The shear displacement was recorded using a linear voltage dis-
placement transducer (LVDT, with 200 mm travel distance) at the surface of the loading 
shear plate (refer to Figure 2). 

  

Figure 4. Shear test setup with one-on-one stacked construction pattern.



Sustainability 2022, 14, 14852 5 of 16

The shear test sample matrix is presented in Table 3. To understand the relationship
between the shear load and the normal load, four shear tests were performed under
different normal loads (5 kN, 10 kN, 15 kN and 20 kN) for each combination of TESE
construction pattern and soil type. The range of the axial load represents the typical loads
of a load-bearing wall for residential housing constructions [15].

Table 3. Shear test sample matrix.

Out-of-Plane
Figure 2

In-Plane
Figure 3

One-on-One
Figure 4

Sandy loam
√ √ √

Recycled aggregate
√ √ √

Uncrushed clay
√ √ √

√
indicates that the material-setup combination was examined by a group of four direct shear tests, with normal

loads of 5, 10, 15, and 20 kN.

The shear tests were performed using a customised test apparatus equipped with
two curved 285 mm–radius shear plates (see Figures 2–4). The curve shape was used to
apply a uniform load to the surface of the top course TESE. The loading shear plate was
connected to a horizontal hydraulic actuator that can push the top TESE to move parallel
to the ground. The reaction shear plate was fixed to the strong floor.

The system used to generate the loads in the normal direction was comprised of a
reaction beam, a pair of sliding rails, a vertical hydraulic actuator, a load cell, and a steel
compression plate (600 mm × 600 mm × 20 mm). The vertical hydraulic actuator was
connected to the top reaction beam through the pair of sliding rails. The top reaction beam
and the sliding rails were not included in the three-dimensional drawings (Figures 2–4).
The entire normal loading system (apart from the top reaction beam) could move laterally to
follow the movement of the top TESE. The normal load generated by the vertical hydraulic
actuator was distributed to the top TESE through the steel compression plate. The load
cells (load capacity of 100 kN) connected to the actuators were used to record the normal
and shear loads. The shear displacement was recorded using a linear voltage displacement
transducer (LVDT, with 200 mm travel distance) at the surface of the loading shear plate
(refer to Figure 2).

3. Laboratory Direct Shear Test Results and Discussions
3.1. Failure Mode

For the one-on-one stacked pattern, the top course TESE is coaxial with the bot-
tom course at the commencement of the test, forming two major contact interfaces, i.e.,
rubber-rubber and soil-cardboard interfaces. The rubber-rubber friction could be the major
contribution of the interface friction as the cardboard surface was slippery. With the shear
load increasing, compressive deformation was observed on the side surface of TESE, where
shear loading was applied. Meanwhile, the compressive stiffness of encased soil would in-
crease due to the additional confining stress induced by the shear load. The LVDT recorded
some shear displacement due to the compressive deformation at the surface of TESE until
the shear load reached the interlocking strength of the interface between two courses of
TESEs. After that, relative shear sliding between two courses of TESEs was observed, and
the number of contact interfaces increased from two to four, i.e., rubber-rubber, rubber-soil,
rubber-cardboard, and soil-cardboard interfaces. During the period of shear sliding, the
encased soil and the soil at the contact interfaces would relocate their fine particles into the
voids until the shear load reached the maximum shear resistance. The tests were stopped
when the recorded shear displacement reached 50 mm. Figure 5 presents the pictures of
the frictional interface. The cardboard of one of the clay TESEs was torn during shear tests,
but the clay was still retained inside the tyre and was relatively hard like a traditional brick.
This was due to the triaxial confining pressure generated by the tyre encasement being able
to hold the coarse aggregates together. In addition, the recycled aggregate did not leak out
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from the TESEs after manually tearing their cardboard base, whereas TESEs encased with
flowable sand could be expected to leak if any tearing of the cardboard occurred. Thus,
the type of soil forming a good interlocking/cohesion after compaction could be used to
construct leak-proof TESEs, which is good to use when the cardboard is weak or degradable.
Alternatively, the cardboard base can be replaced by high-strength and durable geo-fabrics,
which can be suitable for constructing long life-span structures or infrastructures.
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For the in-plane and out-of-plane staggered pattern, the shear tests started with a
more complex contact condition at the interfaces of TESEs than the one-on-one stacked
pattern. The staggered running bond pattern created a cantilever portion to the top TESE
overhanging at the gap between the bottom two TESEs (Figure 6a). For the in-plane
staggered pattern, due to the combined normal and shear loading, the resultant force
attempted to push the top TESE into the TESE at the bottom course (Figures 6b and 7),
digging out the encased soil, and mound it up at the front. This was obvious for the sand
TESE but not for the clay and recycled aggregate TESEs, because the encased clay and
recycled aggregate were less flowable and resisted penetration. The same tilting behaviour
of the top course of TESE was also observed in the tests with a one-on-one stacked pattern
and out-of-plane staggered patterns. The tilting angle of the top TESEs was between 0.3
to 7.4 degrees for all the tests when the shear displacement reached 50 mm. Apart from a
larger tilting angle that would occur when the normal load was higher, no other obvious
trend regarding the tilting angle was found.
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In summary, compressive deformation would first be observed on the TESEs at the
shear loading locations before the shear load reached a magnitude enough to generate
relative sliding between courses of TESEs. After that, the relative shear sliding would
govern the failure mode for the TESEs regardless of the type of encased materials. However,
during the process of shear sliding, more flowable and less penetration-resistant encased
materials (i.e., comparing sandy soils with stiff aggregates) would have more significant
tilting at the top-course of TESE due to the deformation of the TESEs. The coarser aggregates
as encased materials would perform better than flowable sands in terms of structural
integrity due to better interlocking between granular particles. Therefore, coarse aggregates
could be more favourable for constructing TESEs that prevent soil leakage when the TESEs’
base (i.e., cardboard) is easily torn under the shear loads.

