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Mechanical and Physical Characterization of Tire Bales

Brian Jeremy Freilich, Ph.D.
The University of Texas at Austin, 2009

Supervisor: Jorge G. Zornberg

Tire bales are a suitable construction material for conditions which require a
lightweight material with high permeability and strength. Although several tire bale case
histories have been reported in the literature, only limited material properties of the bales
are available. Determining the mechanical and physical properties of the tire bales is
necessary for the proper design and construction of future tire bale structures. The
development and results from a series of large scale laboratory and field test procedures,
used to determine the mechanical and physical characteristics of a tire bale structure, are
provided in this dissertation. A tire bale structure, as compared to the individual tire bale,
is defined as two or more tire bales stacked upon each other resulting in an interface
contact between layers of the tire bales. Results from the test programs indicate that the
interface between the tire bales controls the strength and compressibility of the bale
structure. The strength of the interface was characterized utilizing a large scale direct
shear test, which was modified to include the effects of moisture, soil infill and stress
orientation on the interface strength. Interface shear stresses were used to define shear
strength parameters for the different tire bale interfaces. The compressibility of the tire
bale structure was characterized utilizing a large scale vertical compression test. The
influence of the individual tire bale geometry on strength and compressibility was
determined by conducting the large scale tests on two bale types, the standard block bale
and the standard cylinder bale. A tire ridge interface model was developed to represent
the physical characteristics of the tire bales that control the strength and deformations
along the interface. Tensions within the baling wires were measured during the direct
vi

shear and compression tests using strain gauges attached to the baling wires. A tension
meter was also developed so that the baling wire tensions could be determined without
damaging the tire bale and baling wires. A destructive expansion pressure test was used
at the conclusion of the research program to determine the pressures the tire bale exerts
on the surrounding structure after wire breakage.
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Chapter 1: Introduction
Geotechnical structures are often constructed using materials that can readily be
found at or near the construction site. If nearby materials cannot provide the required
mechanical properties for the structure, engineers must find other cost effective
alternatives. In projects where costs need to remain low and space must be conserved,
innovative fill materials may be required in order to build the structure at a reasonable
cost. The need for this suitable construction material has encouraged some Department
of Transportations (DOTs) to use readily available scrap tires as the fill material, solving
the need for an inexpensive lightweight fill material and the need to properly and safely
dispose of the tires.
The reuse of scrap tires is driven by both the need to properly dispose of scrap
tires and the financial benefit to reusing the tires rather than simply placing them in a
stockpile. The cost of removing scrap tires from illegal stockpiles (or other storage
location) ranges from $1.25 to $3.50, which includes the removal and transporting of the
scrap passenger tires to a proper storage facility (Raine 2008). Reusing the scrap tires,
rather than simply moving them to another stockpile, implies that the taxes used to pay
for the tire collection becomes a recycling and highway maintenance fund, rather than a
garbage disposal fee. Reusing scrap tires within highway structures also results in a
reduction in the funds needed to purchase traditional fill materials that are replaced by the
tires. The financial and environmental benefits of reusing the tires are so significant that
the Texas Department of Transportation is currently reusing more than 2 million scrap
tires a year (TxDOT 2007).
Scrap tires are traditionally utilized within highway structures as shreds or chips,
requiring that the tires are processed (shredded) before use. Tire shreds and chips have
been used as reinforcement elements mixed with soils, fill material for embankments, and
as a fill material for asphalt pavements. Recent environmental and safety concerns
regarding the combustion of large tire shred embankments has led to a reduction of the
1

use of tire shreds as a fill alternative in soil structures (Wappett 2004). Tire bales have
emerged as another scrap tire reuse alternative for highway applications due to the
significant amount of tires reused within the bales, the ease of placing the bales within the
structure (as compared to shreds/chips), and the reduction in cost of constructing the
bales as compared to an equivalent volume of shreds/chips. The tire bales also provide
the additional benefit of using whole tires, which do not pose the risk of combustion
within the tire structure.
Previous cost benefit analyses provide evidence of a taxpayer savings of $1.60 per
tire when whole tires were reused within tire bales rather than disposed of in landfills
(Zornberg et al. 2004). The portable tire baling machine can be moved to the tire
stockpile site, resulting in a reduction of the individual tire volume by a factor of three (3)
at the site and a reduction in the cost of transporting the tires from $1.25 to $0.42 (an
additional savings to the $1.60 already reported). A similar transportation cost benefit is
not available for tire shreds since the whole tires must be taken to a shredding facility
first, then transported to a storage stockpile, and then transported to the construction site.
Although there is significant interest in using tire bales as a construction
alternative to tire shreds, as well as several proposed and actual projects involving tire
bales, the lack of knowledge about their material properties has stalled the use of the
bales as a viable alternative since a proper design can not be accomplished.

The

motivation of this research is therefore to determine the mechanical properties of tire
bales needed for design by developing a series of large scale laboratory and field testing
programs.

1.1 The Scrap Tire Bale
The standard form of the tire bale was defined as an initial phase of the testing
program to provide a consistent physical description of the fill alternative. The standard
block scrap tire bale (referred to as a tire bale in the literature) is defined as a rectangular
block of approximately one hundred (100) compressed whole scrap passenger vehicle
tires, as shown in Figure 1.1 (Zornberg et al. 2005, LaRocque 2005, Winter et al. 2006).
The approximate dimensions of the bale are a height of 2.5 ft, a length of 4.5 ft and a
2

width of 5 ft, with a dry weight of approximately one ton (2000 lbs). The block bales are
produced by compressing the whole tires into a large rectangular box and placing five 7gauge galvanized steel wires around the compressed tire mass.

Figure 1.1: Photograph of a Standard Scrap Block Tire Bale.
A second type of tire bale was also recently made available for use in construction
projects, the standard cylinder tire bale (Figure 1.2). The cylinder bale is a smaller tire
bale (only contains 20 compressed tires) that is produced by compressing a column of
tires into the cylindrical bale. The resulting bale includes a large continuous internal void
that can be filled with soil or other material if required. The dimensions of the standard
cylinder tire bale are an outer diameter of 2.2 ft, an inner void diameter of 1.1 ft, and a
length of approximately 3 ft, with a dry weight of approximately 400 lbs. Four 11-gauge
galvanized steel baling wires are placed around the compressed tire mass.

Figure 1.2: Photograph of a Standard Cylinder Tire Bale.
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Although the two tire bale geometries consist of the same material, compressed
whole scrap passenger vehicle tires, the mechanical properties of the tire bales are
different. The mechanical properties of both bales were determined as part of this
research program, with the main focus of the research on the mechanical properties of the
standard block tire bale as it is the most common bale used in construction.

1.2 The Scrap Tire Bale Structure
The mechanical properties of a tire bale structure are controlled both by the
properties of the individual bale and by the interaction along the contact surfaces
(interfaces) between the bales. The tire bale structure was divided into two components,
the tire bale layer and the tire bale interface (as illustrated in Figure 1.3). The tire bale
layer is defined as the compressed whole tires retained within the baling wires and the
tire bale interface was defined as the contact surface between the layers of tire bales, or
the contact between the surface of the tire bale and a surrounding material.

Figure 1.3: Tire Bale Layers and Interfaces within a Block Tire Bale Structure
(Photograph of IH 30 Tire Bale Slope Provided by Richard Williammee of the Texas
Department of Transportation).
Results from the large scale tests provide evidence that the tire bale layer and
interface react differently to stresses applied to the structure. Therefore, both components
of the tire bale structure were characterized as part of this research.
4

1.3 Dissertation Objectives and Outline
The main objective of this dissertation research was to define the physical and
mechanical characteristics of the individual tire bale and tire bale structure needed for
design. The large size of the individual tire bales, and significant displacements imposed
during the tests, required the use of innovative large scale test equipment that was
developed (or modified from previous research programs) as part of this research. The
large scale tests were conducted utilizing multiple layers of tire bales, which were
arranged to represent tire bale placement within the actual field structures and allow
characterization of the tire bale interface. The test equipment was adapted to determine
the influence of water, soil infill, tire bale arrangement, and loading orientation on the
mechanical properties of the tire bale structure.
The laboratory and field tests developed as part of this research allowed the
determination of the previously unknown mechanical properties of the tire bale structures
(strength, compressibility, and baling wire tension). The results from the tests were used
to characterize the physical properties of the individual tire bales and tire bale interfaces
that control the mechanical behavior of the tire bale structure. A tire ridge model was
developed to relate the physical attributes of the individual tire bale and interface to the
mechanical characteristics of the tire bale structure. The objective of using the tire ridge
model was to ascertain how different interface conditions altered the mechanical
characteristics of the tire bale structure. The model can also be used to predict the
mechanical characteristics of the tire bale structure without the need for large scale
laboratory tests.
This dissertation contains the equipment development and test results from large
scale testing programs conducted at the University of Texas at Austin regarding the use
of tire bales in soil structures. The information presented in the dissertation was divided
into six main topics:
I. Literature review for laboratory and field characterization of scrap tire bales,
including documented uses of tire bales and environmental considerations of using
scrap tires in highway structures (Chapter 2),
5

II. Development of the large scale test equipment and procedures used to determine
the mechanical properties of the tire bales (Chapters 4 and 5),
III. Results from the laboratory characterization of the shear strength of the block tire
bales (Chapters 6 through 9),
IV. Results from the laboratory characterization of the deformation of the block tire
bales due to vertical compressive loads (Chapter 10),
V. The influence of the individual tire bale geometry on the shear strength and
deformability of the tire bale structure (Chapters 11 and 12)
VI. Characterization of the tension within the baling wires during different loading
conditions and long term considerations for the bale structures (Chapters 13).
The literature review presented in Chapter 2 includes results reported from
laboratory and field testing of tire bales, as well as case histories of tire bales in
geotechnical applications. An overview of potential environmental aspects of reusing tire
bales in highway structures is also provided with the literature review, including the
potential contamination due to tire structures, durability of whole tires and tire shreds,
and the potential for exothermic reactions within large tire masses. The index properties
of the tire bales used for this testing program are included in Chapter 3 for comparison
with the index properties found in the literature. The large scale tests developed as part
of this research and used to determine the mechanical properties of the tire bales are
presented in Chapters 4 and 5.
The results and analysis from the direct shear tests for the block tire bales are
presented in Chapters 6 through 9. The strength of the dry structure is presented in
Chapter 6, the influence of water on the strength is presented in Chapter 7, the strength of
the tire bale-soil interface is presented in Chapter 8, and the influence of the tire bale
arrangement/loading orientation is presented in Chapter 9. The results from the block
bale compression tests are presented in Chapter 10. The strength of the dry and wetted
cylinder tire bales is presented in Chapter 11. The compressibility of the cylinder bales is
presented in Chapter 12.

The characterization of the baling wire tensions and the

expansion behavior of the bales after wire breakage are presented in Chapter 13.
6

Specifications for the manufacturing of the tire bales used in the testing programs
are presented in Appendices A and B. A method to calculate the tire bale structure unit
weight for the two tire bale geometries is presented in Appendix C. A cost benefit
analysis and analytical study of the case histories of tires bales is presented in Appendix
D to demonstrate how to properly use the data gathered in this testing program, as well as
outline the cost and stability benefits of using tire bales as compared to other construction
alternatives.
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Chapter 2: Tire Bale Case Histories and
Properties Reported in the Literature
A literature review was conducted to obtain information about the actual and
proposed case histories of tire bales, as well as results from previous laboratory and field
characterization of the bales. In addition to the mechanical properties of the bales, the
environmental aspects of reusing scrap tires are presented to illustrate the benefits and
restrictions of using the scrap tires within soil structures.

2.1 Case Histories of Tire Bale Uses in Soil Structures
Four groups of case histories were identified during the course of the literature
review. Each group provides insight into the use of tire bales in as a lightweight fill, as
well as illustrates the tire bale properties still required for design. A brief review of each
of the four case history groups, roadway foundations over soft soils, embankment
remediation and construction, lightweight earthen dam/embankment fill, and gabion
gravity retaining walls, is provided in this section. Construction methodologies and
design considerations presented in the literature are also provided.
2.1.1 Group 1 - Roadway Subgrade over Soft Soils
Tire bales have been used as a lightweight base course alternative in situations
where heavier base course materials would cause excessive settlements in soft foundation
soils. Case histories of the use of block tire bales as a roadway foundation have been
reported by Zornberg et al. (2004) and Winter et al. (2006). Projects utilizing tire bales
have been constructed in the UK (Figure 2.1), New York, Pennsylvania (Figure 2.2), and
Texas (currently in the planning stages as of October 2009). Winter et al. (2006) noted
that one roadway project in the UK has performed satisfactory (no cracking or uneven
deformations in the roadway surface) despite the heavy loadings caused by logging trucks
using the road. The advantage of using the tire bales was the savings associated with not
having to preload the soft soil surface or removing the existing soils, and the replacement
8

of the conventional granular base material with the cheaper bales. Zornberg et al. (2004)
provided a cost analysis of a roadway in Chautauqua County, New York in which the
savings of using tire bales, rather than conventional granular materials, was
approximately $3,050 per 1000 feet of roadway.

Figure 2.1: Multi-Layer Block Tire Bale Roadway Subgrade Construction
(Photograph from Anglo Environmental 2009 a).

Figure 2.2: Block Tire Bale Roadway Subgrade in Pennsylvania (Photograph from
PA DEP 2009).
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Another cost advantage of using tire bales as a subgrade material was the ease of
placing the bales within the structure as compared to a traditional flexible granular soil
subgrade. The construction sequence of a block tire bale subgrade in the UK, reported by
Winter et al. (2006), was as follows (illustrated in Figure 2.3):
1. Prepare or excavate the foundation soils to provide a flat working surface.
2. Place an appropriate geotextile along the foundation of the roadway, ensuring
that enough material is available to wrap around the sides and top of the bale
mass (to prevent soil loss).
3. Place the block bales along the foundation so that the baling wires are aligned
parallel to the roadway direction.
4. Place and compact (or vibrate) a dry sand or gravel fill within the tire bale
subgrade voids and along the tire bale surface to provide a flat surface for the
roadway.
5. Wrap the extra geotextile material around and over the top of the bales and
provide drainage from the tire bale subgrade (not pictured in Figure 2.3).
6. Construct the roadway surface on the top of the tire bale base course as specified.
It should be noted that tire bales were delivered to the construction site from a nearby
stockpile, and not constructed during the construction of the base course.

Figure 2.3: Construction of a Single Tire Bale Layer Subgrade (Photograph from
L&S Tire 2009).
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2.1.2 Group 2 - Embankment Remediation and Construction
The second case history group is the remediation of failed soil embankments with
tire bales, as exemplified by the remediation of two slope failures along IH-30 in Fort
Worth, Texas. The initial failure of the slope was attributed to increased precipitation
resulting in a buildup of pore water pressures in a permeable limestone layer behind the
compacted clay embankment.

Two sections of the failed embankment were

reconstructed utilizing block tire bales as reinforcement layers within the soil structure
(Figure 2.4 a) and as a lightweight fill with soil cover (Figure 2.4 b).

(a) Tire Bale
Reinforcement
Layers

(b) Tire Bale
Fill

Figure 2.4: Examples of Tire Bale Uses in Embankment Construction.
The initial IH-30 slope remediation project involved the use of block tire bales as
reinforcement layers placed along the height of the soil embankment. The orientation of
the tire bales was such that the horizontal loads were applied perpendicular to the baling
wires, and each bale reinforcement layer was separated with 6-8 in. of compacted clay.
No drainage was provided out of the tire bale layers, resulting in a second slope failure
directly adjacent to the repaired embankment. The failure was attributed to water storage
and seepage from the tire bale reinforcement layers into the adjacent soils (Figure 2.5).
The second slope failure was reconstructed with a tire bale fill (Figure 2.4 b) placed on a
gravel drainage layer that facilitates drainage from both the tire bale reinforcement and
fill embankments. The tire bales were placed such that the horizontal loads were parallel
to the baling wires. The tire bale fill was covered by a geotextile to prevent soil flow into
the voids of the tire bale structure. A compacted clay cover was placed on the tire bale
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reinforcement and fill embankments to allow vegetation to grow and to prevent
degradation of the baling wires and tires.

Figure 2.5: Water Flow from the Tire Bale Reinforcement Layers (LaRocque 2005).
The IH-30 slope remediation case history illustrated two methods for the use of
tire bales in slope remediation projects, as well as the potential use of tire bales for new
embankment construction projects.

The IH-30 case histories also illustrated the

importance of providing drainage from the tire bale structure.

The addition of the

drainage layers is a necessary design consideration for future structures for two reasons:
•

Removal of water from the bales minimizes water storage in the bales and reduces
seepage from the bale mass into the surrounding soils, which would result in
stability problems within the soil around the tire bale mass.

•

The submerged unit weight of the tire bale structure is approximately ten times
lower than the dry unit weight typically used for design (as outlined in Table 2.1
later in this section), and therefore decreases the stability of the structure if not
taken into account.

The construction of the IH-30 tire bale embankments was used as a reference for the
construction of both a tire bale fill and tire bale reinforced embankment.

The

construction of the two structures was similar, with the placement of intermediate soil
layers between tire bale layers for the tire bale reinforced embankment being the only
difference. The construction sequence of the IH-30 tire bale embankments, as provided
by LaRocque 2005, Prikryl et al. 2005 and TxDOT 2009, was as follows:
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1. Excavation and removal
of the failed soil, preparation
of the foundation surface.

2. Placement of a drainage
layer, such as a geotextile or
gravel rip-rap layer.

3. Placement of the tire bale
layers.

4. Placement and
compaction of an
intermediate soil layer if
required.
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5. Compaction of a soil
cover to protect bales and
allow vegetation to grow.

The review of the construction process also provided evidence of another benefit
to reusing scrap tires as bales, the ease of placement of the bales within the soil structure.
Replacement of the soil material with tire bales reduced the need for soil mixing,
placement, and compaction, which resulted in savings of $22 or more per cubic yard of
the embankment as determined using the 2008 average low unit bid price provided by
TxDOT (TxDOT 2008).
2.1.3 Group 3 - Lightweight Earthen Dam/Embankment Fills
In order to construct large embankments, a large footprint area may be required to
provide the minimum slope stability. If the required amount of land is unavailable,
excessive settlements are predicted, or the required amount of suitable material is not
available, a lightweight material is a feasible alternative.

Two case histories that

exemplified the use of tire bales as a lightweight fill material are the Arkansas dam
construction and the River Witham flood defense embankment expansion.
Several proposed uses of tire bales used as fill material in earthen dams were
reported in the literature. The most notable was a project reported by Rooke (2001) in
which block tire bales were used as a fill material around a compacted clay core dam.
Data pertaining to the performance or construction of the dam was not identified.
However, one online reference did provide a few photographs of the construction of the
dam, which reported that 1 million scrap tires were used (Eagle International 2009). A
photograph of the block tire bale fill layers between compacted soil layers, which formed
the outer shell of the clay core dam, is shown in Figure 2.6.
Another proposed use of block tire bales as a lightweight fill material was for the
expansion of the River Witham flood defense embankments. Thick soft peat soil layers
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under the pre-existing embankments (Figure 2.7) required that either a large footprint for
the soil embankment was used (to increase the stability of the structure), or that a
lightweight fill material was needed to maintain the required stability. The lightweight
material would also reduce the settlements of the soft peat layer due to the additional
surcharge loads applied by the embankment.

Tire Bale
Layers

Compacted Soil

Figure 2.6: Tire Bales Used as a Fill Material in the Outer Shell of an Earthen Dam
(Photograph from Eagle International 2009).

Figure 2.7: Existing Soil Profile under the Flood Embankment (Environmental
Agency 2004).
Block tire bales were chosen as the fill material for the embankment expansion
for several reasons, which were reported as follows (Anglian Region 2004):
•

The low density of the bales as compared to the local soils (~1/3 that of soil),

•

Steeper slopes were constructed utilizing the tire bale blocks, saving money on
purchasing required land and materials,

•

Larger volumes of bales were shipped to the site on barges due to the lower
weight of the bales, and

•

Bales were placed no matter the weather conditions (such as freezing conditions)
15

The tire bale expansion to the existing embankment is shown in Figure 2.8 and the
construction is shown in Figure 2.9. The tire bales were placed into the structure using a
clamshell bucket, a straightforward construction process as compared to placing and
compacting a soil embankment. The orientation of the bales was such that the horizontal
loads applied to the tire bales were perpendicular to the baling wires. A geotextile was
also placed around the bales to reduce the loss of soil due to the expected water flow into
the bale structure. The steel baling wires were reinforced with geosynthetic straps to
provide a 200 year design life of the bales. It was reported that approximately 1.2 million
whole tires (or 12,000 tire bales) were required to complete the approximately one (1)
mile-long embankment expansion.
Tire
Bale Fill

Geotextile

Existing
Embankment

Figure 2.8: Expansion Plans for the Embankment (Environmental Agency 2004).

Figure 2.9: Construction of the Expansion to the Flood Embankment (Photograph
from Anglo Environmental 2009 b).
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The main cost benefit of using tires bales as a lightweight fill was the reduction in
the structure footprint and construction materials required.

Zornberg et al. (2005)

estimated that the cost benefit of using a tire bale core for a number of Colorado
Department of Transportation (CDOT) projects was $2.80 to $7.40 per cubic yard as
compared to conventional earthen fill materials.
2.1.4 Group 4 - Gabion Gravity Retaining Walls
Tire bales have also been utilized as modular blocks to construct gravity retaining
walls, as illustrated by several retaining walls built by the New Mexico Department of
Transportation (Duggan 2007, Hudson 2008).

Tire bales were used to replace the

expensive gravel fill commonly used in a gabion gravity wall. A schematic of a block
tire bale wall constructed along US 550 is provided in Figure 2.10. The use of the tire
bales reduced the weight and size of the wall while still providing adequate factors of
safety against sliding and overturning.

Figure 2.10: Design of the Tire Bale Gabion Retaining Wall (Duggan 2007).
The construction of the wall was reported to be less labor intensive to build as
compared to a traditional gabion wall, providing an additional cost benefit to using the
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bales. In order to reduce the voids between bales, and to limit the movements along the
interfaces of the bales, steel bars and cages were used to pre-tension the tire bales
together as well as hold the bales in place, as shown in Figure 2.11. The tire bales were
oriented so that the loads applied by the retained soil were both parallel and perpendicular
to the direction of the baling wires, depending on the location of the bales within the
structure. A traditional gabion facing was still placed along the surface of the retaining
wall to provide an aesthetically pleasing structure and to protect the tire bales from UV
degradation and vandalism.

Steel Bar
Reinforcement

Figure 2.11: Placement of the Block Tire Bales within the Gabion Retaining Wall
(Duggan 2007).
The tire bales used within the gabion retaining walls replaced the expensive
traditional gravel fill with a material that would otherwise need to be stockpiled in a
landfill. The construction sequence of the NMDOT tire bale retaining walls was similar
to that of the tire bale embankment and roadway, in which a foundation was prepared and
tire bales placed in a predefined manner.

Design schematics and construction

photographs for several NMDOT tire bale gabion retaining walls were identified during
the literature review.

The construction sequence for the NMDOT tire bale gabion

retaining walls were as follows (photographs provided by Duggan 2007, Hudson 2008):
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1. Excavate and prepare a flat
foundation material. NMDOT reported
constructing at least one foundation
with a tilt to increase the normal
stresses along the interfaces.

2. Unwrap gabion cage material and
place tire bales.

3. Wrap gabion cage around bales and
secure.

4. Continue process until wall is
complete.
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5. Place retained soil fill behind wall. It
is recommended to place some form of
gravel or soil cover on the tire bales.

2.2 Laboratory and Field Characterization of Tire Bales
A review of the laboratory and field characterization of the tire bales was also
conducted to determine the properties of the tire bale structure available. The material
properties of tire bales reported from previous research programs were grouped into three
categories; index properties (unit weight, volume, specific gravity, etc.), mechanical
properties (interface shearing strength, compressibility, creep, etc.), and hydraulic
properties (hydraulic conductivity, water storage potential, porosity, etc).
2.2.1 Index Properties of Scrap Tire Bales
The index properties of a material are those properties that define the physical
attributes of the material. The basic index properties include the volume and weight,
which are used to define the unit weight of the material. The volume of the tire bales is
difficult to define and measure due to the large size, irregular shape and variability of
different bales. No volumetric measurements for the cylinder tire bale were reported in
the literature. The coordinate system used to define the volume for the block tire bale is
provided in Figure 2.12. The length of the block tire bale was defined as the dimension
of the bale parallel to the baling wires and the width perpendicular. The bale volume
varied significantly based on the procedures used to measure the dimensions. If average
values of the length, width and height were measured, then the average volume of the
bale was defined.

When the maximum dimensions were measured, the maximum

enclosing cuboid (maximum volume or MEC) was defined. The actual volume of the
bale was also back calculated from the buoyancy force of the bale (wrapped in an
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impermeable material) submerged in a water bath. An outline of the standard block tire
bale average and actual volumes reported in the literature is provided in Table 2.1.

Figure 2.12: The Block Tire Bale Coordinate (Axes) System.
The weight of the tire bale is an important parameter that can be used to
determine if the proper amount of tire material is present within the bales. The weight of
the dry standard block tire bale ranged from 1630 to 2100 pounds (LaRocque 2005,
Zornberg et al. 2005, Winter et al. 2006) due to the variability of the tires used within the
bales. The weight of the block bales was also measured for submerged and field capacity
(dry weight plus weight of water retained within the bales) conditions. The unit weight
typically reported in the literature was defined as the weight of the tire bale divided by
the average volume of the bale, as provided in Table 2.1.
Table 2.1: Average Volume and Unit Weight values Reported in the Literature.
Unit Weights (pcf)

Reference

Average Volume
(ft3)

Dry

Submerged

Field
Capacity

Zornberg et al. (2005)

56 ± 3

36.5 ± 3

4.3 ± 1.5

39.5 ± 2

LaRocque (2005)

57.4 ± 5

36.7 ± 4

5.6 ± 1.5

47.1 ± 5

Winter et al. (2006)

57.6

34.5

-

-

Simm et al. (2004)

41.4**

47.4

-

-

** actual volume

Winter et al. (2006) noted that the unit weight defined for the individual tire bale
did not properly take into account the voids present within the tire bale structure. The unit
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weight of the total tire bale structure, as defined by Winter et al. (2006) for the block tire
bale structure, was as follows:
Total Tire Bale Structure Unit Weight = 0.72γ T + 0.28γ S

(2.1)

Where γT is the unit weight of the block tire bale using the actual volume and γS is the
unit weight of the material within the voids surrounding the bale (soil, water, etc.). The
equation was derived from the observation that 72% of the volume taken up by the block
bale in a structure was occupied by the tire bale and 28% was void space around the bale
due to the irregular geometry. The tire bale structure unit weight allows submergence
and soil infill to be taken into account. No unit weight equation was identified for the
cylinder tire bale structure.
The specific gravity was defined for the tire bales as the unit weight of solids
within the bale divided by the unit weight of water. The specific gravity was initially
calculated to determine if the value was less than one (1) for the tire bale, indicating that
the bale would float and therefore would not be suitable for submerged structures.
Values for the specific gravity of tire bales and tire shreds reported in the literature are
provided in Table 2.2. It is evident that the form of the tires (whether baled or shredded)
did not change the value of the specific gravity, which was expected since the tire
material was not altered during the baling or shredding process.
Table 2.2: Specific Gravity for Standard Tire Bales and Tire Shreds.
Source Paper

Specific Gravity

Material

LaRocque (2005)

1.14 - 1.23

Tire Bale

Zornberg (2004)

1.07 - 1.14

Tire Bale

Humphrey and Manion (1992)

1.05

Tire Chips

Moo-Young et al. (2003)

1.06 - 1.1

Tire Shreds

2.2.2 Mechanical Properties of Scrap Tire Bales
The mechanical properties of the tire bale were defined as those properties needed
to predict the performance of the tire bale structure due to applied loads. The three main
mechanical properties reported in the literature were the interface strength, the
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compressibility, and deformations associated with sustained loading (creep). All of the
mechanical properties were reported for block tire bales for short term conditions, in
which the baling wires remained intact.
The strength along the interface between layers of block tire bales was
determined using a large scale direct shear test procedure. Simm et al. (2004) estimated
the strength along the block bale interface by stacking two bales in a tower arrangement
(Figure 2.13 a), holding the bottom bale in place, and dragging the top bale along the
bottom bale. The friction angle along the interface was found to be approximately 35o
based on the normal load along the interface (the weight of one bale) and the shearing
load applied to the bale. A similar series of direct shear tests were reported by Zornberg
et al. (2005) in which two bales were stacked upon each other, and placed on top of a
steel plate supported by steel rollers. The normal load was varied along the stationary top
bale, and the force required to pull the bottom bale out of the arrangement was measured.
The authors reported that the test did not perform as expected and that the two bale
structure tended to rotate rather than the bottom bale displacing relative to the top bale.
Linear failure envelopes were used to represent the interface strength, with a friction
angle of 25o to 30o and cohesion of 50 psf.
A more robust testing setup was developed by LaRocque (2005), which consisted
of stacking three block bales in a pyramid arrangement, applying a variable normal load
to the top bale, and measuring the force required to push the top bale past the two
stationary bottom bales (Figure 2.13 b). Failure was defined as the horizontal load that
initiated sliding along the interface, or rigid movement of the top bale. A concrete
loading pad was cast on the top of the mobile tire bale to provide a uniform normal load
to the bale.

The strength along the interface was represented with a linear failure

envelope characterized by a friction angle of 36o and cohesion of 30 psf. A summary of
the strength parameters from the different testing programs is provided in Table 2.3.
Although values of the cohesion varied, most likely due to changes in the testing setup or
assumptions about the shape of the failure envelope, the values of friction angle were
within the same range. No cylinder tire bale strength data were reported in the literature.
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Figure 2.13: Illustrations of the (a) Two and (b) Three Block Bale Direct Shear Tests.

Table 2.3: Shear Strength Parameters from Tire Bale Interface Testing.
Cohesion

Friction Angle

(psf)

(degrees)

Simm et al. (2004)

0

35

Zornberg et al. (2005)

50

25 - 30

LaRocque (2005)

30

36

Reference

The vertical compressibility of a tire bale due to normal surcharge loading was
also reported as part of the laboratory testing programs. Initial concerns were that large
normal loads would cause wire breakage, and therefore alter the performance of the
structure. Jones (2005) reported results from compression tests in which the ultimate
normal load (load to cause complete wire breakage) was the variable of interest. Normal
loads up to 600,000 pounds (~27,000 psf) were applied to block tire bales without
ultimate failure. However, it was noted that the first wire broke after 150,000 pounds
(~7,000 psf) of normal load were applied.
Zornberg et al. (2005) reported compression tests on a single block tire bale
(Figure 2.14) in which the vertical deformations, lateral expansion, and applied load were
measured. The results of the compression testing (Figure 2.15) provided evidence of a
non-linear response to loading. No ultimate failure of the bales was observed during the
tests, which was defined as a maximum stress which caused baling wire breakage.
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Figure 2.14: Large Single Block Bale Compression Test Setup (Zornberg et al. 2005).

Figure 2.15: Results from the Single Block Bale Compression Test (Zornberg et al.
2005).
Zornberg et al. (2005) also reported compression tests in which the influence of
confinement around the bale was determined by compacting sand around the bale during
compression. The soil infill increased the modulus (slope of the stress-strain curve) of
the bale by approximately 35% (Figure 2.16).
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Figure 2.16: Influence of Confinement on the Stiffness of a Single Tire Bale
(Zornberg et al. 2005).

LaRocque (2005) reported the results from a series of one dimensional
compression tests on different block tire bale arrangements under confined and
unconfined conditions. The two and three bale arrangements were similar to those
reported for the shear strength testing (Figure 2.13). The benefit of stacking multiple
bales was that the bale interface was included in the test structure. Confinement was
achieved by placing nylon cargo straps around the bale to simulate the presence of
surrounding bales within a tire bale structure. Results from the tests are shown in Figure
2.17 for the three bale arrangement. The modulus values, defined as the linear slopes of
the loading stress-strain curves, from the tests are provided in Table 2.4. Results provide
evidence that confinement increased the modulus of the bales, and that the stacking
arrangement of the bales did not influence the stiffness.
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Figure 2.17: Compression Test Results for the Three Bale Structure (LaRocque 2005).

Table 2.4: Modulus Values from Three Block Bale Compression Tests (LaRocque
2005).
Bale Arrangement

Confinement

Modulus, E (psf)

3 Bale

Yes

19,100

3 Bale

No

12,200

2 Bale

No

13,500

Sustained loading (creep) tests were conducted by Zornberg et al. (2005) and
LaRocque (2005) to determine the vertical deformation caused by sustained normal
stresses. Results from the tests are shown in Figure 2.18 and 2.19. Zornberg et al. (2005)
reported that 95% of the compression occurred within the first 24 hours, with vertical
creep deformations less than 0.06 in. for sustained loadings of 314 and 815 psf.
LaRocque (2005) reported maximum creep strains of less than 0.053% of the original
bale height after 72 hours of sustained loading at 400 psf. LaRocque (2005) also reported
results from sustained shear loading tests to determine the effects of sustained horizontal
loading on the interface shear strength of the block tire bale structure. For sustained
horizontal (shear) loadings of 64.5, 130.9 and 163.7 psf, the horizontal displacement rate
(horizontal displacement with time or horizontal creep) for the bale ranged between 1 to
6.6 inches per day, indicating a creep deformation along the interface.
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Figure 2.18: Creep Test Results from Single Bale Arrangement (Zornberg et al. 2005).

Figure 2.19: Creep Test Results from Three Bale Arrangement (LaRocque 2005).
Zornberg et al. (2005) also reported the results from cyclic compression testing
for a single block tire bale in which a vertical load of 9000 pounds was applied at a 1±0.5
Hz frequency for 1000 cycles (Figure 2.20). The maximum deformation was reached
after approximately 100 cycles for both the unconfined and confined cases. It is evident
that the deformations of the confined bale were less than that of the unconfined bale,
which was in agreement with the data reported for the compression tests.
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Figure 2.20: Cyclic Compression Test Results (Zornberg et al. 2005).
2.2.3 Hydraulic Properties of Scrap Tire Bales
The ability of the tire bale structure to act as a drainage medium is controlled by
the permeability of the tire bales and voids present within the bale structure. Simm et al.
(2004) measured the permeability (k) of a single block tire bale in a high discharge flume.
Permeability was measured along the length of the bale (parallel to the baling wires) and
along the width of the bale (perpendicular to the baling wires), with values of k ranging
from 4 cm/s and 14 cm/s, respectively.

LaRocque (2005) estimated the vertical

permeability of the bales by saturating the bales in a water bath and measuring the change
in weight with time after the bales were removed. Values of the estimated permeability
were approximately 0.4 cm/s. Zornberg et al. (2005) reported values for the vertical
permeability ranging from 0.05 to over 0.1 cm/s. No permeability values have been
reported for cylinder bales.

2.3 Discussion of Research Needs for the Mechanical Properties of Tire
Bales
The literature review presented here was an overview of the research programs
and case histories available. Although there have been several actual and proposed uses
for tire bales in highway structures, there is limited laboratory and field data to support
the design these structures. The following research needs were identified based upon this
literature review, as follows:
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•

Variability of dry tire bale interface strength:

The interface strength testing

programs were each developed using different tire bale arrangements and test
procedures, resulting in different failure modes (sliding along the interface or
rotation of the bale) and different interface shear strengths. A consistent strength
test needs to be developed that can be used to determine the interface strength of
the tire bale structure for sliding displacements along the interface. The test must
be easily modified to determine the influence of shear stress/tire bale orientation
on the interface strength since bale orientation in the field has been random.
•

Modification of the interface strength test to take into account moisture along the
interface: There is no consideration given to the influence of moisture in the
interface strength. The strength test of the tire bale must therefore be modified to
determine the influence of water on the interface shear strength.

•

Modification of the interface strength test to include soil infill:

In all case

histories, there is a boundary between the tire bales and soil layer.

No

consideration has been given to the strength of the tire bale-soil interface. The
strength test of the tire bales must be modified to determine the tire bale-soil layer
interface strength.
•

Vertical compression and the development of a model to relate laboratory to the
field: Previous test setups for the compression test included some form of rigid
boundary that potentially influenced the deformations of the bale. A large scale
test setup, instrumentation profile, and appropriate model are needed to relate the
compressions measured in the laboratory to those expected in the field.

In

addition, the test setup must include multiple bales so that the interface
compressions can be characterized.
•

Tensions within the baling wires and long term design considerations:

The

common assumption in all tests thus far was that the baling wires are intact.
However, loads applied to the tire bale structure will result in a change in the
tensions within the baling wires, and degradation of the wires over time will lead
to wire breakage. The tensions within the baling wires and behavior of the tire
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bale after wire breakage must be determined so that the design of the tire bale
structure may be altered to minimize the effects of wire breakage.
•

The mechanical properties of the cylinder tire bale:

Cylinder tire bales are

another alternative for use in soil structures. However, all of the data presented
thus far was for the block tire bales, which is not applicable to the design of the
cylinder bale structures. A separate series of tests must be conducted to determine
the properties of the cylinder bales needed for design.
Each of the research needs was determined as part of the research program presented in
this document.

2.4 A Brief Review of the Environmental Impacts of Using Scrap Tires
in Highway Structures
An additional literature review was conducted to identify potential environmental
issues associated with using tires in soil structures. Several environmental topics have
been mentioned when tires were placed into the structures, durability of tires in soil
structures, groundwater contamination due to the placement of tires in soil structures, and
exothermic reactions of tires in stockpiles and in soil structures. Although many of the
results reported in this section are for tire shreds, the data were still found to be
applicable to the use of whole tires and tire bales.
2.4.1 Durability of Whole Tires and Tire Bales
Tires, in general, are inert materials that do not react with water or soil causing a
loss in material structure, or degradation, with time. Field experience also provides
evidence that the presence of soil and water around the tires did not result in a
degradation of the tire material. Zornberg et al. (2005) reported that whole tires removed
from a landfill after 50 years were still in good condition. Winter et al. (2006) reported
that 60,000 tires submerged and buried along Lake Superior for 40 years did not show
signs of degradation. Tires will however degrade when exposed to UV radiation. Winter
et al. (2006) reported field evidence that at least five to ten years of exposure to UV
radiation was needed before the effects of the degradation were evident. Antioxidants
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added to the rubber to prevent the degradation, such as carbon black, sulfur oxide and
zinc oxide, are lost over time increasing the degradation rate of the tires. In order to
reduce the degradation of tire due to temperature and UV radiation, a soil cover is usually
placed over the tire mass. The soil cover acts as a barrier, separating UV radiation and
temperature changes from the tire mass.
The durability of the tire bale is not controlled by the durability of the tires, but by
the durability of the steel baling wires used to confine the compressed tires. Typical
block tire bales have 7-gauge (0.1443 inch diameter) galvanized steel wires and cylinder
bales have 11-gauge (0.0907 inch diameter) galvanized steel wires used to confine the
bales. The galvanized steel has a corrosion rate (approximately 4 to 15 µm/year) and
therefore will degrade and break after time. The expected lifetime of the wires is further
reduced due to damage during construction, increased degradation due to the placement
and compaction of surrounding soil infill, and the effects of flowing water. The design
life of the bales can be increased by utilizing different baling wire materials (such as
aluminum) or placement of geosynthetic cords in addition to the steel wires (Figure 2.21).

Figure 2.21: Placement of Extra Geosynthetic Straps around a Block Tire Bale
(Anglian Region 2004).
2.4.2 Contamination Potential of the Tire Structures
The effect of the tires on the groundwater has been a major concern when placing
the synthetic material within a soil structure. Most of the research about contamination
presented in the literature has been for tire shreds, which is considered the worst case
condition since shredding increases the surface area of the rubber and exposes the
reinforcing steel that would otherwise be covered in tire bales. Humphrey et al. (1997)
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reported results from a field study of a tire shred embankment above the water table.
Leachate from both a tire shred section and a soil only control section had similar metal
concentrations. Leachate from the tire shred section did have higher concentrations of
manganese and iron, attributed to the exposed steel.

All volatile and semi-volatile

organics measured were below detectable limits.
Humphrey and Katz (2001) reported results from a field study in which 1.54 tons
of tire shreds were buried in a trench below the water table, with contaminate
concentrations measured upstream, downstream, and at the site. Levels of iron, zinc, and
manganese were elevated at the site, but decreased to background levels with distance
downstream. The level of iron also increased slightly with time, attributed to iron oxide
(rust) precipitating into the water. Volatile compounds such as benzene were measured
in the groundwater, but were almost non-detectable and much less than the drinking
water standards. It was also reported that the environmental conditions influenced the
concentration of contaminates found in the groundwater. Higher concentrations of metals
were found in acidic environments, while higher concentrations of organics were found
for basic environments. All concentrations were still below water and safety standards.
Moo-Young et al. (2003) conducted a series of laboratory tests to determine the
effects of flowing and static water on the contaminate concentrations for tire shreds. Tire
shreds placed in a tap water bath decreased the pH of the water from 7.95 to 6.98,
attributed to the acidic interaction between the steel and water. Column flow tests,
consisting of rain water flowing through a tire shred mass, indicated that the effluent
water had an increase in organic carbon and iron, a decrease in pH, and an increase in
turbidity (measure of the particulate matter in the water), all of which decreased after 2-4
days of flow. Results from pause flow testing, in which water was stopped in the column
for a period of time, provided evidence of an increase in iron concentration and turbidity
with time, attributed to the exposure of the steel belting and formation of rust.
2.4.3 Exothermic Reactions within Tire Structures
The potential costs and environmental damage due to the combustion of a tire
structure justified the need for stringent specifications to reduce the risk of tire fires. In
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terms of whole tires, fires have been initiated due to the ignition of fuel or other
contaminates at the site that cause the tires to ignite. The ignition of these fires was
usually some form of arson, lightening strike, or faulty electrical wiring and can be
avoided by properly stockpiling tires. When dealing with tire shreds, a different
phenomenon is observed in which heat was spontaneously generated within the tire shred
mass, causing combustion of the tires.
Nightingale and Green (1997) conducted laboratory studies to determine the
conditions needed for combustion of tire shred layers compacted to a density of 30 pcf.
For a 9.8 ft thick tire shred layer, combustion occurred at temperatures around 158oC.
Increasing the layer thickness to 19.7 ft reduced the combustion temperature to 140oC,
indicating an inverse relationship between height of the tire shred mass and the critical
temperature at which combustion occurs. No results were presented on the internal heat
generation within the field tire shred mass.
Wappett (2004) conducted field studies on a tire shred stockpile and a series of
tire shred embankments with different designs and tire shred contents to determine both
the thermal conductivity of the tire shreds and any heat generated within the different
structures.

Temperatures, moisture content, heat flux (at the surface), and relative

humidity were measured with depth in each of the structures. The heat generated within
the embankments was calculated with the one-dimensional heat transfer equation and the
thermal conductivities and heat capacities reported in the literature, as follows:
∂ 2T
∂T
q + k 2 = ρ ⋅C
∂t
∂z

(2.1)

Where q is the heat generation, k is the thermal conductivity of the tire shred mass, ρ is
the density of the tire shred mass, and C is the heat capacity of the tire shreds. The heat
generation was defined as the value of q that satisfied the above equation. Results from
both dry and wet conditions for the embankment structures (both soil and tire shred-soil)
provided evidence of a loss of heat within the embankment with time, or an endothermic
reaction (Figure 2.22). It was hypothesized that this was due to heat being removed from
the embankment at rates faster than it was being generated.
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Only a few time periods provided evidence of an increase in heat with time for the
tire shred only stockpile, which were found to correlate with the wetting of the tire shred
structures and then extended dry periods. Internal temperatures of 160oF were measured
within the tire shred stockpile while internal temperatures in the tire shred-soil
embankments only reached 89oF.

Results from the testing program also provided

evidence that proper design of the tire shred embankment significantly decreased the
potential for exothermic reactions within the structures.

Figure 2.22: Cumulative Heat Generated Within the Tire Shred (Wappett 2004).
There was no evidence presented in the literature that suggested any heat
generation or combustion potential from whole tire or tire bale stockpiles stored above or
below the ground. Winter et al. (2006) reported that tire bale storage sites in Kansas and
Colorado, containing more than 10 million whole tires (in bale form), have been stored
above and below ground for 9 years with ambient temperatures above 100oF without
signs of combustion. Simm et al. (2004) and Winter et al. (2006) also reported tests
carried out by the Fire and Risk Sciences Division of the Building Research
Establishment in which a tire bale structure (10 bales long, 4 bales high and 4 bales
wade) were heated to external temperatures of 370oF before signs of combustion were
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present. Actual ignition of the structure took an additional 39 days at the elevated
temperature. Additional tests provided evidence that temperatures would have to be in
excess of 360oF for a time period of up at least 30 days for the combustion of the tire bale
structure, no matter the arrangement or thickness, to occur. Tests reported by Simm et al.
(2004) also provided evidence that arson was also an unlikely cause of combustion of the
tire bales. A blow torch was used to attempt to ignite the edges of the tire bale, which
was unsuccessful. The bale was ignited after cutting the two inner bale wires and igniting
the center of the bale, which required 15 minutes of direct contact with the flame.