3.2. Normal Force-Shear Displacement Relationship

Figure 8 plots the normal force against shear displacement. The normal forces were
stable at desired 5 kN, 10 kN, 15 kN and 20 kN, respectively, during the shear testing of clay
and sand TESEs. But for the recycled aggregates TESEs with one-on-one stacked patterns
and in-plane staggered patterns, the normal forces increased with the increasing shear
displacement at a higher level of axial loads (i.e., 15 kN and 20 kN), as shown in Figure 8.
The increment of the normal force was likely to be due to the deformation of the TESEs and
the dilation of the encased soil at higher level of axial loads. It could be explained that the
individual aggregate particles have higher stiffness, which only allowed the sliding failure
at the particle-to-particle interface. For the well-compacted recycled aggregate with large
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particle sizes, an apparent lifting motion would occur between the neighbouring aggregates
to allow a shear displacement when receiving shear stresses. However, well-compacted
sand and clay with smaller particle sizes only require minimum lifting to allow shear
sliding at the TESE interface and inside the tyre container. Thus, no significant dilation
occurred in the cases of encased sand and clay.
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Figure 8. Normal force-shear displacement relationship of recycled aggregate TESEs: (a) sandy loam;
(b) recycle aggregated; (c) clay.

3.3. Shear Force-Shear Displacement Relationship

Figure 9 presents the relationship between the shear force and the shear displacement.
It shows a general trend of the normal force increasing with the increment of shear force. All
the samples, regardless of the type of soil and the construction pattern, showed a basically
bilinear behaviour. At the beginning of the test until a displacement 15–25 mm, the samples
had a high stiffness. This is followed by a plateau or only small increases in the shear force
at larger displacements.
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Figure 9. Shear force-shear displacement relationship: (a) clay; (b) recycled aggregate; (c) sand.

As discussed in Section 3.1, before the shear force reaches its peak, two forms of
behaviour would occur, determining the shear stiffness. The compressive deformation
first occurred at the TESE’s side surface, where shear loading was applied, followed by
shear sliding between the two courses of TESEs. The compressive deformation could be an
indicator of the rearrangement of soil particles, where the fine particles relocated into the
voids, resulting in the compaction of soil. Meanwhile, the compressive resistance of TESEs
would increase.

The shear stiffness remained constant while the shear displacement was between two
mm and five mm (the linear portion of the shear force-displacement curve) and started
to drop after 5 to10 mm (the portion where the shear force attempted to plateau). During
these two periods, the soil particles at the shear interface between the two courses of TESEs
relocated and rolled until a steady state was reached.

A comparison of the initial shear stiffness (before five mm shear displacement), de-
termined that the clay samples showed a more significant anisotropic performance than
the samples of recycled aggregate and sand. However, for the ultimate shear load resis-
tance, the clay samples with different setup configurations did not show much variance.
The sand TESEs also showed less variance in the ultimate shear load resistance than the
recycled aggregates. Some of the recycled aggregate samples (i.e., one-on-one and in-plane
construction patterns with 15 kN and 20 kN normal load) had an increasing shear force
until the end of the test due to the normal force increase (Figures 8b and 9b).

3.4. Shear Stress-Normal Stress Relationship and Interfacial Properties

Figure 10 shows the relationship between the peak normal stress and the peak shear
stress. The shear stress was calculated as the shear force divided by the contact area
(at peak loading) at the interface between two courses of TESEs (in-plane staggered pat-
tern ≈ 0.188 m2, out-of-plane staggered pattern ≈ 0.183 m2 and one-on-one stacked pat-
tern ≈ 0.212 m2). The normal stress was calculated as the normal force divided by the
contact area at the interface between two courses of TESEs. The figure indicated that the
shear stress increased linearly with increments of normal stress. The linear relationship
between the normal stress and the shear stress suggested that the “Mohr-Coulomb law”
could be considered to simulate the behaviour of the interfacial properties between courses
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of TESEs. Based on the Mohr-Coulomb law, τ = c + σ tan(δ) (where, τ is the shear stress,
c is the interlocking stress, σ is the normal stress, and δ is the interface friction angle), the
interlocking stress was calculated as the value of the shear stress when the normal stress
was zero (i.e., the intersection of the best fit line with the y-axis in Figure 10). The frictional
coefficient was calculated as the slope of the best fit line (= tan(δ)). The results of the
interlocking stresses and the frictional coefficient are summarised in Table 4.
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Table 4. Shear test results.

Encased Material Test Setup Interlocking Stress
(kPa) Frictional Coefficient

Clay
In-plane 5.57 0.50

One-on-one 4.89 0.43
Out-of-plane 5.17 0.51

Recycled aggregate
In-plane 2.92 0.62

One-on-one 0.19 0.58
Out-of-plane 1.86 0.55

Sand In-plane 7.24 0.38
One-on-one 2.27 0.52
Out-of-plane 7.55 0.42

The spreading clay at the contact interface, as shown in Figure 5a, resulted in a lower
frictional coefficient of the clay sample with the one-on-one test setup. The remaining test
results of all samples indicated that the one-on-one setup had the smallest interlocking force
but the largest frictional coefficient. This is possibly due to the deformed shape of TESEs
forming interlocking geometry (staggered), which ultimately induced a higher interlocking
strength in the in-plane and out-of-plane samples than the one-on-one samples. For the
frictional coefficient, the encased soil was deformable and flowable under the compressive
load, which induced a larger rubber-to-rubber contact area in the one-on-one construction
pattern (i.e., imagine the process of pressing two stacked swim rings). The contact force, in
this case, was transferred through the rubber-to-rubber interface. The frictional coefficient
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of the rubber-to-rubber interface has been reported to be in the range of one to 1.2 [42],
which was much larger than other contact interfaces (i.e., sand-to-sand: 0.58~0.84 [43,44];
sand-to-rubber: 0.54~0.58 [45]). Therefore, the large portion of rubber-to-rubber contact
brought the one-on-one samples a larger frictional coefficient at the interface. Thus, there
was less interlocking between the soil particles at the contact interface.

By comparing the effect of the encased soil type, it was found that the clay samples
with different construction patterns have reasonably consistent results, apart from the
lower frictional coefficient of the clay sample with one-on-one construction pattern (as
discussed earlier). The consistency of results observed in the clay samples was because
the clay TESEs were rigid, which allowed its geometry and interface contact condition
to remain less altered due to the change in the construction pattern. The rigidity of clay
samples was proved by the stable geometry even without the tyre container’s cardboard
base (refer to Section 3.1).