2.5 Summary of Literature Review
The literature review was conducted to locate any case history and material
properties reported for the block and cylinder tire bales. Several case histories were
identified that exemplified the uses of tire bales in soil structures, as well as illustrated the
material properties of the bales needed for design. Laboratory and field testing programs
were reported in the literature in which a limited range of tire bale properties were
determined. A brief review of the environmental aspects of using scrap tires in soil
structures was also presented, providing evidence that contamination potentials and
exothermic reactions within the tire bale structures will likely not be an environmental
risk.
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Chapter 3: Materials
Three different materials were tested as part of this research program to determine
the mechanical characteristics of the tire bale structure; block tire bales, cylinder tire
bales, and flat tire specimens. Each of the materials is briefly introduced in this chapter
and the basic index properties of each material are defined for comparison with values
presented in the literature. A number of bales were tested in spite of the large size of the
bales, which required significant storage and testing space.

3.1 The Standard Block Tire Bale
The most common form of tire bale used within highway structures is the
standard block tire bale (as shown in Figure 1.1), typically referred to as the tire bale.
Originally manufactured by compressing whole tires in a modified hay baler, more
sophisticated tire bale specific baling machines are now available. A specification for the
manufacturing of the block tire bales, which was drafted based on the production of the
block bales used for this testing program, is provided in Appendix A. This section
outlines the basic index properties of the block tire bales used for this testing program.
3.1.1 Basic Components of the Block Tire Bale
The block tire bale, which has often been assumed to behave as a discrete
homogeneous block, is actually a complicated system of compressed scrap passenger
vehicle tires confined into the block shape by a series of steel wires. Draft specifications
for the standard block tire bales require that the block bales contain approximately 100
whole scrap tires each, yet the bales constructed for this testing program only contained
72 to 83 whole tires. The lower number of tires was attributed to the use of larger tires
during the construction of the block tire bales. The bale construction was not based on
the number of tires within the bale, but how much tire material was within the bale
(Baxley 2006). The use of larger tires in the bale (for example, the use of truck tires
rather than compact car tires) results in less tires required to reach the specified amount
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of tire mass (or weight) within the bales. The number of tires per bale will therefore
change regionally, and specifying a minimum number of tires per bale is not the most
effective quality control method.
An important component of the tire bale system is the baling wires used to
confine the compressed tires into the block shape. The typical block bale confining wire
is specified to be a seven (7) gauge galvanized steel wire with an approximate tensile
strength of 210,000 psi. A minimum of five steel baling wires are wrapped around the
bale (in the direction of compression) and attached using a square knot connection shown
in Figure 3.1. The knot break strength of the connection, which controls the failure of the
wire, is approximately 2,150 lbs for the wires (Jones 2009).

Figure 3.1: Square Knot Attachment for the Steel Baling Wires.
The presence of the baling wires is an important aspect of the tire bale structure
stability. The design of many of the tire bale structures has been based on the assumption
that the bales act as discrete rigid blocks, which is only true while the baling wires are
intact. Specifications for the manufacturing of the tire bales have been altered to include
wires of different material (such as stainless steel or aluminum) or the addition of
geosynthetic straps in addition to the metal wires to increase the lifetime of the tire bales.
The block bales used for this research program had the minimum of five galvanized steel
baling wires placed around the bale.
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Anisotropy of the Block Tire Bale Surface
The compression of the whole tires with the baling machine (Figure 3.2) results in
a jagged bale surface characterized by the edges of the compressed whole tires protruding
out along the bale surface. These tire edges protruding out along the surface, referred to
as the tire ridges, control the strength and deformation of the block tire bale structure.
The orientations of the tire ridges along the bale surface are approximately the same since
all tires were placed and compressed in the same direction (Figure 3.3).

Figure 3.2: Compression of the Whole Tires into the Block Tire Bale and Placement
of a Baling Wire.

Figure 3.3: Whole Scrap Tires (a) Before and (b) After Compression.
The mechanical behavior of the tire bale interface changes depending on the
orientation of the applied loads in reference to the tire ridges along the interface. An
example of the anisotropy is provided in Figure 3.4, in which a simplified illustration of
the interface between two layers of tire bales is shown. The irregular tire ridges along the
surface were replaced with a series of homogeneous ridges that extend along the width of
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the tire bale. Horizontal shear loads applied in the length direction (perpendicular to the
tire ridges and parallel to the baling wires) result in a different deformation and strength
between the discrete tire ridge contact areas as compared to horizontal loads applied in
the width direction. A tire ridge model based on the illustration in Figure 3.4 will be used
in future chapters to determine the physical characteristics of the tire bale surface that
control the strength and deformation of the tire bale interface.

Figure 3.4: Anisotropy of the Block Tire Bale Interface.
The shear strength parameters presented in the literature only represent the
strength of the tire bale interface for horizontal stresses applied parallel to the length axis
(direction confined by the baling wires and perpendicular to the tire ridges). However, in
the case histories found during the literature review, the placement and orientation of the
bales within each structure was different, resulting in loads that were not always applied
along the length axis. Two loading directions were therefore defined for the block tire
bale shear strength testing program, as follows:
1. Longitudinal direction, in which the horizontal shear load is applied
parallel to the baling wires (along the length axis), and
2. Transverse direction, in which the horizontal shear load is applied
perpendicular to the baling wires (along the width axis).
No shear strength properties were identified for the transverse loading of the tire bale
structure.
3.1.2 Dimensions of the Block Tire Bale
The dimensions of the tire bale control the size of the tire bale structure and are
used to determine the number of bales required for a project. The axes used to define the
40

block tire bale dimensions are illustrated in Figure 3.5. Due to the variable and irregular
shape of the tire bale, multiple values of each dimension (a minimum of 10) were
measured and an average value of the dimension was defined. The average dimensions
for the six (6) bales used for this testing program are provided in Table 3.1. The average
dimensions measured during this testing program are compared with values reported in
the literature (Table 3.2) to determine the variability of the bale geometry.

Figure 3.5: Axes for the Block Tire Bale.
Table 3.1: Average Dimensions for Block Tire Bales.
Length

Width

Height

(ft)

(ft)

(ft)

1

4.67

5.01

2.38

2

4.66

5.1

2.57

3

4.7

4.98

2.49

4

4.62

5.19

2.51

5

4.73

5.1

2.51

6

4.59

5

2.49

Average

4.7

5.1

2.5

St Dev.

0.05

0.08

0.06

Tire Bale

Table 3.2: Comparison of the Average Dimensions of the Block Tire Bales.

Freilich (2009)*

Length
(ft)
4.7

Width
(ft)
5.1

Height
(ft)
2.5

Winter et al. (2006)

4.3

5

2.7

LaRocque (2005)

4.6

5.1

2.4

Reference

* indicates data determined from this testing program

41

The variability in the dimensions was attributed to the range of tires used in the
different bales, as well as the influence of using different construction equipment and the
personnel constructing the bales.
3.1.3 Weight of the Block Tire Bale
An important parameter of the individual tire bale is the dry weight of the bale.
The weight not only provides evidence that the proper amount of tire material is present
within the bales, but is also required to define the unit weight and vertical normal stresses
within the tire bale structure. The weight and number of tires for the six block tire bales
is provided in Table 3.3, and a comparison of the dry weights determined from previous
testing programs to the values from this research is provided in Table 3.4. The range in
weights of the tire bales was also attributed to the variability of the tires used within the
bales. The variability of the tire bales has been taken into account in design by using
average values of volume and weight to define stresses.
Table 3.3: Dry Weight for the Block Tire Bales.
Dry Weight

Number of

(lbs)

Tires

1

2034

85

2

1972

82

3

1884

75

4

1902

78

5

1932

71

6

1904

74

Average

1938

78

St Dev.

56

5

Tire Bale

Table 3.4: Comparison of the Dry Weight of the Block Tire Bales.

Freilich (2009)*

Dry Weight
(lbs)
1884 - 2034

Winter et al. (2006)

1947 - 1958

Reference

LaRocque (2005)
1904 - 2550
* indicates data determined from this testing program
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Defining the unit weight of the tire bale structure was a difficult task due to the
irregular geometry and the characterization of the voids present between the bales within
the tire bale structure. In addition, the unit weight for the individual tire bale is different
than that of the entire tire bale structure, which may include additional materials (soil
infill) in addition to the tire bales. A field testing program was conducted to determine the
unit weight of the tire bale structure, which is presented in Appendix C.

3.2 Properties of the Cylinder Tire Bale
The block tire bale has been the most common form of bale used within
geotechnical structures, and therefore most of the laboratory and field tests conducted
thus far has only been for the block bales. Recently, a new variation of the tire bale,
referred to as the cylinder tire bale, has become available for use in construction. There
are a limited number of case histories (typically only proposed uses) and no material
properties reported for cylinder tire bales in the literature. The determination of the index
and mechanical characteristics of the cylinder bale must therefore be determined so that
the design of the cylinder bale structure can be accomplished. This section outlines the
basic index properties of the cylinder tire bales used for this research program.
3.2.1 Basic Components of the Cylinder Tire Bale
The block and cylinder bales used for the testing program consisted of the same
material, whole scrap passenger vehicle tires compressed into a predefined geometry.
Unlike the block tire bale construction, in which the scrap tires are placed and
compressed within a rectangular box, the cylinder bale is constructed by compressing a
long cylinder of whole tires into a smaller cylinder with a continuous void through the
center (the compression of a tire cylinder is shown in Figure 3.6).

A detailed

specification for the manufacturing of the cylinder tire bale, based on the construction
procedures for the bales used in this testing program, is provided in Appendix B. The
mechanical properties of the cylinder tire bales were measured as part of this research to
determine the influence of the individual bale geometry on the mechanical characteristics
of the tire bale structure.
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Figure 3.6: Compression of the Whole Scrap Tires into the Cylinder Tire Bale.
The standard cylinder tire bale is specified to contain 20 whole scrap passenger
vehicle tires, but due to the variability of the scrap tires used within the cylinder bales, the
bales used for this testing program contained 17 to 20 tires. Four (4) eleven gauge
galvanized steel wires (0.91 in. diameter) were placed around the bale to confine the
compressed tires into the final cylinder shape. The wires were attached using the same
square knot attachment used for the block tire bales. The break and knot strength of the
wires are approximately 1,350 lbs and 830 lbs, respectively (Yates 2009).
Anisotropy of the Cylinder Tire Bale Surface
Similar to the block tire bales, the compression of the tires into the cylinder bale
created a series of tire ridges along the surface of the bale. The mechanical properties of
the cylinder bale interface will depend on the stacking arrangement and orientation of the
applied loads.

Three different arrangements were considered when determining the

influence of the cylinder tire bale geometry on the strength and compressibility of the
structure (Figure 3.7). The longitudinal arrangement (Figure 3.7 a) is similar to the
longitudinal block bale arrangement, in which horizontal shear loads are applied parallel
to the baling wires. Loading the longitudinal cylinder bale arrangement perpendicular to
the baling wires (similar to the transverse block bale arrangement) results in a rolling of
the bales and therefore is not used. The cylinder bales were also stacked lengthwise
(Figure 3.7 b) to form a slender structural columns that could be easily filled with soil or
other material if required, referred to as the column cylinder arrangement.
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Figure 3.7: The (a) Longitudinal and (b) Column Cylinder Bale Arrangements.
The longitudinal and column cylinder bale interfaces are similar to that of the
block tire bale interface shown in Figure 3.4, in which the interface was characterized by
discrete contacts between the tire ridges protruding out along the surface of the bales.
The column cylinder bale interface was however controlled by the smooth sidewall
surface of the tires at the ends of the bale. The influence of the different tire bale
stacking arrangements on the strength and compressibility of the cylinder bale structure is
presented in Chapters 11 and 12.
3.2.2 Dimensions and Dry Weight of the Cylinder Tire Bale
The geometry of the cylinder bale was characterized using an outer diameter,
inner void diameter, and length of the tire bale (Figure 3.8). The average dimensions of
the eight (8) cylinder tire bales used for this testing program, defined as the average value
of ten (10) measurements of each dimension, is provided in Table 3.5. The dry weight of
the cylinder bales is also provided in Table 3.5 along with the number of tires in each
bale.

Figure 3.8: Illustration of the Cylinder Bale Geometry and Dimensions.
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Table 3.5: Average Dimensions and Dry Weight for the Cylinder Tire Bales.
Tire Bale

Average Dimensions (ft)

Dry Wieght Number of
Tires
Outer Dia. Inner Dia. Length
(lbs)

1

2.27

1.08

2.8

354

18

2

2.2

1.11

3.02

372

17

3

2.19

1.15

2.93

370

18

4

2.37

1.16

3

350

18

5

2.41

1.18

3

344

18

6

2.25

1.08

2.82

352

17

7

2.24

1.12

2.86

414

17

8

2.23

1.11

2.91

454

17

Average

2.27

1.12

2.92

376

18

St. Dev.

0.08

0.04

0.09
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1

The determination of the unit weight of the cylinder tire bale structure, utilizing
additional volumetric and weight properties of the cylinder tire bales, is provided in
Appendix C.

3.3 Flat Tire Specimens
In order to better understand the behavior of the discrete contacts along the tire
bale interface that control the strength and compressibility of the structure, a series of
tests were conducted using small flat tire specimens. The results from the scrap tire
specimen tests were used to quantify the mechanical behavior along the individual tire
ridge contacts. Two types of flat specimens were used for the testing program, the
circular tire specimen (Figure 3.9 a) and the square tire specimen (Figure 3.9 b).

(a)

(b)

Figure 3.9: Photographs of the (a) Circular and (b) Square Flat Tire Specimens.
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The flat tire specimens were created by cutting out circular and rectangular pieces
of tires from random scrap tires located at a TxDOT tire stockpile.

The circular

specimens were cut to a diameter of 2.35 in., and the square specimens were cut with
edge lengths of 3 in. Flat acrylic plates were glued to the bottom of each tire specimen to
form the flat top tire surface.

3.4 Summary of the Materials
The composition, anisotropic considerations, dimensions and weights of the two
tire bales (block and cylinder) used for the laboratory testing program were provided in
this chapter.

Additional field data obtained to determine the weight and volume

characteristics of the tire bale structures is presented in Appendix C as part of the
development of the tire bale structure unit weight calculations. Small flat tire specimens
were also constructed and used to determine the mechanical properties along the discrete
tire ridge contacts along the interface.
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Chapter 4: Large Scale Interface Direct Shear
Test
Proper design of tire bale structures requires that stability analyses be conducted
to determine the factor of safety, which is dependent on the strengths of the materials
within the system. The tire bales deform as discrete blocks for short term conditions, in
which the baling wires remain intact, and sliding along the tire bale interfaces is the
controlling mode of failure. The development of the interface strength tests for the block
and cylinder tire bale structures is provided in this chapter. The development of the
direct shear test for the block tire bale structure is presented first, and modifications to the
test setup for the cylinder tire bale structure are presented afterward.

4.1 Large Scale Interface Direct Shear Test for the Block Tire Bales
The characterization of the tire bale interface strength was a difficult process due
to the large size of the bales and the large displacements imposed along the failure
interface (LaRocque 2005, Zornberg et al. 2005). The tire bale interface strength tests
reported in the literature were large scale direct shear tests, in which a tire bale was
displaced along a stationary layer of bales (Figure 4.1). The test is fundamentally similar
to that of the smaller direct shear test, in which a material is forced to fail horizontally
along a pre-defined shear plane.

Figure 4.1: Illustration of the Large Scale Direct Shear Test for Tire Bales.
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The general procedure for the large scale tire bale direct shear test was also
similar to that of the small scale test; set the tire bales in the initial structure, instrument
the mobile tire bale to measure the applied shear loads and horizontal displacements, and
apply a horizontal shear load to maintain a constant horizontal strain rate. A large scale
direct shear test procedure and setup was also used for this testing program, which was
modified from test setups reported from previous testing programs (Zornberg et al. 2005
and LaRocque 2005). The development of the large scale direct shear test for the block
tire bales is provided in this section.
4.1.2 Defining the Individual Tire Bale Sections and Total Tire Bale Structure for
the Block Tire Bales
The stability of the tire bale structure for short term conditions is controlled by the
strength between the layers of bales, or the shearing resistance along the tire bale
interface. The interface is characterized by a series of random tire ridges (the edges of
the compressed tires within the bale) that protrude out along the surface of the tire bales.
The strength mobilized along the interface is controlled by the interaction of the tire
ridges, which are forced to slide past each other during the imposed horizontal shear
deformations. Two types of surfaces were defined for the direct shear test setup, the
loaded faces and the sheared interface (Figure 4.2). The loaded faces were defined as the
surfaces of the mobile tire bale in which loads were applied (the applied normal and shear
loads). Horizontal displacements of the mobile tire bale were measured along the loaded
faces. The sheared interface was defined as the contact interface between the mobile and
stationary layers of tire bales in which the tire ridges are in contact. The tire bale mass
was defined as the compressed tire material confined within the baling wires.

Figure 4.2: Illustration of the Individual Block Tire Bale Sections.
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The shear resistance along the sheared interface was determined by imposing a
horizontal displacement between two layers of tire bales. In a laboratory setting, two tire
bale arrangements have been used to create the sheared interface, the three tire bale
(pyramid) arrangement (Figure 4.3 a) and the two tire bale (tower) arrangement (Figure
4.3 b). Each structure required that a mobile tire bale be displaced along the surface of a
stationary bale.

Figure 4.3: Illustrations of the (a) Three and (b) Two Tire Bale Arrangements.
The three bale arrangement was chosen over the two bale arrangement for
multiple reasons, as follows:
1. Larger displacements were achieved without a rotation of the bales due to loss in
contact area along the interface,
2. The three bale arrangement provided a constant contact area along the interface
during shearing, and
3. The loss of contact area due to horizontal displacements for the two bale
arrangement was a potential hazard if a bale falls.
Testing of the two bale arrangement also typically resulted in an instability and rotation
of the mobile bales (rather than sliding along the interface) after small displacements
(Zornberg et al. 2005), a mechanism of horizontal shear deformation not representative of
the actual tire bale structure. It was also determined from the review of case histories that
the stacking of the tire bales in the field was similar to the three bale arrangement.
The three tire bale arrangement utilized for the direct shear test was modified to
take into account the direction of loading within the tire bale structure (anisotropy), as
introduced in Chapter 3. Previous testing programs only report the results for tests in
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which the horizontal shear loads were applied in the direction parallel to the baling wires
(longitudinal direction in Figure 4.4), referred to as the longitudinal direct shear test. The
review of case histories provides evidence that the placement and orientation of the tire
bales within the tire bale structure was typically random, and therefore shear loads were
applied perpendicular to the baling wires (transverse direction in Figure 4.4).

Figure 4.4: Directions for the Applied Longitudinal and Transverse Shear Loads.
The influence of the loading orientation on the interface strength is not known,
and therefore it may not be reasonable to assume that the loading in one direction will
properly characterize the interface strength of the bale structure in all directions. A
separate direct shear test was developed in which the three bale arrangement was
modified so that the horizontal shear loads were applied in a direction perpendicular to
the baling wires, referred to as the transverse direct shear test (presented in Chapter 9).
4.1.3 Variables of Interest and Instrumentation
The goal of the large scale direct shear test was to determine the shear strength
parameters of the tire bale structure, which for short term conditions is controlled by the
strength of the tire bale interface. The shear strength was defined by plotting a series of
mobilized interface shear stress versus horizontal displacement curves for a series of
direct shear tests, and defining a yielding (failure) condition. The stress-displacement
curves were determined by measuring the horizontal displacements of the mobile tire bale
and applied shear load during the direct shear test. A photograph of the test setup
including all instrumentation is provided in Figure 4.5. The horizontal displacements of
the top bale were measured with four (4) long range potentiometers (Model: MMS33-SV51

600, Manufacturer: Megatron) placed along the front and rear faces of the mobile top
bale to measure the horizontal displacements and compression of the mobile tire bale.
An applied vertical normal load was maintained at a constant value during each test while
the horizontal shear load, measured with a button load cell (Model: LC401-10k,
Manufacturer: Omega Engineering INC), was used to impose a constant horizontal
displacement rate at the front of the mobile tire bale of 4 in./min.

Rear
Potentiometers

Front
Potentiometers

Button Load Cell
Figure 4.5: Photograph of the Longitudinal Large Scale Direct Shear Test for Block
Tire Bales.
Vertical movements of the top mobile tire bale were measured with a linear
variable differential transformer (LVDT) bolted to the top roller joint. Deformations
within the tire bale mass were determined using digital photographs of an orange dot
matrix placed along the length of the bale (as shown in Figure 4.5). Strain gauges
(Model: KFG-5-120-C1-11L1M2R, Manufacturer: Omega Engineering INC) were
attached to the baling wires to measure strains during the test.
Application of a Mobile Normal Load
A roller joint system was utilized to provide a mobile normal load which
remained at a constant location along the top loaded surface of the mobile tire bale. The
mobile load was achieved utilizing a roller joint attached to a hydraulic actuator (Figure
4.6) reacting against a horizontal rigid steel reaction frame.
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Steel Reaction Frame
Roller Joint

Hydraulic Actuator

Figure 4.6: Roller Joint-Hydraulic Actuator System.
The friction of the roller joint against the steel reaction frame was determined by
pulling the joint along a steel beam with a series of dead weights (Figure 4.7 a). The
results from the roller joint friction tests are provided in Figure 4.7 b.

Figure 4.7: The (a) Roller Joint Friction Test and (b) Friction versus Normal Load.
The friction of the roller joint was considered to be negligible as compared to the
shear loads measured as part of the large scale direct shear tests.
4.1.4 Footprint Interface Model to Define the Interface Stresses
The shear load applied during the direct shear test was controlled by the stresses
mobilized along the jagged and irregular tire ridge contact surfaces along the interface.
The discrete contact areas between the tire ridges along the interface could not be directly
observed, and could not be modeled with the simple geometric parameters typically
measured for the tire bales. In addition, when conducting limit equilibrium analyses for
53

tire bale structures utilizing commercial codes, designers are unable to model the random
three dimensional contact areas along the sheared interface. The loads applied to the tire
bale structure (Figure 4.8 a) were therefore not defined over the discrete interface contact
areas, but over a simplified two-dimensional footprint area of the tire bale (illustrated in
Figure 4.8 b), referred to as the footprint interface model. The footprint interface model
reduced the complex geometry of the block bale into a rectangular block, with a planar
continuous contact area along the interface between tire bale layers. Winter et al. (2006)
reported that the footprint area, defined using the average dimensions of the tire bale,
represented the actual volume that the tire bale occupied within the tire bale structure.