The recycled aggregate TESEs had the largest frictional coefficient but the smallest
interlocking force among all the samples. It was likely because the encased aggregate had
the highest particle rigidity and angularity. The commencement of shear loading would
directly mobilise and rearrange the position of the aggregates at the interface, resulting in a
lower interlocking force than in other samples. When a new stable condition was reached,
the angular recycled aggregates at the interface formed a rougher sliding face than other
soils, resulting in a higher frictional coefficient than other samples. The sand TESEs had
the largest interlocking stress among all the samples. It was because the TESEs made of
sand had higher deformability. Under a compressive load, they formed better interlocking
geometry, especially in the samples with in-plane and out-of-plane staggered patterns.

To summarise, using stiff coarse aggregates as encased materials would induce the
TESE with a higher frictional coefficient at the course-by-course interface. However, the
interlocking force could be reduced due to the easy repositioning of the surface aggregates
when loaded. The same effect (higher frictional coefficient) could be achieved by reducing
the amount of the encased soil to form a higher portion of rubber-rubber contact at the
interface with respect to low compressive load-bearing capacity. Therefore, the best formula
for creating a high shear resistant TESE would be using soils with higher angularity and
higher stiffness. Reducing the amount of the encased soil to form a high portion of rubber-to-
rubber contact at the composite interface would also increase the shear resistance. However,
the low relative compaction may result in large axial deformation.

4. EOL Tyre Re-Used Supply Chain Environment and Economic Analysis

The EOL tyre reused supply chain starts at the used tyre removal entities such as
tyre retailers and commercial and household removal sites. These tyres are transported
to the collection entities and reused for infrastructure and low-rise building construction
(Figure 11).
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The reused EOL tyre supply chain in South Australia was chosen as the case study
for supply chain environmental and economic analysis as the benefits of reused EOL tyres
as part of the construction structure have attracted the attention of local public sectors,
research organisations, and the tyre industry. In South Australia, 31,200 tonnes of EOL
tyres, equivalent to 3.9 million passenger units of EOL tyres [46], are generated each year,
which could be used to construct over 1600 one-story residential buildings.

The environmental benefit analysis of the EOL tyre reuse supply chain analysed the
greenhouse gas (GHG) emissions of collection and transportation processes (Equation (1)).

GHGtotal = GHGcollection + GHGtransport (1)

The GHG emissions in the EOL tyre collection process (GHGcollection) shown in Equa-
tion (2) were calculated by the collection of 31,200 tonnes (Ttyre) of EOL tyres, the produc-
tivity of loader collecting tyres (Prodloader) of 0.016 h/tonne, the fossil fuel consumption of
loader (Fuelloader) of 11.8 L/h, and GHG emission of each litre of fuel burn (GHG f uel) of
2.3 kg CO2-eq/litre [47].

GHGcollection = Ttyre × Prodloader × Fuelloader × GHG f uel = 13.5 tonnes CO2 − eq (2)

The GHG emissions in the transportation process are presented in Equation (3). The
average distance between EOL tyre sources and collection points (Dist) was estimated to
be 50 km based on the measurement from South Australia maps. Similarly, the distance
between collection points and construction sites (Dist

′
) was 50 km in the case study setting.

The fuel consumption of a typical transportation cycle (Fueltransport) with a whole load
(Loadwhole) of two tonnes was estimated to be 0.02 L/tonne/km [47].

GHGtransport = Ttyre ÷ Loadwhole × Fueltransport ×
(

Dist + Dist’
)
× GHG f uel = 717.6 tonnes CO2 − eq (3)

The economic analysis calculated the total cost of the EOL reused tyre supply chain
in the collection and transportation processes (Equation (4)). The unit collection and
transportation cost (Costunit) of each tyre was reported as an average of AU$1 [46], and
the number of equivalent passenger units of EOL tyres (Ntyre) in South Australia was
estimated to be 3.9 million tyres. As indicated in Table 5, the processing cost of EOL tyres
can largely impact the total cost of the supply chain, and the supply chain total cost of
different end uses of EOL tyres can be different. Reusing EOL tyres less costs less than
other ways of recycling EOL tyres as construction materials in South Australia, which is
AU$ 3.9 million. The EOL reuse tyres supply chain can reduce 15%, 75%, and 79% of the
supply chain total cost compared with the EOL tyres recycling supply chain due to saving
the EOL tyre processing cost. In certain circumstances, i.e., cheap labour, the constructions
using TESEs can be more economically viable than using other construction materials.