Figure 4.8: The (a) Actual Tire Bale System versus the (b) Footprint Interface Model.
The footprint area of the sheared interface was defined as the product of the
average length and width of the bale, and was corrected by the horizontal compression of
the bale due to the applied shear loads. The normal stress along the footprint interface
was defined as the summation of the weights of the tire bale, the two steel loading plates,
hydraulic actuator (including the applied normal load), and roller joint divided by the
footprint area of the bale.

The resisting interface shear stress was defined as the

measured horizontal shearing load divided by the footprint area. The assumption of the
footprint area does not result in an error if both the shear strength parameters (or strength
models) for the interface and sheared surface within the limit equilibrium (or finite
element model) are defined over the same footprint area. The stresses and shear strength
parameters presented in the results chapters were all calculated using the footprint
interface model.
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4.1.5 Modification of the Loaded Interfaces to Reduce Overturning along the
Sheared Interface
Initial direct shear tests conducted for the tire bales, in which the normal and
shear loads were applied at the midpoints of the mobile bale geometry, resulted in a
rotation of the mobile bale about the bottom rear corner (Figure 4.9) and high values of
the failure interface shearing strength (Figure 4.10) as compared to previous test results
(Simm et al. 2004, Zornberg et al, 2005, LaRocque 2005). The rotation of the tire bale
provided evidence that the applied normal and shear loads resulted in overturning
moments along the bale interface, a problem typically observed with the direct shear test.
The locations of the applied loads were altered to reduce the overturning moments,
resulting in a sliding deformation along the interface.

Figure 4.9: An (a) Illustration and (b) Photograph of the Mobile Bale Rotation.
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Figure 4.10: Interface Shearing Stress versus Horizontal Displacement for Rotation
and Sliding Along the Interface.
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The overturning potential of the mobile tire bale, for loads applied at the
midsection of the bale dimensions, was evaluated by defining the eccentricity of a nonuniform stress distribution along the interface (stresses defined along the footprint area),
as illustrated in Figure 4.11. The normal stress distribution was assumed to be linear over
the footprint area, where the values of wA and RA are the distributed and resultant loads.
Force and moment equilibrium were used to determine the location of the normal
resultant force (RA) using the yield interface shear loads and applied normal loads from
the direct shear tests. The eccentricity (e) was defined as the horizontal distance between
the centroid of the tire bale and the location of the resultant distributed load.

Figure 4.11: Free Body Diagram of the Mobile Tire Bale (Loads Applied at
Midsection of Bale).
Values of the eccentricity ranged from 15 in. to 21 in. (12 to 6 in. from the rear of
the bale), or 28% to 39% of the bale length, for tests in which the normal and shear loads
are applied at the midpoints of the bale geometry. The eccentricity was reduced by
adjusting the location of both the normal and shear loads to minimize the overturning
moments (Figure 4.12). The normal load was shifted nine (9) inches toward the front of
the bale while the shear load was applied eight (8) inches below the mid-height of the
bale. The load correction resulted in a sliding displacement of the mobile bale along the
interface in all subsequent direct shear tests due to the reduction in the overturning
moments along the interface. The load placement correction was constant for all tests in
order to use a consistent test setup. The corrected test setup was analyzed using force and
moment equilibrium to quantify the change in the eccentricity due to the shifted
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horizontal shear load during the direct shear test (Figure 4.13). The eccentricity of the
normal stress along the interface changed with the increasing horizontal shear load, with
the final value of the eccentricity at the yield shear load approaching zero.

Figure 4.12: Corrected Placement of the Normal and Shear Load.
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Figure 4.13: Change in Eccentricity due to the Horizontal Shear Load.
The eccentricity at the yield shear resistance was also found to change due to the
applied normal load (Figure 4.14). At the lowest normal loads, in which no load was
applied with the vertical actuator (normal load along the interface was only due to the tire
bale weight), the increasing shear load caused an increase in the eccentricity which could
not be corrected with the normal load. The error associated with the variable eccentricity,
however, would only be significant if the strength of the tire bale interface is non-linear
with applied normal load (linear failure models were used to represent interface strength).
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Figure 4.14: Eccentricity of the Resultant Normal Load versus the Applied Normal
Stress.
The change in the test setup to reduce the eccentricities along the interface
resulted in stress-strain curves and failure shear strength values similar to those provided
in the literature, as shown in Figure 4.10.
4.1.6 Horizontal Deformations of the Mobile Tire Bale
The horizontal deformation of the mobile bale was controlled by both the rigidity
of the horizontal shear loading system (half inch thick steel plates in contact with the
button load cell and horizontal actuator) and the geometry and behavior of the shear
loaded face. The contact between the shear loading plate and the mobile tire bale was
controlled by a single tire located at the center of the shear loaded face (Figure 4.15).
The horizontal displacement measured along the front bale face was therefore due to the
compression of the single tire along the sheared face.

Figure 4.15: Top View of the Shear Loaded Interface of the Mobile Tire Bale.
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The corrected shear load applied to the steel shear loading plate resulted in a nonuniform displacement along the boundary. The non-uniform compression along the tire
ridge, and the bending of the half inch thick steel loading plate, was taken into account by
measuring the horizontal displacement at multiple points along the height of the bale and
defining an averaged value of the front bale displacement. An exaggerated side view
illustration of the contact area observed during the direct shear tests is shown in Figure
4.16, in which the geometry of the plate and circular tire ridge resulted in a curved
deformed shape. The difference in the front horizontal displacements measured along the
steel plate was a maximum of 0.45 inches at the highest applied shear loads of 8000 lbs.
Visual observations from the direct shear test provided evidence that the differential
displacement was mainly due to a rotation of the shear loaded plate along the curved tire
contact.

Figure 4.16: Illustration of the Shear Loaded Boundary (a) Before and (b) After the
Applied Loads.

4.2 Modification of the Direct Shear Test for the Cylinder Tire Bales
The large scale direct shear test setup and procedure was modified so that the
interface shear strength for the cylinder tire bale structures could be determined. Two
directions of loading were modeled with the large scale direct shear test, the longitudinal
loading direction (loading parallel to the baling wires illustrated in Figure 4.17 a) and the
column structure loading (illustrated in Figure 4.17 b). The instrumentation layout used
for the cylinder bale structures was similar to that used for the block tire bales (Figure
4.18), with long range potentiometers placed at the front and rear of the bale to measure
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horizontal deformations, a vertical LVDT used to measure vertical deformations, and a
button load cell used to measure the applied shear loads. Strain gauges were attached to
the baling wires to measure the change in tensions during the direct shear test.

Figure 4.17: Illustrations of the (a) Longitudinal and (b) Column Cylinder Tire Bale
Arrangements.

Figure 4.18: Photographs of the (a) Longitudinal and (b) Column Direct Shear Tests.
The stresses along the interfaces were defined using a modification to the
footprint interface model developed for the block tire bales. The footprint area for the
longitudinal structure (Figure 4.19 a) was defined as the product of the average outer
diameter and the average length (volume assumed to be a rectangular block). The
footprint area for the column structure (Figure 4.19 b) was defined as over a hexagonal
plane defined using the average outer diameter of the tire bale (refer to Figure C.1 and
Equation C.8 in Appendix C). As with the block bales, the footprint interface model did
not represent the actual characteristics and stresses along the tire bale interface, but the
geometry of a continuous potential failure plane within the structure that could be used to
perform a stability analyses.
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Figure 4.19: Footprint Interface Areas for the (a) Longitudinal and (b) Column
Cylinder Tire Bales.
The eccentricity along the sheared interface was reduced by adjusting the applied
shear and normal load locations so that sliding along the interface was the controlling
mode of failure. The adjusted locations of the shear and normal load were determined by
conducting direct shear tests on the structures and determining the load location that
resulted in sliding of the mobile tire bale along the interface. The correction of the
applied loads was constant for all testing, which resulted in a different eccentricity at
failure for the range of normal loads applied (eccentricity could not be corrected at lower
normal loads). The final altered placements of the normal and shear loads for the two
bale arrangements are provided in Figure 4.20.

The normal load for the column

arrangement could not be corrected due to large rotational deformations of the mobile tire
bale mass due to eccentric normal loads.

Figure 4.20: Illustration of the Corrected Load Locations for the (a) Longitudinal and
(b) Column Cylinder Bale Arrangements.
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Thick steel loading plates were used for the cylinder tire bale direct shear test to
reduce the uneven deformations due to the applied normal and shear loads to the mobile
tire bale. A one half (1/2) inch thick steel cylindrical plate (placed along the circular
surface of the cylinder bale) and one half (1/2) inch thick curved steel plate (placed along
the curved outer tire bale surface) were used to apply the vertical normal load and
horizontal shear load for the longitudinal and column tests.

4.3 Summary of the Large Scale Interface Direct Shear Test Setup
The large scale direct shear test as developed for the block and cylinder tire bale
arrangements. Each of the direct shear tests required significant effort to complete due to
the large size of the tire bales. An instrumentation profile was developed so that the
loads applied to the bale structure could be measured, along with the corresponding
deformations of the mobile bale. A footprint interface model defined so that stresses
along the sheared interface could be easily determined without modeling the complex
geometry of the surfaces of the tire bales. A stress analysis and initial test program was
used to modify the applied load locations to reduce the eccentricity along the interface
and impose a sliding failure along the interface.

4.4 Scope of the Large Scale Direct Shear Testing
Table 4.1 provides a summary of all the direct shear tests conducted as part of this
research. The results from the tests are presented in Chapters 6, 7, 8, 9, and 11, as
outlined in the table. A more detailed description of each individual test is provided in
the results chapters.
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Table 4.1: Scope of Direct Shear Testing.
Test

Description

Variables of Interest

Chapter

Eccentricity Testing

Determine the Effects of Load Placement on
the Stress-Strain Curves, Develop Testing
Procedure and Instrumentation Profile

Front Bale Displacement, Horizontal
Shear Load, Applied Normal Load

4

Dry Interface Shear
Strength (Block)

Determine the Dry Interface Strength for the
Block Tire Bales for a Range of Normal
Loads

Front and Rear Bale Displacement,
Horizontal Shear Load, Applied
Normal Load, Vertical Deformations

6

Wet Interface Shear Determine the Effects of Water on the Shear
Strength (Block)
Strength for the Block Tire Bales

Front and Rear Bale Displacement,
Horizontal Shear Load, Applied
Normal Load, Vertical Deformations

7

Front and Rear Bale Displacement,
Tire Bale-Soil Layer
Determine the Interface Shear Strength for a
Horizontal Shear Load, Applied
Shear Strength
Tire Bale-Sand and Tire Bale-Clay Interface Normal Load, Vertical Deformations,
(Block)
Soil Shear Strength

8

Transverse Interface Determine the Effects of Tire Bale Orientation Front and Rear Bale Displacement,
Shear Strength
on the Interface Shear Strength for Dry and
Horizontal Shear Load, Applied
(Block)
Wet Conditions
Normal Load, Vertical Deformations

9

Cylinder Bale
Interface Shear
Strength

Determine the Interface Shear Strength for a Front and Rear Bale Displacement,
Dry and Wet Cylinder Bales (Longitudinal and
Horizontal Shear Load, Applied
Column Arrangements)
Normal Load, Vertical Deformations

Effect of Horizontal
Determine the Change in Baling Wire
Shear Loads on the
Tensions due to the Applied Horizontal Shear
Baling Wire
Loads
Tensions
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Baling Wire Strain, Baling Wire
Diameter

11

13

Chapter 5: Large Scale Compression Test Setup
A series of compression tests were conducted to determine the deformation of the
tire bale structure when subjected to vertical normal loads. An instrumentation profile
and model was developed during the testing program to minimize the influence of the test
setup on the vertical deformations. This chapter provides an overview of the large scale
vertical compression testing program for the tire bale structure. The compression test for
the block tire bales is presented first, followed by modifications to the test setup and
program for the cylinder tire bales.

5.1 Block Tire Bale Arrangements for the Compression Test
The initial compression tests of block tire bales consisted of a single bale
compressed between two rigid boundaries. This resulted in the determination of the
individual tire bale stiffness and did not include the deformations of the tire bale interface
(the tire ridge-tire ridge contacts) that would be present in the field. Additionally, the
deformations associated with loading the tire bale surface with a rigid plate were not
representative of the actual loaded interfaces within the field structure.

The

compressibility of the tire bale structure for this research program was therefore
determined utilizing multiple tire bales stacked in different arrangements in order to
determine the deformation of the tire bale interface. Two block tire bale arrangements
were utilized to determine the compressibility of tire bale structure, both of which
included the tire bale-tire bale interface. Illustrations of the bale arrangements, the three
bale arrangement (similar to that used in the direct shear testing) and the two bale
arrangement, are shown in Figure 5.1.
The tire bale arrangements were divided into individual sections based on the
expected behavior during compression, as similarly done for the direct shear test. Four
sections were defined along the height of the tire bale, as illustrated in Figure 5.2.
Interface sections were defined as the contact surface between the layers of tire bales, or
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the contact surface between the tire bale and rigid boundary. The tire bale mass was
defined as the compressed tire material contained between the interfaces and bound by
the baling wires. Vertical displacements were measured at the boundaries between each
of the sections (along a constant vertical cross section) so that the individual compression
of each section could be calculated.

Figure 5.1: Illustration of the Two and Three Block Tire Bale Compression Test
Arrangements.

Figure 5.2: The Individual Sections of the Block Tire Bale Arrangement.
The benefit of defining the individual tire bale sections was that the influence of
the test setup on the tire bale compression could be minimized. An equivalent tire bale
mass model was developed that defined the tire bale compression as the combined
compression of the tire bale mass and tire bale interface, as illustrated in Figure 5.3.
Defining the compression of the equivalent tire bale mass minimized the influence of the
rigid loading boundaries and of the unknown stress distribution in the bottom bales (for
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the three bale arrangement), and is a more accurate representation of the deformation of
the field tire bale structure. The use of the equivalent tire bale mass to reduce the
influence of the top interface is discussed further in Chapter 5.1.4 and in Chapter 10.

Figure 5.3: Relationship between the (a) Field Tire Bale Structure, (b) Compression
Test Setup, and (c) Equivalent Tire Bale Mass.
The results from the compression testing of the three and two bale arrangements
is presented in Chapter 10, including the effect of defining the equivalent tire bale mass.
5.1.2 Compression Test Setup and Instrumentation
The compression test setup and instrumentation profile is shown in Figure 5.4 for
the three block tire bale arrangement. A button load cell was placed between the vertical
hydraulic actuator and reaction loading frame to measure the applied vertical load. A
potentiometer attached to an isolated upper frame (not connected to the reaction frame)
was used to measure the total compression of the tire bale structure near the point of load
application. A series of four (4) joints were placed along the height of the tire bale
structure and potentiometers were attached to measure vertical deformations at each
individual section boundary. Additional vertical plate joints attached along the midheight of the top bale and horizontal LVDT’s were used to measure the horizontal
expansion of the tire bale mass. Strain gauges attached to the baling wires were used to
measure the change in tension of the baling wires during the compression test.
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Figure 5.4: Compression Test Setup and Instrumentation Profile.
A non-rigid joint was developed to provide a contact between the vertical
potentiometers and measurement points along the height of the bale structure.

The joint

minimized the influence of lateral (horizontal) or rotational deformations of the bale
surface on the measured vertical displacements (Figure 5.5).

Figure 5.5: Non-Rigid Vertical Potentiometer Connection Joint.
Horizontal deformations of the tire bale mass (along the width axis) due to the
vertical compression of the bale were measured for a series of tests so that a Poisson’s
Ratio of the unconfined structure (defined in the next section) could be defined. The
horizontal displacements were measured by rigidly attaching vertical flat plates (shown in
Figure 5.4 and illustrated in Figure 5.6) along the mid-section of the top bale mass and
placing a horizontal LVDT in contact with the plate. In the direction parallel to the
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baling wires (along the length axis), the wires prevented horizontal expansions of the bale
mass and therefore the change in tension within the wires was the variable of interest.
Strain gauges attached to the baling wires were used to measure the change in tension due
to the applied vertical loads.

Figure 5.6: Illustration of the Tire Bale Mass Horizontal Measurement Plates.
The rapid load compression test procedure involved placing the tire bales into the
initial arrangement, attaching the vertical potentiometers and rigid horizontal
plates/LVDTs, and increasing the vertical normal stress while measuring the horizontal
and vertical deformations of the tire bale arrangement. The tire bales were reset after
each test, which involved removing and replacing the top tire bale. Cyclic load tests were
conducted by allowing partial and full stress reductions during the compression test
procedure. Sustained load (creep) tests were also conducted. A more detailed discussion
of the different compression test procedures is provided in Chapter 10.
5.1.3 Influence of Confinement on Block Tire Bale Compressibility
The application of a vertical load on the tire bale structure results in both a
vertical deformation of the tire bale structure and horizontal expansion of the tire bale
mass. The influence of the horizontal confinement on the vertical stiffness of the tire bale
structure was initially taken into account by defining a Poisson’s ratio of the tire bale, as
follows:
2 ⋅ ∆H

ε
Poisson' s Ratio = ν = H = W
∆V
εV
H
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(5.1)

Where ∆H is the horizontal expansion measured along one side of the bale, W is the
average width of the tire bale, ∆v is the vertical deformation of the equivalent tire bale
mass, and H is the vertical height of the equivalent tire bale mass. The vertical strain
(along the height axis) of the confined tire bale structure is determined utilizing the
Poisson’s Ratio and vertical unconfined stiffness of the bales in an orthotropic
constitutive equation, as follows:

εV =

1
E U, V



ν
ν
 σ V - L, V σ L - W, V σ W 


E U, L
E U, W



(5.2)

Where εv is the vertical strain of the tire bale structure, EU,V, EU,L, and EU,W are the
unconfined moduli of the stress-strain curves for compressive loading along each axis,
σv, σL, and σw are the normal loads along the axes of the bale, and νL,V and νW,V are the
Poisson’s Ratios defined in the length and width axes for vertical compression. The
influence of horizontal confinement is determined using the constitutive relationships
along the two horizontal planes (Equations 5.3 and 5.4) and setting the strains equal to
zero, as follows:

εW = 0=

εL = 0 =

1
E U, W
1
E U, L



ν
ν
 σ W - L, W σ L - H, W σ H 


E U, L
E U, H



(5.3)



ν
ν
 σ L - H, L σ H - W, V σ W 


E U, H
E U, W



(5.4)

The difficulty in utilizing the orthotropic tire bale structure model is developing a
laboratory testing program to determine the variables needed for each of the three
equations (nine independent variables must be determined or assumed). The confinement
due to the baling wires on each of the variables would also have to be taken into account
if different wire materials are used. In addition, using the orthotropic constitutive law
and Poisson’s Ratio in the deformation analysis will result in the assumption of
homogeneous tire bale mass, or perfect and rigid contact along the tire bale surfaces (a
footprint interface model for each bale surface). The assumption of the homogeneous
contact along the tire bale surfaces results in a higher stiffness and lower deformations of
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the tire bale structure. The actual confinement within a tire bale structure is characterized
by a series of discrete and random contact points along the interfaces between the
individual bales, which do not provide a continuous and rigid horizontal confinement
along the bale surfaces. The discrete and deformable contact points can not be modeled
with the above equations.
A modification to the compression test setup was used to simulate the discrete
confinement points along the surface of the tire bale mass. The effect of the horizontal
confinement was combined into a single parameter, the confined vertical stiffness of the
tire bale structure (EC,V).

Simulating the horizontal confinement reduced the three

orthotropic constitutive relationships into a single equation for the vertical deformations
of the confined tire bale structure, as follows:

εV =

σV
E C, V

(5.5)

The use of the simulated confinement reduced the number of variables needed to
determine the tire bale deformations to one, which could be directly measured.
The horizontal confinement within the block tire bale structure was controlled by
the irregular rounded surfaces of the tire bale mass, which resulted in confinement only at
discrete points along the midsection of the tire bale (as illustrated in Figure 5.7).
Therefore, confinement was only simulated along a limited section of the tire bale mass.
Nylon cargo straps (Manufacturer; Keeper, Model: 10,000 lb test cargo, Tension at 0.5%
strain: 375 lbs) were wrapped around the midsection of the bale and tightened to a
nominal tension to simulate the surrounding tire bale structure (Figure 5.7). A nominal
initial confinement condition was used since tire bales placed in the field will not provide
any initial horizontal confining pressure to the surrounding bales.

Horizontal

confinement will only be provided after horizontal expansions of the bale mass due to the
applied vertical stresses. The nylon straps were therefore a method of providing the
discrete horizontal confinement points along the tire bale mass that simulate the irregular
tire bale interfaces in the field.
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Figure 5.7: The (a) Confined Block Tire Bale Structure and (b) Nylon Cargo Straps
used to Simulate Confinement.
The use of the confined tire bale laboratory structure was also advantageous for
defining the non-linear stress-strain models for the tire bales, which would have been
more difficult when using the orthotropic tire bale model. The models used to represent
the non-linear deformation of the tire bales are presented in Chapter 10.

5.1.4 Influence of the Loading Boundary on the Tire Bale Vertical Deformation
The vertical compressive stress was applied to the tire bale structure via a
hydraulic actuator reacting against a series of steel plates placed on the top interface of
the tire bale arrangement. The deformations measured along the top interface were
controlled by both the stiffness of the discrete tire ridges in contact with the steel plate
(Figure 5.8), and the stiffness of the steel plate loading system itself.

Figure 5.8: Discrete Contact Areas between the Steel Loading Plate and the Top
Interface.
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The uneven deformation of the steel loading plates results in a stress
concentration along the tire ridges closest to the center of the steel loading plate (in which
the hydraulic actuator was located). A simplified illustration is provided in Figure 5.9, in
which the tire ridges are replaced with a series of springs of random location and
stiffness. The uneven deformation of the top interface system was reduced by using two
steel plates (0.5 inches and 0.375 inches thick) and a one inch thick steel grate as the top
steel loading system.

Figure 5.9: Illustration of the Stress Distribution along the Top Interface for a
Flexible Loading Plate.
The governing differential equation for the combined steel loading system was
assumed to be similar to the governing differential equation derived for the bending of a
homogeneous steel plate (Ugural and Fenster 1978), as follows:

∂4w
∂4w
∂4w p
+2 2 2 + 4 =
D
∂x 4
∂x ∂y
∂y

(5.6)

Where w is the deformation of the steel plate, p represents the vertical loading conditions
along the plate surface, and D is the flexural rigidity of the plate. The flexural rigidity
(stiffness) of the loading plate system was controlled by the modulus and Poisson’s Ratio
of the steel material, and the thickness of the loading plate system, as follows:
D=

E ⋅ t3
12(1 -ν 2 )

(5.7)

Where E and ν are the Young’s Modulus and Poisson’s Ratio for the plate material
(steel), respectively, and t is the thickness of the plate.