Costtotal = Costcollection + Costtransport = Costunit × Ntyre = 3.9 million AUD (4)

Table 5. Summary of cost of applying EOL tyres.

Fate Total Cost
(Million AU$) References

Re-use Low-rise residential construction 3.9

Recycling

Shredded tyre 4.6 Tyre Stewardship Australia [48]
Granule (2–15 mm) 15.6 Tyre Stewardship Australia [48]
Buffings (<2 mm) 15.6 Tyre Stewardship Australia [48]

Crumb rubber (power) 18.7 Tyre Stewardship Australia [48]
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5. Conclusions

In this study, a total of 36 laboratory direct shear tests were performed to investigate
the interfacial behaviour of TESEs. Three types of infilled materials were used to construct
the TESE samples to understand the effect of the type of encased materials on the TESE
interfacial performance. Three test setup scenarios were implemented to investigate the
influence of the construction pattern and TESEs layout. A supply chain environment
and economic analysis were also performed to estimate the environmental and economic
benefits of reusing entire tyres in civil engineering applications. The key findings from this
research are summarised as follows:

• The shear failure was governed by an intercourse shear sliding and a small tilting of
the top course TESE. No soil leakage was observed on the tested TESEs. The types of
soils that can form good particle-particle interlocking after compaction (e.g., coarse
aggregates) are recommended for constructing leak-proof TESEs.

• Using well-compacted coarse aggregates with a large particle size as the encased
material may result in obvious dilation, which is not the case when using loose small-
grain soils as the encased material. Due to the dilation effect, the lateral shear pressure
may induce a vertically uplifting force to the above-supported structures.

• Using stiff coarse aggregates as encased materials would induce the TESE with a high
frictional coefficient at the course-course interface. The same effect (high frictional
coefficient) could be achieved by reducing the amount of the encased soil to form a
higher portion of rubber-to-rubber contact at the interface at the expense of a lower
compressive load-bearing capacity.

• The supply chain environment and economic analysis revealed that using entire tyres
to construct TESEs has lower carbon-dioxide emissions and more economic benefits
than the traditional way of recycling waste tyres.

This study provided scientific data to prove the feasibility and sustainability of using
TESEs as construction materials. It is expected that the results of this paper will provide
built environment professionals with further assurance and evidence to widely adopt
TESEs in civil engineering projects. More widespread use of TESEs would bring more
environmental and economic benefits.

6. Limitations and Recommendations

Thirty-six laboratory shear tests were conducted in this study as a kick-start in the stud-
ied area to investigate the general shear performance at the interface between two courses
of TESEs. The data and analysis provided in this paper could be a base for researchers and
engineers to explore further regarding design and research contexts. In order to ascertain
the viability of the practical usage of TESEs, like the practical application of all other engi-
neering construction materials, it requires extensive work to carry out countless laboratory
experiments, in-situ tests and computational modellings to provide scientific data and
assurance on many aspects, including but not limited to safety, economics, viability, and
sustainability. Therefore, it is recommended that future studies perform additional research
to enrich the database and gain a better understanding of the effect of materials, assembly
configurations, and loading conditions on structural systems constructed of TESEs.

Moreover, this study investigated the effects of types of encased materials on the
interfacial properties between courses of TESEs. The moisture content of the soils was
consistent at zero to better compare the variances from different soil types. But in-situ
applications of TESEs would not oven-dry the soil for construction efficiency. It is recom-
mended that researchers in the future investigate the impact of moisture content of the
encased soil on the interfacial properties between courses of TESEs. Future research could
further evaluate the interfacial interaction parameters (such as interlocking strength and
frictional coefficient) at all interfaces (such as soil-rubber, soil-cardboard, cardboard-rubber
and rubber-rubber), to provide the basic information required to develop analytical and/or
computational models for estimation of the quality at composite contacting interfaces.
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The experimental shear tests on TESEs presented in this article form part of a sequential
study regarding the viability of the usage of TESEs to construct tyre walls for low-rise
building constructions. The design for the out-of-plane load capacity of tyre walls subject
to different failure scenarios has been detailed and discussed by Xu andFreney [15], which
will not be repeated here. It should be noted that TESEs could not only be used for low-rise
building construction but also in geotechnical infrastructures and many other engineering
areas if they can be properly designed and arranged.
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