An exact solution for the

differential equation was not derived due to the unknown boundary conditions along the
tire bale surface-steel plate contacts. The influence of the steel loading plate stiffness on
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the measured total deformations was therefore directly determined by measuring the
vertical deformations of the tire bale structure for different top surface loading systems.
Compression tests were conducted on a two block tire bale arrangement for both a thin
flexible steel loading plate (0.375 inches) and the thick steel loading system (0.375 and
0.5 inch thick loading plates and 1 inch thick steel grate). The load-deformation curves
for the two systems are provided in Figure 5.10. The addition of the steel plate and steel
grate decreased the total deformation of the system by approximately 0.35 in. (36% of the
compression measured for the flexible steel loading plate). The load-deformation curves
were compared with results from a two bale structure tested with a thick steel (0.5 inch
thick) and concrete pad loading system (LaRocque 2005) to illustrate the total vertical
deformations measured along a rigid top loading system.

Total Vertical Deformation (in.)

1.2

Flexible Steel Loading Plate
Additional Steel Plates and Grate

1

Rigid Loading Plate and Concrete Pad
0.8
0.6
0.4
0.2
0
0
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Applied Compressive Load (lbs)
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Figure 5.10: Influence of the Top Loading System on the Tire Bale Vertical
Deformations.
Increasing the stiffness of the top loading interface, although providing a more
uniform stress distribution along the discrete contact points along the tire bale surface
(which in itself prevented a uniform loading of the tire bale structure), did not provide a
better representation of the loading conditions expected within the actual tire bale
structure. The equivalent tire bale mass was therefore defined (Chapter 5.1) to minimize
the influence of the top loading plate system on the deformations of the tire bale
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structure.

Results from a three block bale compression test, in which vertical

deformations were measured at a distance of eight (8) inches away from the top interface
at both ends and the center of the top bale, are provided in Figure 5.11. The flexible
0.375 in. steel plate was used as the top loaded interface for the test.

The stress-

displacement curves indicate a rigid rotation of the bale mass, attributed to uneven
deformations along the tire bale interface (stiffness of the different tire ridge contacts
along the left portion of the interface were less than those along the right portion of the
interface). There is no evidence of uneven vertical displacements along tire bale due to
the non-uniform deformation of the flexible loading plate, indicating that the vertical
displacements measured within the bale mass were not sensitive to the top loading plate
boundary conditions.
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Figure 5.11: Vertical Displacements of the Tire Bale Mass Measured Eight Inches
Away from the Top Interface.
The results presented in this section provide evidence that the increase in stiffness
of the top loading interface reduced the total deformations of the tire bale structure. A
combined steel plate loading system was used for the compression tests to provide a more
uniform normal load distribution along the top loaded interface. An equivalent tire bale
mass model was also used to minimize the non-uniform deformations of the top interface
that are not representative of loading conditions in the field tire bale structures. The
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equivalent tire bale mass model used the top eight (8) inches of the bale mass as a stress
distribution zone between the discrete tire ridge contacts and the vertical displacement
measurement point. A more detailed analysis of the equivalent tire bale mass is provided
in Chapter 10.

5.2 Modification of the Compression Test for Cylinder Tire Bales
The vertical stiffness of the cylinder tire bales was determined using a similar
compression test procedure and setup as developed for the block tire bales. Unlike the
block tire bales, in which the bales must be stacked along the footprint plane (the lengthwidth plane), the cylinder bales were stacked in both the longitudinal and column
arrangements (as outlined for the direct shear testing program and illustrated in Figure
5.12). The bottom bales were held in place from rolling using a series of nylon cargo
straps threaded through the inner void of the bales.

Figure 5.12: The (a) Longitudinal and (b) Column Cylinder Bale Structures.
Individual sections of the tire bale structure were defined for the cylinder bale
arrangements (Figure 5.12) and non-rigid joints and vertical potentiometers were placed
at the boundary between each section to measure displacement (Figure 5.13).

The

individual sections defined for the cylinder tire bales were the same as those defined for
the block bales, a top interface, tire bale mass, tire bale interface, and bottom bale mass.
An equivalent tire bale mass compression, defined as the combined compressions of the
tire bale mass and tire bale interface, was used to minimize the influence of the top
loaded interface and bottom bale deformation. Although the geometry and orientation of
75

the cylinder bale interfaces and bale masses were different than that of the block bale
structure, only vertical deformations were measured along the different bale sections.
The confined modulus of the cylinder bales was determined by simulating the
discrete and random confinement with the same nylon cargo straps used for the block tire
bales. The straps were placed around the midsection of the longitudinal arrangement and
at discrete points along the height of the column arrangement (Figure 5.14).

The

confinement of the cylinder bales was modeled with a single modulus value (EC,V), as
presented in Chapter 5.1.3.

Figure 5.13: Instrumentation Profile for the Longitudinal Cylinder Bale
Arrangement.

Figure 5.14: Simulation of Confinement for the (a) Longitudinal and (b) Column
Arrangements.
One half inch thick steel plates were used as the top loading boundaries to provide
a stiff loading boundary and even distribution of the vertical compressive stress along the
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discrete contact points along the top interface. A curved steel plate (Figure 5.14 a) was
used as the top loading plate for the longitudinal arrangement to provide a better
distribution of loads along the curved top interface, as well as to increase the stiffness of
the plate. A circular plate (Figure 5.14 b), with diameter approximately the same as the
outer bale diameter, was used as the loading plate for the column arrangement. The
effect of uneven deformations of the column top interface loading plate (due to the
application of the normal vertical load above the inner void) were minimized by
measuring the total vertical deformation at the contact between the steel loading plate and
the tire contacts (as shown in Figure 5.14 b).
The equivalent tire bale mass model was defined for the cylinder bale structures
to minimize the influence of the discrete contact points along the top loaded interface on
the tire bale structure compressions. Vertical deformations were measured at a distance
of eight (8) inches from the top loaded interface, so that the effects of the irregularly
loaded top interface were minimized. Vertical deformations were also measured at a
distance of approximately four (4) inches above and below the tire bale interface. The
development of the equivalent tire bale mass for the cylinder bale structure is further
discussed in Chapter 12.

5.3 Summary of the Compression Test for Tire Bales
A compression test was utilized for the block and cylinder tire bales to determine
the deformations of the bales due to vertical normal loads. The effects of the loaded
boundaries and laboratory testing setup were minimized by measuring the compression of
individual tire bale sections and defining the equivalent tire bale mass, which was also
used to relate the deformations measured in the lab to those expected in the field.
Horizontal deformations were measured for the unconfined block tire bale structure in
order to define a Poisson’s Ratio. Due to the complex geometry of the tire bales and the
non-linearity of the stress-strain curves, confinement was simulated using a series of
flexible nylons straps to determine the confined stiffness of the tire bales. The test
procedures used for the block and cylinder tire bales were similar so that the influence of
the tire bale geometry and stacking arrangement could be determined. Rapid loading,
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cyclic loading, and sustained loading compression tests were conducted for the block and
cylinder tire bale structure. The results from the compression tests are provided in
Chapters 10 and 12.

5.4 Scope of the Large Scale Tire Bale Compression Test
Table 5.1 provides a summary of the compression tests conducted as part of this
research.

Table 5.1: Scope of Compression Testing Program.
Test

Description

Variables of Interest

Chapter

Initial Compression
Tests

Determine the Stiffness of the Top Interface,
Determine Location of Vertical Potentiometers

Total Structure Deformation,
Individual Vertical
Deformations

5

Determine the Stiffness of the Block Bales and Total Structure Deformation,
the Equivalent Tire Bale Mass for the Initial
Vertical Deformations,
Loading of the Structure
Horizontal Expansions

10

Rapid Loading
Compression
Testing (Block)
Cyclic Compression
Testing (Block)

Determine the Effect of Cyclic and Full
Unloading and Reloading on the Equivalent
Tire Bale Mass Deformations

Total Structure Deformation,
Individual Vertical
Deformations

10

Creep Deformations
of the Block Tire
Bale

Determine the Creep Deformations due to
Sustained Loading for the Three Block Bale
Arrangement

Total Structure Deformation,
Individual Vertical
Deformations

10

Rapid Loading
Compressions for
the Cylinder Bales

Determine the Stiffness of the Cylinder Bales
and the Equivalent Tire Bale Mass for the
Longitudinal and Column Bale Arrangements

Total Structure Deformation,
Individual Vertical
Deformations

12

Cylinder Bale Cyclic
Compression
Testing

Determine the Effect of Cyclic and Full
Unloading and Reloading on the Equivalent
Tire Bale Mass Deformations

Total Structure Deformation,
Individual Vertical
Deformations

12

Determine the Long Term Creep Deformations Total Structure Deformation,
Creep Deformations
due to Sustained Loading for the Longitudinal
Individual Vertical
of the Cylinder Bales
and Column Arrangements
Deformations

12

Baling Wire Stresses

Determine the Change in Baling Wire Stresses
due to the Applied Vertical Compressive Loads
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Baling Wire Strains, Baling
Wire Diameter

13

Chapter 6: Interface Shear Strength of the Block
Tire Bales
The preliminary phase of the large scale direct shear testing program involved the
direct shear test of the dry block tire bale interface for the longitudinal loading direction,
in which the horizontal shear load was applied in the direction parallel to the baling
wires. Preliminary results from this initial testing phase (not presented in this chapter)
were used to develop the direct shear test setup presented in Chapter 4. The results from
the dry interface testing of the longitudinal block bale arrangement are presented in this
chapter, along with the development of a tire ridge interface model used to characterize
the physical properties of the tire bale that control the interface strength.

6.1 Results from the Direct Shear Tests
The measured variables from the direct shear test were divided into two
categories; the stresses mobilized along the tire bale interface and the deformations of the
mobile bale during the horizontal shear displacement. The two variables were related by
defining a series of shear stress-horizontal displacement curves for each of the direct
shear tests conducted (Figure 6.1). The front bale displacements were used for the stressdisplacement curves since the strain rate at the shear loaded (front) face was maintained
at a constant value for all tests. Interface shear and normal stresses were calculated using
the footprint area (Chapter 4.1.5).
The curvature of the stress versus displacement curves is represented by three
distinct sections (illustrated for a single test in Figure 6.2), a compression of the shear
loaded face, mobilization of the interface strength, and post-peak sliding of the tire bale.
Each section is characterized by a mobilization of stresses along the interface, but a
different horizontal compression and interface displacement of the mobile tire bale. The
mode of failure for all tests conducted was sliding along the tire bale interface, which was
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imposed during the direct shear test by altering the locations of the normal and shear
loads (refer to Chapter 4.1.5).
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Figure 6.1: Longitudinal Interface Shear Stress versus Front Bale Displacement for
the Dry Block Tire Bale.

Interface Shear Stress (psf)

120

1

2

3

100
80
60

Section 1: Compression of Horizontally
Loaded Face

40

Section 2: Initiation of Displacement
Along Interface

20

Section 3: Rigid Sliding of the Bale along
the Interface

0
0

5
10
Front Bale Displacement (in.)

15

Figure 6.2: Three Sections of the Dry Block Bale Interface Stress-Strain Curve.
The initial increase in stiffness of the stress-strain curve (Section 1 in Figure 6.2)
was attributed to the compression of the shear loaded interface for applied horizontal
shear loads not large enough to cause a displacement (sliding) along the tire bale
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interface. This compression was confirmed by comparing the displacements measured at
the front and rear of the tire bale (Figure 6.3), in which a horizontal displacement was
measured at the front of the bale with no displacement at the rear of the tire bale. A
further increase in horizontal shear load resulted in a sliding displacement along the
interface (peak shear strength mobilized along some of the tire ridge contacts along the
interface) which resulted in displacements at the rear of the bale in addition to the
horizontal compression of the bale (Section 2 in Figure 6.3). Once failure was reached
along the interface, the deformation of the mobile bale was characterized by a rigid
sliding displacement with a small (or no) increase in compression of the bale (Section 3
in Figure 6.3). The compression of the mobile bale after rigid sliding initiated was less
than 0.5 in. at the highest normal loads (refer to the horizontal bale compression curve in
Figure 6.6). Section 1 of the curve was not present for some of the tests due to horizontal
seating loads applied to the shear loaded tire bale face.

Mobile Bale Displacement (in.)

16

1

2

3

14
12
10
8
6
4

Front Displacement

2

Rear Displacement

0
0

50

100
150
Elapsed Time (seconds)

200

Figure 6.3: Front and Rear Bale Displacements for the Dry Mobile Block Tire Bale.
The front and rear displacement curves, such as the set presented in Figure 6.3,
were used to characterize a horizontal compression and horizontal displacement ratio of
the tire bales due to longitudinal horizontal shear stresses. The two variables were used
to illustrate the deformations of the individual bales required to reach rigid sliding
(Section 3) along the interface. The horizontal compression of the tire bale was defined
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as the maximum difference in the displacements measured at the front and rear of the
mobile tire bale. Values of the horizontal compression ranged from 1.4 in. (σ = 88 psf) to
2.7 in. (σ = 362 psf), providing evidence of an increase in the compression of the bale
with applied stresses. Visual observations of the tire bale structure during the direct shear
tests provided evidence that the horizontal compression measured with the potentiometers
was mainly due to the compression of the shear loaded face and not a compression of the
entire tire bale mass. The horizontal compression of the shear loaded face was isolated
from the horizontal compression of the tire bale mass using digital photographs of the
mobile tire bale taken during the direct shear test. The compression of the tire bale mass
(provided in Figure 6.4 for a normal stress of 228 psf) was determined by measuring the
distances along the dot matrix placed on the side of the mobile bale. The maximum
compression of the tire bale mass was less than 0.6 in. for all direct shear tests conducted.
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Figure 6.4: Horizontal Compression of the Longitudinal Dry Block Bale Interface.
The horizontal displacements measured with the potentiometers were also used to
define a horizontal displacement ratio (DH) of the tire bale. The ratio represents the
normalized displacement of the individual tire bale required to reach the initiation of the
rigid sliding displacement along the interface.

The ratio was defined as the front

displacement of the tire bale measured with the potentiometers at the intersection of
Sections 2 and 3 of the stress-displacement curve (referred to as the yield), as follows:
DH =

∆F
L
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(6.1)

Where DH is the horizontal displacement ratio, ∆F is the front displacement of the mobile
tire bale at the intersection of Sections 2 and 3, and L is the average length of the block
tire bale. The definition of the front displacement and displacement ratio implies that the
values represent the displacement of each individual tire bale within the structure
required to before the rigid sliding of the bale along the individual interface. The front
displacement of the tire bale ranged from 1.9 in. (σ = 88 psf) to 5.3 in. (σ = 362 psf),
which includes the compression of the shear loaded facing, the compression of the tire
bale mass, and any horizontal displacement of the tire bale along the interface. The
horizontal displacement ratios ranged from 6% (σ = 88 psf) to 10% (σ = 362 psf).
Vertical movements of the tire bale, measured with the LVDT attached to the
normal load roller joint, provide evidence of a relationship between the mobilized
interface shear resistance and the vertical movements of the mobile bale (Figure 6.5). A
downward movement of the mobile bale resulted in an increase in the interface shear
resistance, while an upward movement resulted in a decrease in resistance.
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Figure 6.5: Vertical Displacement of the Mobile Tire Bale and Longitudinal Interface
Shear Resistance for the Block Tire Bale.
The relationship between the vertical displacement and interface shear stress
provides evidence of a complex deformation along the tire bale interface controlled by
the jagged surface of the bales. The vertical displacements before rigid sliding along the
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interface indicate a reduction in the height of the tire bale structure due to longitudinal
horizontal stresses.

6.2 Characterization of the Interface Failure Condition
Failure along the tire bale interface was determined using two methods, the bilinear intersection method and the bale compression method (both are illustrated in
Figure 6.6).

The two criteria for defining failure are methods to approximate the

intersection of Sections 2 ands 3 of the stress-displacements curves.

The stress-

displacement curve is approximated as two linear sections when utilizing the bi-linear
method, with the intersection of the two lines representing the yield (failure) shear
resistance along the interface. Yield using the bale compression method is defined as the
shear stress at the change in the horizontal compression behavior of the mobile bale (a bi-
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Figure 6.6: Determination of the Yield Shear Resistance using the Bi-linear and
Maximum Compression Methods.
Although both methods of determining the yield interface shear strength were
initially assumed to result in the same strengths, shear strength values determined using
the bale compression method were lower than those determined using the bi-linear
method. The difference in the shear strengths was found to be a result of an additional
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rigid displacement of the mobile tire bale at failure when utilizing the bi-linear method,
which was neglected when defining failure with the compression method. The rigid
displacement, defined as the displacement measured at the rear of the mobile bale,
determined using the bi-linear method is provided in Figure 6.7. The increase in the rigid
displacement with normal load provides evidence of an increase in the rigid siding
displacement along the interface at higher stresses, which resulted in the less distinct
intersection between Sections 2 and 3 in the stress-displacement curves.

The

compression method for determining yield shear strength neglected the rigid
displacement of the mobile tire bale, resulting in a lower estimation of the interface
strength. The bi-linear method was used to determine the failure (yield) shear stress of
the tire bale structure.
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Figure 6.7: Mobile Bale Rigid Displacement at the Yield Interface Shear Resistance
Determined using the Bi-Linear Method.
The failure longitudinal interface shear stresses for the dry block tire bale tests are
provided in Figure 6.8.

A Mohr-Coulomb failure envelope was used to model the

interface strength, which has been used for the tire bale interface strengths reported in the
literature. The linear failure envelope was defined with two shear strength parameters, a
friction angle of 35o and cohesion intercept of 21 psf. The variability of the interface
strength, despite the use of the same set of bales for each test, provides evidence that each
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time the direct shear test was reset the sheared interface was slightly different, resulting
in a different failure condition along the interface.

The variability of the tire bale

interface strength due to using different bales, test procedures, test setups, and test
operators was determined by comparing results from this testing program with results
reported in the literature (Figure 6.9).

Interface Shear Stress (psf)

300
τ = 0.72σ + 21psf
φ = 35o

250
200
150
100
50
0
0

100
200
300
Interface Normal Stress (psf)

400

Figure 6.8: Failure Envelope for the Longitudinal Dry Block Tire Bale Interface.
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Figure 6.9: Failure Envelopes for the Longitudinal Dry Block Bale Interface from
Different Testing Programs.
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The combined failure points plot within a narrow range, indicating a limited
influence of the tire bale variability and test methods on the interface strength. The
similar failure envelopes also provide evidence that the characteristics of the interface
that control the interface strength were similar no matter the tire bales used or the
stacking arrangements of the bales during the test. It should be noted that the failure
envelope determined from Simm et al. (2004) was determine utilizing only one data point
and the assumption of a cohesion of zero.

6.2.2 Evaluation of the Footprint Interface Model
The interface stresses reported thus far have been calculated assuming perfect
contact along a planar sheared interface, defined by the average dimensions of the tire
bale. Visual observation of a tire bale interface provides evidence that this assumption is
not true.

The yield interface stresses defined for the tire bale footprint area were

compared with those determined for a series of flat tire specimens, in which the interface
between the tire specimens was a flat continuous plane. Interface stresses for the flat
specimens were determined using a small scale direct shear test, in which a circular tire
specimen was displaced along a stationary square tire specimen (Figure 6.10).

A

modified direct shear apparatus (Model: ShearTrac II-D, Manufacturer: GeoComp Corp.)
was used to conduct the tests. The applied shear load, normal load, and horizontal
displacements were all measured during the test procedure. Multiple tire plates were cut
and tested to determine the variability in the interface shear strength.

Figure 6.10: Small Scale Direct Shear Testing of the Flat Tire Specimens.
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The failure envelopes for the flat tire interface (Figure 6.11) were represented
with linear failure envelopes characterized with cohesions of zero and friction angles
ranging from 29 to 39 degrees. Data from Yang et al. (2002), in which dry flat tire
specimens were also tested using a direct shear test, is also included. The range in the
interface friction (friction angle) was attributed to the conditions of the scrap tire
specimens used, with some tire specimens cut from barely used tires and some taken
from damaged and worn down tires.
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Figure 6.11: Failure Envelopes for Dry Flat Tire Specimen Interfaces.
The difference in the failure envelopes for the flat tire contact and tire bale
interface (most notably the cohesive intercept for the tire bale interface) illustrated an
important consequence of using the footprint area to define interface stresses.

The

representation of the tire bale interface with a flat continuous surface, although not
resulting in an error in design and stability analysis, did not represent the actual physical
characteristics along the interface. The use of the footprint interface model combined the
physical characteristics of the tire bale interface that control the strength into a cohesion
and friction angle. A more complex interface model was developed to determine the
physical characteristics of the tire bale surface that control the interface strength. The
interface model, developed in the next section, is then used throughout the rest of the
dissertation to illustrate the physical characteristics of the interface.
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6.3 Tire Ridge Interface Model for the Tire Bale
The actual behavior along the tire bale interface has been neglected by assuming
that the stresses were mobilized along a two-dimensional flat plane of infinitesimal
thickness between the tire bale layers. The benefit of utilizing this assumption was that
stresses within the tire bale structure and shear strength parameters for the interface were
easily calculated. However, assuming that the stresses acted along a flat failure surface
neglected the physical characteristics that actually control the interface strength, which
are important for quantifying how different design considerations (presence of moisture,
soil infill, etc.) influence the strength of the tire bale structure. A tire ridge interface
model was developed to represent the characteristics of the tire bale interface that control
the strength. The characterization of the actual tire bale interface was difficult due to the
jagged, uneven and highly variable tire bale surface, as well as the inability to observe the
actual interface contact areas during testing. The tire ridge interface model was therefore
developed as a method to characterize the geometric parameters of the tire bale interface
using laboratory data collected as part of this research.

6.3.1 Characteristics of the Tire Ridge Interface Model
The irregular and variable tire ridges along the tire bale surface were modeled
with a series of tire ridges with constant geometry and homogeneous material properties
(Figure 6.12 b). The model provides a three-dimension representation of the actual tire
bale interface geometry that controls the strength of the tire bale structure, rather than the
two-dimensional footprint area (illustrated in Figure 6.12 c) used to determine the
interface stresses.

Figure 6.12: The (a) Actual (b) Tire Ridge Model and (c) Footprint Area Interfaces.
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The tire ridge model is similar to a model developed for rock joints under shear
(Patton 1966, Jaeger et al. 2007). Three basic geometric properties were needed to define
the stresses within the tire ridge interface model, the inclination of the tire ridges
(referred to as the dilatancy angle for rock joints), the actual contact area between the tire
ridges, and the initial opening along the tire bale interface (illustrated in Figure 6.13).
Direction
of Shear
Loading

Figure 6.13: Geometric Parameters of the Tire Ridge Interface Model.
The strengths of both the rock joint and tire bale interface are controlled by the
stresses and geometry of the discrete contacts along the length of the interface plane.
However, the rock joint asperities are stiff and will shear off at higher stresses (resulting
in a bi-linear failure envelope as reported by Patton 1966), while the tire ridges are
flexible and will not shear off for the range of stresses applied during the testing program.
The influence of the applied stresses on the flexible tire ridge contacts controlling the
interface strength must therefore be considered in the tire ridge model analysis.

6.3.2 Tire Ridge Interface Model Parameters
The three variables needed to define the tire ridge interface model each contribute
the strength along the interface and can be related using the geometric and mechanical
behavior measured along the interface. However, each of the three variables (actual
contact area, inclination angle, and initial opening) were quantified individually using the
results from the direct shear testing of the block tire bales and flat tire specimens, as well
as additional large scale testing of the block tire bales. The tire ridge model parameters
were characterized at the yield shear stress along the interface to determine the conditions
along the interface at failure.
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Inclination (Dilatancy) Angle
The inclination angle of the tire ridge interface model, defined in the same manner
as the dilatancy angle for a rock joint, was used to represent the inclination of the tire
ridge contacts along the interface.

Unlike the dilatancy angle for a rock joint, the

inclination angle for the tire bale interface was a function of the stresses applied along the
interface due to the deformation of the flexible tire ridges during the vertical shear
displacement. Two inclination angles were therefore defined for the tire bale interface,
the initial inclination angle of the tire ridge (before normal and shear loads were applied),
and the average inclination angle of all the tire ridge contact areas at the yield shear
stress. The initial value of the inclination angle, measured manually along the surface of
the stationary tire bales, ranged between 0o and 90o (with an average value of
approximately 42o) for each tire ridge depending on the geometry of the tire ridge and the
location along the height of the ridge (angle changed with location along the curved tire
ridge surface). The value of the initial inclination angle was only useful in characterizing
the initial tire ridge geometry, and did not represent the conditions along the interface
during shear displacements.
The inclination angle of the individual tire ridge contact areas at the yield shear
stress could not be directly measured due to the limited access to the interface during the
direct shear test. Therefore, an average value of the angle for all of the discrete tire ridge
contact areas was calculated using force equilibrium defined for a single representative
tire ridge contact area (Figure 6.14 b). The back-calculated inclination angle represents
the average condition along all tire ridge contact areas (all tire ridge contacts are similar).

Figure 6.14: Illustration of the (a) Footprint and (b) Tire Ridge Interface Stresses.
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Force equilibrium for the tire ridge contact areas was defined using the average
inclination angle, contact area between the tire ridges (defined in Figure 6.13) and
assuming that the frictional resistance along the tire ridge contact area could be
represented by the average interface friction between the flat tire specimens (Figure
6.11), as follows:
ΣFX = 0 : T = S ⋅ A A ⋅ cos α + σ ⋅ A A ⋅ sinα
= σ ⋅ tanφ tp ⋅ A A ⋅ cosα + σ ⋅ A A ⋅ sin α

(6.2)

ΣFY = 0 : N = - S ⋅ A A ⋅ sinα + σ ⋅ A A ⋅ cosα
= - σ ⋅ tanφ tp ⋅ A A ⋅ sinα + σ ⋅ A A ⋅ cosα

(6.3)

Where AA is the actual contact area along the interface, φtp is the friction angle along the
contact area (defined using the average of the flat tire interface friction angles) and α is
the average inclination angle of all the tire ridge contact area at failure. Horizontal and
vertical force equilibrium equation for the footprint interface model (Figure 6.14 a) were
defined using stresses along the footprint area and linear shear strength parameters, as
follows:

ΣFY = 0 : N = σ ⋅ A F

(6.4)

ΣFX = 0 : T = S ⋅ A F = c tb ⋅ A F + N ⋅ tanφ tb

(6.5)

Where AF is the footprint area of the tire bale, ctb is the cohesion along the tire bale
interface, and φtb is the friction angle of the tire bale interface.
Each set of equilibrium equations was combined and solved for T, the applied
shear load at failure. The result was a set of equations that related the failure shear load
(T) to the normal load along the interface (N). Only the force equilibrium equation
defined for the tire ridge interface model included a geometric property of the interface.
Footprint Interface Model : T = c tb ⋅ A F + N ⋅ tanφ tb

Tire Ridge Interface Model : T =

N
1 - tanφ tp ⋅ tan α

⋅ (tanφ tp + tanα )

(6.6)
(6.7)

The shear strength parameters defined in Equation 6.6 were determined by fitting a linear
failure envelope to the interface shear strength data presented in Figure 6.8. The same
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values of T and N were also used in Equation 6.7 to determine the average inclination
angle of the tire ridge contacts at failure. The back-calculated average inclination angle
at failure versus the interface normal stress is provided in Figure 6.15 for the longitudinal
dry block bale interface. The positive values of the inclination angle (which would be
referred to as a dilatancy angle in rock mechanics) indicate that the inclination of the tire
ridges was in resistance to the direction of sliding, as illustrated in Figure 6.14. However,
the value of the inclination angle decreased with increasing normal and shear loads, a
behavior not characteristic of the rigid rock asperities along rock joint. The change in the
average inclination angle was attributed to the larger horizontal displacements along the
tire bale interface at failure with increasing normal stress (Figure 6.7), change in the
contact area along the interface (defined in the next section), and a deformation of the
flexible tire ridges along the interface.
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Figure 6.15: Average Inclination Angles for the Dry Block Tire Bale Interface.
The change in inclination (geometry) of the discrete failure surfaces results in a
non-linear relationship between the shearing resistance and applied normal load, as
derived using force equilibrium along the tire ridge contact area (Equation 6.7). The
failure envelope for an interface with some inclination (dilatancy) angle should therefore
be non-linear. For the rigid rock joint, the failure envelope is bi-linear, with the curvature
of the envelope controlled by the sliding of the asperities over each other at lower normal
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stresses and controlled by the shearing of the asperities at higher normal stresses. The
tire ridges along the interface are flexible and did not shear off during the direct shear
tests. Therefore, the peak interface shear strength was fitted with a power equation
(commonly used for tire chip failure envelopes) to illustrate the potential alternative to
using a Mohr-Coulomb failure envelope (Figure 6.16).
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Figure 6.16: Linear and Power Equation Failure Envelopes for the Longitudinal
Block Tire Bales.
The use of a non-linear failure envelope did not provide an advantage over the
linear failure envelope for the range of normal stresses, which was attributed to the small
change in inclination angle over the stress range, the variability in the data points, and the
influence of the contact area on the interface stresses.
Actual Contact Area
The actual contact areas along the interface could not be determined using force
equilibrium developed for the average tire ridge contact area presented in the previous
section. A separate tire bale stamp test procedure was therefore used to directly measure
the contact area. The stamp test involved placing a piece of thick paper between the two
layers of tire bales, painting the bottom surface of the top tire bale, and pressing the bale
down onto the interface (Figure 6.17). The result of the test was a two dimensional stamp
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of the three-dimensional contact area along the interface (Figure 6.18). The paper was
22.5 ft2 in area, approximately the same as the footprint area of the tire bale. The actual
interface contact area for both the two and three block bale stacking arrangements was
determined.

Figure 6.17: An (a) Illustration and (b) Photograph of the Tire Stamp Test.

Figure 6.18: Photograph of a Block Tire Bale Interface Stamp.
Visual observation of the tire stamp illustrated that the combined area of the
discrete contact points along the tire bale interface was much less than the assumed
footprint area of the tire bale structure. Digital photographs of the tire stamps were
converted to black and white images and the ratio of black to white pixels was used to
determine the actual contact area along the interface (Figure 6.19). The actual contact
area along the interface was only a small fraction of the assumed footprint area (22.5 ft2)
used to define the stresses, and increased with normal stresses applied along the interface.
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Figure 6.19: Block Tire Bale Interface Contact Area with Applied Normal Stress.
The change in contact area with applied normal stress provides further evidence
that the stresses along the interface influence the geometric properties of the tire ridge
contact areas (inclination angle and contact area are not constant with applied stress).
The increasing actual contact area results in a shear stress along the discrete contact
points that is proportional to the friction angle (φtp), inclination angle (α) and the varying
contact area (AA(N,T)), as follows:
N/A A (N, T)
⋅ (tanφ tp + tanα )
(6.8)
1 - tanφ tp ⋅ tan α
Defining the interface stresses over the footprint area allows the influence of the varying

τA =

actual contact area to be combined into the tire bale interface shear strength parameters
(ctb and φtb). Therefore, the varying actual contact area also contributes to the fitted linear
failure envelope and shear strength parameters used to model the yield (failure) interface
shear strengths in addition to the inclination angle of the contact area. A more detailed
analysis of the influence of the varying contact area on the interface strength presented as
part of the tire ridge-soil interface model discussed in Chapter 8.4.
The tire bale stamp test results also provide evidence that the tire bale stacking
arrangement did not significantly influence the interface contact area. Therefore, the
stacking arrangement of the tire bales will not influence the interface strength and
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compressibility. This conclusion was also reached after comparing the shear strengths
from the different testing programs (Figure 6.9), in which the strength of the two bale
arrangement was similar to that of the three bale arrangement. The influence of the block
tire bale stacking arrangement on the compressibility of the tire bale structure was also
determined as part of the compression test (Chapter 10).
Initial Interface Opening
The initial opening of the tire ridge interface is a parameter that represents the
displacement and deformation of the tire ridges required to reach the yield (failure)
condition.

The inclined and flexible tire ridges required that two directions of the

opening be defined, the vertical interface opening and the horizontal interface opening.
The vertical and horizontal opening variables were the only tire ridge interface model
parameters that were directly measured during the direct shear test.
The vertical interface opening was defined as the vertical displacement of the
mobile tire bale measured with a vertical LVDT attached to the roller joint (Figure 6.5).
The vertical displacement measured at the top of the mobile bale was an average of all
the vertical displacements along the tire ridge contacts along the interface.

The

downward displacement of the tire bale, which corresponded to an increase in interface
shear stress, was the opposite of the expected vertical displacement along the interface.
The positive inclination (dilatancy) angle calculated using force equilibrium along the
average tire ridge contact area implies that the interface should dilate during horizontal
displacements by an amount proportional to the angle. The compression of the interface
during shear therefore implies that the deformation of the flexible tire ridges during the
horizontal shear displacement controlled the vertical displacement (Figure 6.20).

Figure 6.20: Tire Ridge Contact Areas (a) Before and (b) After Shearing.
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The decrease in thickness of the tire bale interface during the direct shear test
implies that the geometric dilatancy angle (αG), which represents the deformation of the
interface during shear, is the different than the back-calculated mechanical inclination
(dilatancy) angle (α) that influences the strength along the contact area. The geometric
dilatancy angle was defined using the vertical and horizontal components of the interface
opening, as follows:

α G = tan -1

δV
δH

(6.9)

Where δV and δH are the measured vertical and horizontal displacements at failure. The
vertical displacement was not significantly altered by the applied normal stress, with
values ranging from approximately -0.08 in. to -0.12 in. (negative implies compression
along the interface). The horizontal opening (displacement) was defined as the rigid
horizontal displacement of the tire bale required to reach the yield condition along the
interface (Figure 6.7).

The rigid displacement was used so that the horizontal

compression of the shear loaded face was not included. The rigid displacement along the
interface therefore only includes sliding of the tire ridges along the contact areas and the
deformation of the individual tire ridges at failure. The value of the geometric dilatancy
angle ranged from -4.3o (σ = 88 psf) to -1.7o (σ = 362 psf) for the longitudinal block tire
bale interface.
It should be noted that the deformation of the tire ridges could not be directly
measured. However, the sliding along the interface resulted in a series of “popping”
sounds attributed to the loss of contact along the tire ridge contact areas, resulting in a
quick unloading deformation of the flexible ridges. Additional parameters needed to
define the individual deformation of the tire ridges could not be measured due to the
limited access to the tire bale interface during the test.

6.3.3 Summary of the Tire Ridge Interface Model
The tire ridge interface model was developed to represent the physical
characteristics of the tire bale surface that control the interface strength. The tire ridge
model was similar to that of a rock joint under shear loading. However, the flexibility of
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the tire ridges resulted in a dependence of the geometric parameters on the loads applied
to the mobile tire bale. The combined influence of the varying inclination angle and
actual contact area resulted in the linear failure envelopes defined using the footprint
interface model. The deformation of the tire ridges resulted in a geometric dilatancy
angle that was different than the mechanical angle value calculated using the results from
the direct shear test. Although the tire ridge interface model would not be used in the
design of the tire bale structures, it is useful in determining how different design
considerations alter the strength of the tire bale structure. The tire ridge interface model
will be used throughout the dissertation to quantify the physical characteristics of the
interface that control the strength and compression of the tire bale interface.

6.4 Summary of the Dry Block Tire Bale Longitudinal Strength
The direct shear test was used to determine the interface strength of the dry
longitudinal block tire bales. Force and displacement measurements from the direct shear
tests were used to define a series of stress-displacement curves in which stresses were
defined over the footprint area of the tire bale. Failure along the interface was defined
using a bi-linear approximation of the stress-displacement curves.

A linear failure

envelope was used to model the failure points and was compared with interface shear
strength data reported in the literature. The tire ridge interface model was developed to
model the three-dimensional physical characteristics of the interface that controlled the
interface strength. Three geometric parameters needed for the tire ridge contact area
were defined and quantified using data measured in the laboratory and field.
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Chapter 7: Influence of Moisture on the Interface
Shear Strength of the Block Tire Bales
Water typically affects the strength of material interfaces, a factor that has been
neglected thus far in tire bale research and design. Although tire bale structures are often
not expected to be submerged, the presence of moisture within the bale structure is
expected. The large scale direct shear test procedure was conducted for a longitudinal
block tire bale structure in which the interface was wetted to determine the influence of
moisture on the interface strength. This chapter provides the results from the wetted
interface testing program and a tire ridge interface model analysis used to determine the
change in the interface conditions due to the presence of water.

7.1 Presence of Water on the Tire Bale Interface
For the short term conditions that were modeled with the large scale direct shear
test, the strength of the structure is controlled by sliding deformations along the interface.
Determining the influence of moisture on the tire bale structure strength therefore only
required that interface conditions were altered to include the moisture condition of
interest. The tire bale interface was wetted to predefined moisture conditions using a
hand operated water spray (Figure 7.1), in which two (2) gallons of water were evenly
distributed along the tire bale interface (Figure 7.2). Two different wetted interfaces
were prepared for this testing program; the partially wetted interface and the fully wetted
interface. The partially wetted interface, which modeled the presence of water along the
interface after the structure was constructed under dry conditions, was achieved by
placing the tires in the initial three bale structure and using the water sprayer and thin
nozzle attachment to evenly distribute water along the interface.

The fully wetted

interface, which represented a tire bale structure that was fully wet during construction,
was achieved by completely wetting the stationary bale interface and then placing the top
mobile bale in the initial placement.
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Figure 7.1: Water Spray Mechanism and Thin Nozzle Attachment.

Figure 7.2: Photograph of the Fully Wetted Tire Bale Interface.
The interaction between water and tires was much different than that of the water
and the typical particulate soil materials used for highway structures. Fine grained soils,
such as clays commonly used for the soil covering along the surface of the tire bale
structure, develop negative pore water pressures when under unsaturated conditions.
Tires are however a homogeneous material consisting of vulcanized rubber (a thermoset
process in which the raw rubber molecules are linked together using additives and sulfur),
resulting in the stiff and hard outer surface of the tire. The tires do not have pore spaces
for the water to enter and water will not flow into the rubber material itself under short
term conditions.

Swell tests conducted on tire specimens, in which air dried flat

specimens were placed under water for 24 hours, provided evidence that the tire material
did not swell or change weight due to the surrounding water. Therefore, the only variable
of interest was the change in the strength along the interface contacts due to water.

7.2 Results from the Wetted Interface Direct Shear Tests
The longitudinal interface shear strength versus front displacement measured
from the large scale direct shear testing of the partially and fully wetted interfaces are
provided in Figures 7.3 and 7.4, respectively.
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Figure 7.3: Longitudinal Interface Shear Stress versus Front Bale Displacement for
the Partially Wetted Block Bale Interface.
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Figure 7.4: Longitudinal Interface Shear Stress versus Front Bale Displacement for
the Fully Wetted Block Bale Interface.
The three distinct sections of the stress versus displacement curves, defined
previously for the dry tire bale interface in Chapter 6.1, were evident for the wetted
interfaces. The relationship between the vertical movements of the mobile tire bale and
mobilized shear resistance along the interface (Figure 7.5) was also similar to that
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determined for the dry tire bale interface. The similar mobile bale deformation and shear
strength mobilization along the interface was expected since the physical characteristics
of the tire bale interface were not altered by the presence of water.
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Figure 7.5: Vertical Movement of the Mobile Tire Bale and Longitudinal Shear
Resistance versus Front Displacement.
The data collected for the wetted interfaces provides evidence of similar
deformations of the wetted and dry tire bale structures. However, the presence of water
along the discrete tire ridge contacts influenced the shear strength parameters for the tire
bale structure.

7.3 Failure Envelopes for the Wetted Longitudinal Block Tire Bales
The failure shear strengths of the wetted tire bale interfaces were determined
using the bi-linear method presented in Section 6.2. The interface shear strength values
for the partially and fully wetted interfaces, as well as for the dry interface, are provided
in Figure 7.6. The presence of water decreased the interface strength of the tire bales,
with the fully wetted strength less than the partially wetted strength.

Each set of the

interface shear strengths were represented with a linear Mohr-Coulomb failure envelope.
A summary of the cohesion intercept and friction angles for each envelope are provided
in Table 7.1. Due to the high permeability of the tire bales, all strength parameters are
presented as effective values.
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Figure 7.6: Failure Envelopes for the Longitudinal Dry, Partially Wetted, and Fully
Wetted Block Tire Bales.
Table 7.1: Longitudinal Shear Strength Parameters for the Dry, Partially Wetted
and Fully Wetted Block Tire Bales.
Interface Conditions
Dry

Shear Strength Parameters
Cohesion (psf)
Friction Angle (deg.)
21
35

Partially Wetted

15

28

Fully Wetted

0

21

The presence of water along the interface decreased the shear resistance of the tire
bale structure. The interface strength of the partially wetted structure, in which the initial
contact areas along the interface were initially dry, was higher than the fully wetted
interface structure. The difference in the partially and fully wetted strength provides
evidence that the shear load required to displace the mobile bale past the initial contact
areas provides a significant portion of the interface resistance for the wetted structures.

7.3.2 Influence of Moisture on the Flat Tire Specimen Strength
Small scale direct shear tests were conducted for the flat tire specimens for
partially and fully wetted conditions. The partially wetted interface was achieved by
placing the tire specimens in the initial position and then filling the shear box with water.
The fully wetted interface was achieved by filling the shear box with water and then
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placing the tire specimens into the initial position. Stress-displacement curves from the
direct shear tests are provided in Figure 7.7. The mobilization of shear resistance along
the interface was independent of moisture at low displacements. As the presence of
water along the interface was increased (from partially to fully wetted), the displacement
to reach failure and the shear resistance along the interface decreased. The failure shear
resistance values from the small scale testing, modeled with linear failure envelopes,
illustrate the decrease in the interface strength with water (Figure 7.8).
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Figure 7.7: Stress-Displacement Curves for the Dry and Wetted Flat Tire Specimens.
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Figure 7.8: Failure Envelopes for the Dry and Wetted Flat Tire Specimens.
105

The presence of water resulted in a decrease in friction angle from 32o for the dry
interface to 26o for the fully wetted interface. Although there was a strength loss with the
presence of water for both the tire bale and flat tire specimen interfaces, the reduction in
interface strength was more significant for the tire bale structure. The larger loss in
strength for the tire bales provides evidence that water not only decreased the strength
along the tire ridge contact areas, but the physical characteristics of the interface that
control strength. The tire ridge interface model was used to quantify the influence of the
moisture conditions on the physical characteristics of the tire bales at failure.

7.4 Tire Ridge Interface Model for the Wetted Block Bales
The geometric properties of the tire ridge interface model for the dry and wetted
block tire bale interfaces are the same since the physical characteristics of the interface
were not altered by the presented of water. The tire ridge model for the wetted tire bales
was therefore characterized with an actual contact area, inclination angle and initial
interface opening (Figure 6.12). The presence of water did change the strength along the
contact areas, as determined from the tire plate test results (Figures 7.7 and 7.8). Since
the addition of water did not alter the individual tire ridge geometries or distribution of
ridges along the interface, the actual contact area of a wetted interface was assumed to be
the same as the dry interface (as determined from the tire stamp test procedure in Figure
6.18).

7.4.1 Influence of Moisture on the Initial Interface Opening
The initial interface opening of the tire ridge model represents the displacements
along the interface required to reach the yield conditions. The relationship between the
vertical displacement and the mobilized shear resistance along a wetted interface was
independent of the moisture conditions along the interface. The similarity of the vertical
behavior provided evidence that the shear resistance mobilized along the dry and wetted
interfaces was controlled by the sliding of the tire ridges over each other, resulting in the
variable upward and downward displacements of the mobile bale. The presence of water
along the interface did influence the horizontal interface opening. The horizontal (rigid)
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displacement of the tire bale measured during the direct shear test is provided in Figure
7.9 for the dry, partially wetted, and fully wetted interfaces. The rigid displacement at
failure for all interfaces increased with increasing loads applied to the tire bale. The
presence of water along the interface resulted in a decrease in the rigid horizontal
displacement along the interface at failure.
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Figure 7.9: Rigid Displacement of the Block Bale for the Dry and Wetted Conditions.
Although the horizontal displacements along both the wetted interfaces before
reaching the yield condition were similar, the strengths for the two interfaces (provided in
Figure 7.6) were different. The difference in strength between the two wetted interfaces
was attributed to the difference in shear strength along the initial contact areas, which
were assumed to be similar to the strengths of the flat tire specimens. The initial contact
areas for the partially wetted interface were dry at the initiation of the test, and therefore
had higher shear strength than along the fully wetted contact areas. The higher shear
resistance along the dry initial contacts resulted in the higher shear load required to
displace the bale along the partially wetted interface. Rigid displacement along the
partially wetted interface (past the initial placement) results in the contact areas
accumulating water present along the interface, reducing the tire ridge contact strength to
the fully wetted tire plate strength, minimizing any further increase in interface resistance
with displacement.
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7.4.2 Influence of Moisture on the Inclination Angle
The average inclination angle (α) represents the orientation of a representative
average tire ridge contact area at the yield (failure) condition along the interface. The
average inclination angle for the wetted interface, which has the same geometry as the
dry interface, was determined with the same relationship between the applied shear (T)
and normal (N) loads, and the tire specimen shear strength (φtp), as follows:

T=

N
1 - tanφ tp ⋅ tan α

⋅ (tanφ tp + tanα )

(7.1)

Assuming that the tire ridge contact strength was controlled by the initial placement of
the tire bale, the fully and partially wetted flat tire interface friction angles were used to
determine the inclination angles for the wetted tire bale interfaces (Figure 7.10). The
analysis provides evidence that the presence of water along the interface, which altered
the horizontal displacement of the tire bale, results in a different predicted orientation of
the actual contact areas at yield conditions.
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Figure 7.10: Average Inclination Angle at Failure for Dry and Wetted Conditions.
The reduction in the average inclination angle and rigid displacement with the
presence of moisture provides evidence that the behavior and geometry of the dry and
wetted interfaces are different. The reduction in rigid displacement with the presence of
water indicates that the deformation and sliding along the tire ridge contacts is reduced.
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The decrease in the average inclination angle with the presence of moisture indicates that
the geometry of the tire ridge contacts was altered both by the reduction in strength along
the contact area and due to the reduction in deformation and displacement along the
interface.

The combined influence of the reduction in contact area strength, rigid

displacement and dilatancy angle resulted in the larger decrease in interface strength as
compared to the flat tire specimen interface.

7.5 Summary of Direct Shear Test Results for Wetted Block Tire Bales
The large scale direct shear test was used to characterize the influence of water on
the interface shear strength of the longitudinal block bales. The shear strengths for the
wetted interface are lower than those for the dry interface. The shear strength parameters
for the wetted tire bale interfaces therefore represent a more conservative (lower) strength
of the tire bale structure. The decrease in strength of the tire bale interface was larger
than the decrease in strength of the flat tire specimens, indicating that the small scale test
could not be used to predict the reduction in strength of the tire bales due to water. The
tire ridge interface model was used to illustrate that the presence of water reduced the
shear strength along the discrete contact areas along the interface, which influenced the
horizontal displacement and inclination of the contact areas at failure. The combined
influence of the decrease in strength, displacement, and inclination along the contact
areas resulted in the larger decrease in strength for the block tire bales as compared to the
flat tire specimen interface.
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Chapter 8: Shear Strength of Block Tire Bale-Soil
Interfaces
The tire bale-soil layer interface is an important surface that can potentially
control the stability of the tire bale structure. A tire bale structure will have at least two
tire bale-soil interfaces, at the base of the tire bale mass in contact with foundation soils
and along the tire bale mass and compacted soil cover interface.

No tire bale-soil

interface testing has been reported in the literature. Results from a series of direct shear
tests are presented in this chapter for two different block tire bale-soil interfaces. The tire
ridge interface model was also modified to quantify the behavior along the tire bale-soil
interface and determine a method to predict the tire bale-soil interface strength.

8.1 Large Scale Direct Shear Test for the Tire Bale-Soil Layer Interface
The large scale direct shear test was modified by placing a thin compacted soil
layer between the mobile and stationary tire bale layers. The thickness of the compacted
soil layers was 4 in. to induce failure along the interface, and not within the soil mass.
An illustration of the tire bale-soil interface test setup is provided in Figure 8.1. The
stationary bottom bales remained part of the test setup so that the behavior of the
compacted soil around the tire bales could also be observed. A soil retention box was
constructed around the stationary bales and a dry sand fill was compacted around the
stationary bales to produce a flat working surface on which the thin soil layers could be
compacted (Figure 8.2). The instrumentation of the mobile tire bale was the same as for
the tire bale only test, potentiometers were used to measure the front and rear mobile bale
displacements, a vertical LVDT connected to the roller joint was used to measure vertical
displacements, and a button load cell was used to measure the applied horizontal shear
loads.

The test procedure was the same as for the tire bale only testing, with the

additional aspect of re-compacting the soil layer between each test.
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Figure 8.1: Large Scale Direst Shear Test with Compacted Soil Interface Layer.
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Figure 8.2: Soil Retention Box and Compaction of the Dry Fill Sand Around the
Stationary Tire Bales.
Two tire bale-soil interfaces were characterized as part of this research, the tire
bale-sand interface and the tire bale-compacted clay interface. No research or field tests
to determine the strength of these tire bale-soil interfaces have been reported. One
NMDOT retaining wall design was accomplished by approximating the interface strength
as two-thirds of the soil strength (2/3 φSOIL). Although there are no reported failures of a
tire bale structure due to sliding along the bale-soil interface, the satisfactory performance
may be attributed to an over-conservative design rather than a proper characterization of
the strength. A series of tire bale-soil interface direct shear tests were conducted for sand
and clay soil layers in order to characterize the behavior and strength of the interfaces.
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8.1.2 Properties of the Fill Sand Layer
The sand layer was constructed using commercially available fill sand, provided
by Travis Aggregates in Manor, Texas (as shown in Figure 8.2). The sand represented
the typical inexpensive cohesionless fill material that could be easily compacted or
vibrated around the tire bale mass. The sand classified as uniformly graded sand (SP), as
defined by the Unified Soil Classification System (ASTM D2487). The fill sand was
compacted at the air-dried water content of approximately 4% to a dry unit weight of 103
pcf utilizing a vibratory hammer. Results from undrained-unconsolidated (UU) direct
shear tests (ASTM D3080-04) conducted on the fill sand are presented in Figure 8.3. The
strength of the sand was represented with a linear failure envelope with a friction angle of
30o.
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Figure 8.3: Peak Shear Strengths and Linear Failure Envelope for the Fill Sand.
8.1.3 Properties of the Compacted Clay Layer
The clay layer was constructed using a gray clay soil obtained from the Elgin
Butler Brick Company in Elgin, Texas. The soil is a highly plastic clay, or CH (ASTM
D2487), with a plasticity index of 36 and liquid limit of 59 (ASTM D4318) (Najjir and
Rauch 2003). The optimum water content and maximum dry unit weight of the soil,
determined using Standard Proctor Compaction test (ASTM D 698), were 20% and 108
pcf, respectively. The clay was prepared at the optimum water content and compacted to
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a dry unit weight of 102 pcf using a vibratory hammer (Figure 8.4). The strength of the
clay layer, determined using a UU direct shear test, was represented with a linear failure
envelope with a cohesion of 1653 psf and a friction angle of 23o (Figure 8.5).

Figure 8.4: Compaction of the Bottom Layer of the Clay Interface.
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Figure 8.5: Failure Envelope for the Compacted Fired Clay.
8.1.4 General Remarks on the Tire Bale-Soil Interface Test Procedures
The procedure for the tire bale-soil interface direct shear test was that same as the
procedure developed for the tire bale only test. The mobile tire bale was placed onto the
compacted soil mass and a horizontal shear load was applied to maintain a reduced strain
rate of approximately 2 in./min. After the completion of each test, the soil layers were
remolded and re-compacted to the required dry unit weight. The results presented in this
section represent the short term (undrained) strengths within the tire bale structure.
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8.2 Results from the Tire Bale-Soil Layer Interface Tests
The interface shear strength versus front displacement curves for the tire balesand and tire bale-clay interfaces are provided in Figures 8.6 and 8.7, respectively.
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Figure 8.6: Longitudinal Interface Shear Stress versus Front Displacement for the
Block Tire Bale-Sand Interface.
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Figure 8.7: Longitudinal Interface Shear Stress versus Front Displacement for the
Block Tire Bale-Clay Interface.
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The behavior of the soil interfaces during the direct shear test was similar to that
of the tire bale only interface, characterized by a compression of the tire bale loaded
interface (Section 1 in Figure 8.8), increase in interface shear resistance due to a rigid
displacement along the interface (Section 2 in Figure 8.8), and a post-peak sliding of the
mobile bale (Section 3 in Figure 8.8) without a post-peak reduction in strength. Section 2
was not apparent at lower a normal loads, which was attributed failure along the tire balesoil interface during the compression of the shear loaded tire bale surface.
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Figure 8.8: Front and Rear Displacements of the Mobile Bale for the Tire Bale-Sand
Interface.
The displacements of the mobile bale required to reach the yield interface strength
were higher for the tire bale-soil interfaces than for the tire bale only interface. The total
horizontal displacement of the mobile tire bale (front displacement of the bale to reach
the peak shear resistance) increased from 2 in. to 5 in. for the tire bale only interface to 3
in. to 6.4 in. for the tire bale-soil interfaces. The mobile tire bale compressions, defined
as the difference in displacements measured with the front and rear potentiometers shown
in Figure 8.8, were similar for the tire bale only and tire bale-soil interface test. The
similar bale compression provided evidence that the larger horizontal displacement of the
tire bale-soil structure were due to deformations along the soil interface.
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The vertical deformation of the mobile tire bale was a constant downward
displacement during the increase in shearing resistance for both tire bale-soil interfaces
(Figures 8.9 and 8.10). The constant downward displacement provides evidence that the
tire ridges along the interface displaced downward into the soil mass, or that the failure
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surface was within the soil mass and not along the tire ridge-sand layer contacts.
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Figure 8.9: Vertical Displacement and Interface Shear Stress for the Tire Bale-Fill
Sand Interface.
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Figure 8.10: Vertical Displacement and Interface Shear Stress for the Tire BaleCompacted Clay Interface.
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8.2.2 Soil Loss into the Tire Bale Structure
A loss of the dry sand fill material into the tire bales was observed in the
laboratory during the vibration and compaction of the fill sand around the bottom
stationary bales, as well as during the direct shear testing of the tire bale-sand layer
interface. Approximately 0.2 cubic yards of fill sand was lost into the stationary bale
layer due to the vibration of the dry fill sand around the perimeter of the stationary bales.
Sink holes (Figure 8.11) were observed along the surface of the sand layer during the
direct shear test which required additional sand to be replaced along the interface to
maintain the thickness of the sand layer.

Figure 8.11: Sand Sink Holes Observed After a Large Scale Direct Shear Test.
After the completion of the tire bale-soil interface test, an attempt was made to
weight the tire bale with sand that had filled into the voids. Lifting the bale resulted in an
instantaneous flow of sand from the bale before a measurement could be recorded. The
increase in the weight of a single bale (after sand was allowed to flow from the base of
the bale) was approximately 85 pounds. Approximately 0.25 cubic yards of the loose fill
sand (approximately 60% of the void space within the bale) flowed out from the base of
the bale (Figure 8.12).
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Figure 8.12: Total Sand Outflow from the Stationary Tire Bales.
The loss of soil into the tire bale mass is a problem associated with tire bale
structures in which sandy fills are placed around the bales, and in situations in which
water was allowed to flow into the tire bale structure. The design of several tire bale
structures has required the placement of a geotextile along the top and side surfaces of the
bales to minimize the potential flow of soil into the tire bale voids.

8.3 Failure Envelopes for the Tire Bale-Soil Interfaces
The failure interface shear stresses for the tire bale-soil layer interfaces were
determined using the bi-linear method developed for the tire bale only interface. It was
observed that the failure surfaces for the two tire bale-soil layer interfaces were contained
within the soil layers for all direct shear tests. The failure shear strengths for the sand and
clay interfaces, shown in Figures 8.13 and 8.14 respectively, were represented with linear
strength envelopes. The linear strength envelopes were compared with the soil only
strength, determined from the small scale direct shear testing of the soils at similar water
contents and densities, and reduced tire bale-soil interface strengths defined as two-thirds
of the soil only strength parameters. The linear shear strength parameters for the soil
only and tire bale-soil interfaces are summarized in Table 8.1.
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Figure 8.13: Failure Envelopes from the Sand Only and Tire Bale-Sand Layer Direct
Shear Tests.
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Figure 8.14: Failure Envelopes from the Clay Only and Tire Bale-Clay Layer Direct
Shear Tests.
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Table 8.1: Shear Strength Parameters for the Soil Only and Tire Bale-Soil Layers.

Fill Sand

Compacted Clay

c (psf)

φ (o )

Tire Bale Interace

19

25

Soil Only

0

30

Tire Bale Interace

17

22

Soil Only

1653

23

The failure envelopes for the tire bale-soil interfaces and soil only direct shear
tests provide evidence that the strength of the tire bale-soil interface was not predicted
using the soil only or reduced soil strengths. The failure envelope for the tire bale-sand
interface was characterized with a cohesion value that was not predicted by the soil only
strength, and a friction angle higher than the reduced 2/3φ value. The cohesion for the
tire bale-compacted clay interface was much less than the soil only cohesion value. The
shear strength parameters determined for the two tire bale-soil interfaces provide
evidence that the physical characteristics controlling the interface strength could not be
predicted with the footprint interface model and soil only strengths. The strength of the
tire bale-soil interface was therefore modeled with a tire ridge-soil interface model, in
which the behavior of the soil mass and tire ridge-soil contacts were used to predict of the
tire bale-soil layer strength.

8.4 Tire Ridge Interface Model for the Tire Bale-Soil Layer Interface
The footprint area was used to define the stresses along the tire bale-soil layer
interface without taking into account the characteristics of the actual failure surface
within the soil. The result is a set of tire bale-soil interface strength parameters that are
not similar to the soil strengths, even though failure was reached within the soil layer.
The relationship between the footprint area shear strength parameters and the soil only
strength parameters was determined using a modified tire ridge interface model.

8.4.1 Actual Tire Bale-Soil Layer Failure Surface
In the tire ridge interface analyses for the tire bale only interface, the failure
surface of interest occurred along the discrete contacts between the tire ridges (Figure
6.12). Replacing the bottom layer of tire ridges with a deformable soil mass required an
120

additional failure plane within the soil mass, as illustrated in Figure 8.15. The additional
failure plane increased the number of unknowns of the tire ridge-soil ridge system from
four (4) to six (6). The mechanical and physical parameters of the tire ridge-soil interface
model were the contact area along the tire bale-soil ridge contact (ATS), the failure
surface area within the soil mass (AS), the average inclination of the tire bale ridges (α),
the interface strength along the tire ridge-soil ridge contact (STS), the strength of the soil
(SS), and the initial interface opening. Measurements from the vertical LVDT (Figures
8.9 and 8.10) and visual observations during the tests provided evidence that the failure
surfaces existed within the soil mass for both the clay and sand interfaces, reducing the
number of variables to two (2), the failure surface area within the soil (AS) and the soil
strength (SS).

Figure 8.15: Illustration of the Tire Ridge-Soil Layer Failure Surfaces.
The strength of the soil mass was characterized using the shear strength
parameters determined from UU direct shear tests presented in Sections 8.1.2 and 8.1.3.
The failure surface area was determined using measurements and visual observations
made during the large scale direct shear tests.

The deformations and subsequent

formation of the failure surface within the sand and clay layers were different, and
therefore were analyzed with separate analyses.
Failure Surface Area along the Tire Bale-Sand Interface
The horizontal shear deformation of the mobile tire bale along the sand layer
resulted in the formation of resisting sand ridges, as shown in Figure 8.16. The large size
of the individual sand ridges resulted in a continuous failure surface area within the sand
121

mass. The dimensions of the failure surface were measured by conducting a series of
direct shear tests in which the surface of the sand layer was wetted, resulting in an outline
of the failure surface (Figure 8.17).

Direction
of Shearing

Figure 8.16: Photograph of the Sand Ridges formed Along the Interface.

Approximate
Failure Surface
Boundary

Figure 8.17: Failure Surface Outline for the Tire Bale-Sand Interface (σ = 88 psf).
The average width and length of the sheared sand surface was measured for the
minimum (88 psf) and maximum (362 psf) applied normal stresses (defined with the
footprint area). The width of the failure surface (perpendicular to the direction of shear
loading) for both normal loads was approximately 8 in. less than the assumed footprint
width of the bale. The length of the failure surface (in the direction of the applied load)
for the low normal load was approximately 4 in. to 6 in. shorter than the average length
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of the bale. The height of the sand ridges increased from 2 in. to 6 in. at high normal
stresses, resulting in an extension of the shear surface past the rear of the tire bale by
approximately 11 in. (Figure 8.18).

Edge of Failure Surface
from a Tire Ridge

Figure 8.18: Extension of the Sand Failure Surface beyond the Rear of the Tire Bale.
The failure surface area within the sand mass therefore varied with loads applied
to the tire bale. The actual failure surface area within the sand mass (AA) ranged from
approximately 19 ft2 at a normal stress of 88 psf to 25 ft2 at a normal stress of 362 psf.
Failure Surface Area along the Tire Bale-Clay Interface
The horizontal shear deformation of the mobile tire bale along the compacted clay
mass also resulted in the formation of resisting clay ridges. The size of the clay ridges
was smaller than the sand ridges for the same normal loads (Figure 8.19) with a
maximum height of less than 2 in. for the highest normal stress. The actual failure
surface beneath the clay ridges was defined by a series of discrete failure surfaces along
the clay layer surface, as illustrated in Figure 8.20. Hand measurements of the actual clay
failure surface areas were unsuccessful, but the discrete sheared surfaces were observed
to be distributed in the same manner as the tire bale interface contact areas measured with
the tire stamp test (Figure 6.17). Therefore, the combined area of the discrete clay failure
surface areas was significantly less than the assumed footprint area used to define the
stresses and shear strength parameters along the tire bale-clay interface.
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0.5 in. High
Clay Ridge

Figure 8.19: Photograph of the Clay Interface after the Direct Shear Test.

Figure 8.20: Illustration of the Tire Bale-Compacted Clay Interface at Failure.
Summary of the Actual Failure Surface Area
Observations made at the end of each direct shear test provided evidence that the
actual failure surface along the tire bale-soil layer existed within the soil mass, and not
along the contact areas between the tire ridge-soil ridges.

This observation was

confirmed with the measurements from the vertical LVDT, in which only a constant
downward displacement of the mobile bale was measured (an upward movement of the
bale would imply a sliding failure along the tire ridge-soil ridge contact). Failure within
the soil mass indicates that the soil strengths control the strength tire bale-soil layer.
However, defining the interface stresses over the footprint area, and not over the actual
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failure surface within the soil, changed how the soil shear strength parameters were
defined along the interface.

8.4.2 Effect of the Defining the Soil Strength over the Footprint Area
The actual failure surfaces along the tire bale-sand and tire bale-clay interfaces
existed within the soil mass, and therefore the soil strength controlled the interface shear
strength. Failure within the soil mass was reached when the shear stresses along the
actual failure surface reached the peak soil shear strength, determined from the small
scale UU direct shear test, and defined as follows:
Fill Sand Strength - τ = σ ⋅ tan φ Sand = σ ⋅ tan30 o

(8.1)

Compacted Clay Strength - τ = c Clay + σ ⋅ tan φ Clay = 1653 psf + σ ⋅ tan23o

(8.2)

Where τ is the peak soil shear resistance, σ is the applied normal stress, and φSand, cclay,
and φClay are the shear strength parameters for the sand and clay soils (Table 8.1). If the
actual failure surface area within the soil mass is known (AA), then Equations 8.1 and 8.2
can be used to define the interface strength of the tire bale structure. However, in order
to neglect the unknown failure surface area along the interface, the footprint area was
used to define the interface stresses over a known and constant area. The benefit of using
the footprint interface model was that the stresses were easily calculated and could be
directly used within a stability analysis. The footprint interface model shear strength
parameters were determined by curve fitting a linear failure envelope to the yield
strengths determined from the tire bale-soil interface test, defined as follows:

τF =

T
N
= c tb +
⋅ tanφ tb
AF
AF

(8.3)

Where ctb and φtb are the fitted interface shear strength parameters for the tire bale-soil
interface (provided in Table 8.1), and AF is the footprint area.
Analysis for the Tire Bale-Sand Interface
The actual failure surface area within the sand mass varied with the loads applied
to the mobile tire bale. The peak shear stress (τ) mobilized along the actual sand failure
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surface area was therefore dependent on the applied normal load (N) and the varying
actual failure surface area (AA[T,N]), as follows:

τ=

N
tanφSand
A A [T, N]

(8.4)

Where AA[T,N] is a function of the normal and shear loads. The influence of the varying
failure surface area was quantified by assuming an approximately linear change in the
actual failure surface area between 19 ft2 and 25 ft2. The normal stresses along the
varying actual failure surface and along the constant footprint area (22.5 ft2) are provided
in Figure 8.21 for the range of applied normal loads.
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Figure 8.21: Normal Stresses Defined over a Varying and a Constant Area.
The effect of the varying failure surface area is an altered relationship between the
normal stress and applied normal load as compared to the constant footprint area normal
stress. When using the footprint area to define the interface stresses, the sand shear stress
(mobilized along the actual failure surface which was defined using the assumed AA[T,N]
and Equation 8.6) is plotted against the normal stress along the constant failure surface
(footprint) area to produce a tire bale-sand interface failure envelope (Figure 8.22). The
resulting failure envelope has a cohesion intercept and different friction angle as
compared to the failure envelope for the sand only strength defined in Equation 8.1. The
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correct shear stress along the actual failure surface is therefore plotted against assumed
normal stresses acting along the footprint area.
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Figure 8.22: Shear Stresses for the Varying and Constant Areas Plotted Against the
Normal Stress along the Footprint Area.
Defining the stresses along the tire bale-soil interface with the footprint interface
model (constant failure area) therefore represented the effects of the varying sand failure
surface area (AA[T,N]) with the fitted values of the tire bale-sand interface shear strength
parameters (ctb and φtb). The interface shear strength parameters for the tire bale-sand
footprint interface were related to the sand only strength utilizing a coefficient of
interaction and assumed cohesion intercept, defined as follows:

τ F = c TB + σ F ⋅ tan (Cφ ⋅ φ Sand )

(8.5)

Where cTB is the assumed cohesion (15 psf), τF and σF are the footprint shear and normal
stresses, φSand is the sand friction angle, and Cφ is the coefficient of interaction for the
sand friction angle. The values of the assumed cohesion and coefficient of interaction for
the fill sand used during the direct shear tests are 15 psf and 0.8, respectively.
Analysis for the Tire Bale-Compacted Clay Interface
The short term deformation along the tire bale-compacted clay interface was
characterized by the tire ridges sliding across the stiff compacted clay mass.
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The

displacement of the tire ridges resulted in the formation of discrete resisting clay ridges,
with the undrained shear strength of the clay controlling the strength along the ridge base.
The actual sheared area within the clay soil was visually observed to be less than that of
the assumed tire bale footprint area used to define the interface shear strength parameters.
The effect of the defining the soil stresses along the much larger footprint area was
quantified using the linear failure envelope equation. The linear shear strength equation
for the actual failure surface is defined as follows:
T = 1653psf ⋅ A A + N ⋅ tan 23 o

(8.6)

The linear strength equation for the tire bale-clay footprint area interface was defined as
follows:
T = 17psf ⋅ 22.5ft 2 + N ⋅ tan 22 o

(8.7)

The only unknown parameter for the two strength equations is the actual failure surface
area along the base of the resisting clay ridges (AA).
Values of the horizontal shear load (T) measured during the large scale direct
shear test were used to determine the value of AA for the compacted clay layer. The
calculated actual failure surface area ranged from 0.2 ft2 to 0.23 ft2 for the range of
applied normal loads, approximately 1% of the assumed footprint area used to define the
interface shear strength parameters. The limited range of the actual failure surface area
resulted in similar friction angles for the tire bale-clay interface and clay mass. However,
the difference in the assumed (footprint) and actual failure surface areas resulted in the
large decrease in cohesion.
The shear strength parameters for the tire bale-clay footprint interface area were
also related to the clay only strength utilizing a set of coefficient of interactions, defined
as follows:

τ F = C C ⋅ c Clay + σ F ⋅ tan (C φ ⋅ φ Clay )

(8.8)

Where τF and σF are the footprint shear and normal stresses, φClay is the clay friction
angle, cclay is the cohesion for the clay, and CC and Cφ are the coefficient of interactions
for the short term clay cohesion and friction angle. The value of the cohesive coefficient
of interaction for the clay is defined as the ratio of the actual failure surface area to the
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footprint area (CC = 0.01), and the friction angle coefficient of interaction is controlled by
the varying actual failure surface area (Cφ = 0.96).

8.4.3 Use of Tire Bale-Soil Interface Direct Shear Test Results in Design
A tire ridge interface model analysis was used to illustrate that although the soil
strength control the tire bale-soil interface strength, defining the stresses over the
footprint area (and not the actual failure surface) resulted in a different set of interface
shear strength parameters. The benefit of defining the stresses with the footprint interface
model is that the constant failure surface area can be easily modeled in stability analyses.
The results from the tire bale-soil direct shear test and the tire ridge interface model were
used to define a series of coefficients of interaction that relate the soil shear strength
parameters to the footprint interface shear strength parameters.

A summary of the

coefficients of interaction for the fill sand and compacted clay are presented in Table 8.2.

Table 8.2: Coefficients of Interaction for the Fill Sand and Fire Clay Interfaces.
Material

Coefficients of Interaction
CC
Cφ

Fill Sand

Assume c = 15 psf

0.8

Compacted Clay

0.01

0.96

The coefficients of interaction for the sand and clay were both less than 1,
indicating that the footprint interface strength will be less than the soil only strengths that
are defined along the same footprint area. Although the interface strength of only two
soils were determined, it may be assumed that the short term behavior for the fill sand
and fire clay can be applied for similar soils so that the short term strength parameters for
the tire bale-soil interfaces can be predicted.

8.5 Summary of the Tire Bale-Soil Interface Tests
The large scale direct shear test was used to characterize the interface
deformations and strength of two tire bale-soil interfaces. The failure surface along the
interface was observed to develop within the soil mass, indicating that failure that was
controlled by the soil strengths. Shear strength parameters were defined for the tire bale129

sand and tire bale-compacted clay fill interface using the footprint interface model. The
footprint interface strength parameters were not similar to the soil shear strength
parameters defined from the UU direct shear test. A tire ridge interface model analysis
was used to illustrate the differences in the soil only strength and the tire bale interface
strength. The analysis provided evidence that the difference in the soil only and interface
strength parameters was due to defining the actual peak soil shear strengths (acting along
the actual failure surface within the soil mass) onto the assumed footprint area of the tire
bale. Coefficients of interaction were defined for the two soils tested to relate the soil
only strength parameters to the shear strength parameters for the tire bale-soil interface.
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Chapter 9: Influence of Orientation on the
Interface Shear Strength of Block Tire Bales
The orientation of the block tire bales within the structures reviewed as part of the
case histories was not consistent, yet the strength along the interface has only been
characterized in the longitudinal direction. A transverse direct shear test was developed
for the block tire bale only interface to determine the influence of tire bale/load
orientation on the interface shear strength. Dry and partially wetted interfaces were
tested under transverse conditions to illustrate the influence of water on the interface
strength.

The physical characteristics of the tire bales that controlled the interface

strength of the transverse structure were also quantified with the tire ridge interface
model developed for the longitudinal tire bale structure.

9.1 Transverse Large Scale Direct Shear Test Setup
The final phase of the large scale direct shear testing program for the block tire
bales was a series of tests in which the horizontal shear load was applied perpendicular to
the baling wires (along the width axis) to determine the anisotropy of the interface
strength.

It was assumed that the longitudinal direction of loading (shearing in the

direction parallel to the baling wires) would provide the highest shearing resistance since
the tire ridges along the interface are forced to slide over each other, as illustrated using
the tire ridge interface model in Chapters 6 and 7. Displacement in the transverse
direction will alter displacement along the tire ridge contacts, which results in a different
interface shear strength.

The influence of the bale/load orientation on the interface

strength has not been characterized, and therefore the longitudinal strength may not be
applicable to the design of all structures.
The transverse tire bale structure was modeled by rotating all bales ninety (90)
degrees so that the horizontal shear load was applied perpendicular to the baling wires, as
shown in Figure 9.1. The instrumentation setup for the transverse test was similar to the
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longitudinal tire bale test, with long range potentiometers used to measure the horizontal
displacements of the mobile tire bale, an LVDT used to measure the vertical
displacement of the tire bale, and a button load cell used to measure the applied shear
load. The strain rate of the mobile tire bale was maintained at approximately 4 in./min
for each test. The stresses along the interface were defined using the footprint area of the
tire bale, defined as the product of the average tire bale length and width.

Figure 9.1: Transverse Large Scale Direct Shear Test Setup.
A void space along the interface, due to the curves surfaces between the two
stationary bales, caused a loss in contact along the front of the mobile bale which resulted
in a rotation deformation (Figure 9.2). The location of the horizontal shear load was
adjusted so that it was applied at the mid-height of the tire bale to counteract the rotation.

Figure 9.2: Rotation of the Transverse Mobile Bale along the Stationary Bale Layer.
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9.2 Large Scale Direct Shear Test Results for Transverse Block Bales
The interface shear stress versus front bale displacement curves for the dry and
partially wetted transverse interfaces are provided in Figures 9.3 and 9.4, respectively.
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Figure 9.3: Transverse Interface Shear Stress versus Front Displacement for the Dry
Block Tire Bales.
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Figure 9.4: Transverse Interface Shear Stress versus Front Displacement for the
Partially Wetted Block Tire Bales.
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The curvature of the stress-displacement curves was divided into three sections
representing the behavior of the mobile tire bale due to the horizontal shear load. At low
applied shear loads (Section 1), the strength of the tire bale structure was controlled by
the compression of the shear loaded interface, with no displacement measured at the rear
of the bale (as shown in Figure 9.5). The initiation of the rigid displacement of the bale,
or Section 2 of the curve, represented a mobilization of the shear resistance due to a
horizontal displacement along the interface. The post-peak condition along the interface,
or Section 3, was characterized by a rigid displacement of the mobile bale (front and rear
horizontal displacements were approximately the same) and no shear strength loss with
continued displacement.
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Figure 9.5: Front and Rear Displacements of the Transverse Mobile Tire Bale.
The front and rear horizontal displacement of the transverse mobile bale presented
in Figure 9.5 provides evidence of a larger bale compression for the transversely loaded
arrangement as compared to the longitudinally loaded arrangement (Figure 6.3). The
total compression of the bale, defined as the difference between the front and rear
displacements, increased from 1.4 in. to 2.7 in. for the longitudinal bales to 1.7 in. to 5.6
in. for the transverse bales. The increase in compression was attributed to an increase in
the compression of the curved shear loaded interface (Figure 9.6). The horizontal strain
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of the transverse bales due horizontal shear stresses was defined as the front displacement
of the tire bale divided by the width of the bale, as follows:

εH =

∆F
W

(9.1)

Where ∆F is the front displacement of the bale and W is the average width of the tire bale.
Horizontal strains for the longitudinal tire bale structure, determined using Equation 6.1,
ranged from 6% to 10% for the range of normal stresses tested. Values for the transverse
structure ranged from 6% to 14% for the same range of normal stresses.
(a) Before Shear Loading

(b) After Shear Loading

Figure 9.6: The Transverse Shear Loaded Interface (a) Before and (b) After Loading.
The vertical displacement of the mobile tire bale is provided in Figure 9.7 for a
dry transverse interface test.

The results provide evidence of a limited vertical

displacement of the mobile tire bale with increasing interface shear resistance, and a
downward movement of the bale after the yield condition was reached. The downward
movement was attributed to the rotation of the bale into the large void along the interface
between the stationary bales, and not a downward displacement along the tire ridge
contacts along the interface.
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Figure 9.7: Vertical Displacement of the Mobile Tire Bale and Transverse Interface
Shear Strength for the Dry Block Tire Bale.
The stress-strain curvature was similar for both the longitudinal and transverse
tire bale structures, and the increase in compression of the bale was attributed to larger
compressions of the shear loaded facing. However, the vertical displacement of the
mobile bale provided evidence that the interaction of the tire ridges along the interface
were not the same for the two structures, which was attributed to the change in direction
of sliding along the tire ridge contacts.

9.3 Failure Envelopes for Transverse Block Bales
The failure, or yield, shear resistance along the transverse interface was
determined using the bi-linear method to remain consistent with the definition of failure
for the longitudinal structure. The interface shear strengths determined for the dry and
partially wetted transverse structures are shown in Figure 9.8. The yield shear stresses
were represented with linear Mohr-Coulomb failure envelopes, as shown in the figure.
The presence of moisture along the interface resulted in a decrease in the interface
strength of the bales.

The results from the transverse tests were compared to the

longitudinal bale strengths to determine the influence of the tire bale orientation on the
strength.

The failure envelopes for the dry and partially wetted longitudinal and

transverse tire bale structures are provided in Figure 9.9.
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Figure 9.8: Failure Envelopes for Dry and Partially Wetted Transverse Block Tire
Bales.
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Figure 9.9: Failure Envelopes for the Longitudinal and Transverse Block Tire Bales
for Dry and Partially Wetted Conditions.
The friction angles for the longitudinal and transverse block bale structures were
similar for both the dry and partially wetted conditions, with a decrease in the cohesion
intercept for the transverse interface. The effective shear strength parameters for the
block tire bale structures are provided in Table 9.1.
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Table 9.1: Longitudinal and Transverse Shear Strength Parameters for the Block
Tire Bales.
Longitudinal Structure
c' (psf)
φ' (o)

Transverse Structure
c' (psf)
φ' (o)

Dry Interface

21

35

0

38

Partially Wetted Interface

15

28

0

26

The decrease in the cohesion for the transverse tire bale interface provided
evidence of a small anisotropy of the interface strength. The tire ridge interface model
was used to illustrate how changing the loading orientation, or tire bale structure
alignment, altered the physical characteristics that control the strength of the interface.

9.4 Tire Ridge Interface Model for the Transverse Interface
The geometric characteristics needed to define the tire bale interface did not
change due to the transverse placement of the tire bales. The interface between the layers
of tire bales was still characterized by a series of random and discrete contact areas
between the tire ridges. The transverse tire ridge interface model was therefore identical
to the longitudinal tire ridge interface model developed in Chapter 6 (Figure 9.10), with
the exception that the direction of loading was different for the two models (refer to
Figure 9.13).
Direction of Shear
Loading: Perpendicular
to the Page

Figure 9.10: Tire Ridge Interface Model for the Transverse Tire Bale Interface.
The three geometric parameters needed to define the transverse tire ridge
simplified interface were the same as those for the longitudinal interface, the contact area
between the tire ridges, the inclination angle of the contact area, and the initial opening
along the interface (Figure 9.11).
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the Page

Figure 9.11: Geometric Parameters of the Transverse Tire Ridge Models.
9.4.2 Initial Interface Opening
The initial interface opening represents the displacements along the interface
required to reach the critical placement. The displacements were divided into horizontal
and vertical components to illustrate the variable deformations along the tire ridge
contacts. The vertical displacement of the transversely loaded mobile tire bale (Figure
9.7) indicated little correlation between the mobilized shear resistance and the limited
vertical displacement of the bale before the yield interface shear strength. The limited
vertical displacement of the transverse structure, as compared to the complex relationship
measured during the longitudinal direct shear tests, provides evidence that the interaction
between tire ridges along the interface changed due to the direction of sliding of the
mobile bale (as discussed for the inclination angle analysis).
The initial horizontal opening of the tire bale interface was defined as the rigid
displacement of the bale required to reach the yield interface shear resistance. The rigid
displacement of the mobile tire bale is shown in Figure 9.12 for the dry longitudinal and
transverse bale structures. The rigid displacement of the transverse structure was less
than that of the longitudinal structure, indicating that failure was reached at lower
displacements along the transverse interface.

The lower rigid displacement was

attributed to a reduction in the deformation of the flexible tire ridges during the horizontal
displacement. The deformation of the tire ridges for the longitudinal structure (ridges
sliding over each other along the interface) was inferred from a “popping” noise along the
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interface during the horizontal displacement of the tire bale. The noise was attributed to
the quick unloading deformation of the tire ridges after contact was lost and
corresponding to an instantaneous decrease in shear strength. A similar noise was not
heard for the transverse structure, indicating that the tire ridges were no longer deforming
due to the imposed horizontal shear displacement.

Rigid Displacement at Failure (in.)

4

Longitudinal Interface
Transverse Interface

3.5
3
2.5
2
1.5
1
0.5
0
0

100
200
300
Interface Normal Stress (psf)

400

Figure 9.12: Rigid Displacement of the Mobile Tire Bale for the Longitudinal and
Transverse Block Tire Bales.
The rigid displacements for the longitudinal and transverse structures is a
misleading parameter when attempting to determine which structure would deform less
due to the applied horizontal shear loads. Although the rigid displacements measured for
the transverse tire bales were lower than for the longitudinal bales, the parameter only
defined the deformations along the interface. The total horizontal deformation (or strain)
of the transverse mobile tire bale, defined as the front displacements of the mobile bale
(Equation 9.1), were higher that the deformations measured for the longitudinal bale
structure over the same stress range.

9.4.3 The Actual Contact Area
The actual contact area along the tire ridge interface was used to illustrate the
difference between the actual and the assumed footprint interface failure surfaces. The
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properties of the tire bale interface that controlled the contact area were the same for the
longitudinal and transverse structures, characterized by the discrete contact points
between the variable tire ridges along the tire bale surfaces.

Although direct

measurements of the actual contact area for the transverse tire bale interface were not
measured, it was assumed that the actual contact area along the transverse interface was
the same as the longitudinal interface.

9.4.4 Dilatancy Angle versus the Inclination Angle
The discrete contact (failure) surfaces between tire ridges for both the transverse
and longitudinal tire bale interfaces were characterized with an inclination angle (Figure
9.11). The direction of sliding along the tire ridge contacts altered how the inclination
angle influenced the shear stresses mobilized along the interface.

The longitudinal

loading caused a horizontal deformation that forced the tire ridges to slide over each
other. The transverse loading caused a horizontal deformation that forced the tire ridges
to slide along each other (Figure 9.13), which resulted in the limited vertical
displacements of the mobile tire bale.
Longitudinal
Loading
Direction
Transverse
Loading
Direction

Figure 9.13: Tire Ridge Interface Model for the Longitudinal and Transverse Loading
Directions.
The inclination of the tire ridges for the longitudinal structure (referred to as the
dilatancy angle) offered resistance along the direction of sliding and resulted in the tire
ridges sliding over each other. The cohesion intercept and altered friction angle (as
compared to the flat tire plate friction angle) defined along the footprint area was a result
of the inclination (dilatancy) angle of the contact areas.

An illustration of the

longitudinal tire ridge contact is provided in Figure 9.14 a. Force equilibrium in the
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direction of shear loading was used to illustrate the relationship between the normal stress
along the actual contact area and the applied normal and shear loads, as follows:

σ=

T ⋅ sinα + N ⋅ cosα
AA

(9.2)

Loads applied (shear or normal) along the interface contribute to the normal stress along
the inclined contact area. Therefore, any load applied to the contact area will result in the
mobilization of a shear resistance, resulting in the apparent cohesion along the
longitudinal footprint interface.

Figure 9.14: Single Tire Ridge Contact for the Longitudinal Loading Direction.
The inclination of the tire ridges for the transverse structure was in parallel to the
direction of sliding, and therefore the tire ridges were only forced to slide along each
other (Figure 9.15). The angle in the direction of loading (dilatancy angle) was therefore
zero, resulting in the cohesion of zero for the transverse structure.

Figure 9.15: Illustration of the (a) Mobile and Stationary Tire Ridges and (b) Stresses
along the Tire Ridge Contact Area for Transverse Loading.
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The inclination of the tire ridges did, however, influence the normal stresses along
the tire ridge contact areas. The influence of the inclination angle on the normal stress
was determined utilizing force equilibrium in the direction of the applied shear load
(Figure 9.15 b), as follows:
T=

σ ⋅ AA
N
tan φ TP =
⋅ tan φ TP
sinϕ
sinϕ

(9.3)

Where ϕ is the average inclination angle of the tire ridges (referred to as α for the
longitudinal loading direction), φTP is the frictional strength between the tire ridges
(assumed to be the same as the averaged strength between two flat tire plates, 33o), and N
and T are the applied vertical normal and horizontal shear loads, respectively. The
horizontal force equilibrium defined using the footprint interface model was as follows:

T = N ⋅ tan φ TB

(9.4)

Where φTB is the friction angle determined from curve fitting the linear failure envelope
to the yield shear strength values shown in Figure 9.8. Defining the shear strength over
the footprint interface model combined the influence of the tire ridges inclination (ϕ) into
the interface friction angle parameter (φTB). The average inclination of the transverse tire
ridge contact areas, calculated by setting Equations 9.3 and 9.4 equal, ranged from 28o to
30o. Values of the transverse inclination angle were larger than the average dilatancy
angles calculated for the longitudinal tire ridge contacts. The smaller values of the
dilatancy angle for the longitudinal tire ridge contacts was attributed to deformations of
the tire ridges due to the horizontal sliding of the ridges over each other reducing the
contact area angle.

9.5 Long Term Benefits of the Transverse Tire Bale Structure
A benefit of utilizing the transverse placement is evident when considering the
degradation of the tire baling wires with time, as illustrated with a tire bale fill
embankment (Figure 9.16). When tire bales are placed in the longitudinal manner (baling
wires parallel to direction of maximum horizontal loads), any degradation of the baling
wires would result in a tire bale expansion and subsequence pressures applied to the soil
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covering. Placing the bales in a transverse manner (baling wires perpendicular to the
direction of maximum loading), wire breakage would result in the expansion of the bale
in a direction of confinement by the surrounding tire bale structure.

Figure 9.16: Illustration of Longitudinal and Transverse Tire Bale Placement in a
Tire Bale Embankment.
The placement and orientation of the tire bales within the structure may be altered
to take into account the long term behavior of the bale, when the baling wires have
degraded and fail. The strengths of the longitudinal and transverse bale structures are
similar, and therefore the stability of both bale structure will be the same. Additional
long term considerations of the tire bales are presented in Chapter 13.

9.6 Summary of the Transverse Direct Shear Test Results
The strength of the transverse block tire bale interface was determined using the
large scale direct shear test. The tire bales were rotated so that the applied shear load was
perpendicular to the baling wires. The behavior of the tire bale structure was similar to
that of the longitudinal tire bale structure, in which the interface strength was mobilized
due to both a compression and rigid displacement of the mobile bale. The yield (failure)
shear stresses along the interface, defined using the footprint area, were modeled with a
linear failure envelope characterized only with a friction angle. The difference in shear
strength for the transverse and longitudinal bale arrangements was illustrated using the
tire ridge interface model. The direction of sliding along the tire ridge contacts altered
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how the contact area inclination influenced the stresses along the contact areas. Although
the strength of the transverse structure was less than that of the longitudinal, the
transverse placement of the tire bales may still be more beneficial when considering the
long term conditions of the tire bale structure.

9.7 Summary of the Large Scale Direct Shear Test Results for Block
Tire Bales
The objective of the large scale direct shear test presented in Chapters 6 to 9 was
to obtain a set of shear strength parameters for the design of block tire bale structures.
The direct shear test was modified to include moisture, soil infill, and different bale
orientations. The complex interaction of the tire bales along the sheared interface was
simplified by defining the stresses along a flat and continuous footprint area.

The

stresses along the footprint were represented with linear strength parameters that can be
directly applied to a continuous failure surface within a limit equilibrium or numerical
analysis.
Although stresses were defined along a continuous flat failure surface, the
interface strength was controlled by the jagged and irregular tire ridges along the bale
surfaces. A tire ridge interface model was used to quantify the physical characteristics of
the contact areas. The decrease in strength due to moisture, difference between the tire
bale-soil layer strength and soil only strength, and anisotropy of the interface strength
were all analyzed using the tire ridge model.

The tire ridge model was useful in

quantifying how the irregular tire bale surface controls the strength of the tire bales, a
factor that is neglected when defining stresses along the footprint area.
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Chapter 10: Vertical Compressibility of Block Tire
Bales
The results from a series of one-dimensional vertical compression tests conducted
on block tire bales are presented in this chapter.

The compression test setup and

procedure is presented in Chapter 5, along with an equivalent tire bale mass used to relate
the laboratory deformations to the field structure. The deformations associated with
rapid, cyclic and sustained loading are presented in this chapter.

10.1 Deformations of the Tire Bale Structure due to Rapid Loading
The deformation of the tire bale structure due to rapid loading was determined by
measuring the vertical displacement of the tire bales due to a continuous increase and
subsequent decrease in the vertical compressive load. The continuous loading phase of
the compression test was completed in less than two (2) minutes. Two and three block
tire bale arrangements were tested as part of the rapid compression test program to
illustrate the influence of the tire bale placement on vertical compressibility. Horizontal
confinement was simulated by placing nylon straps around the tire bale mass to represent
the discrete confinement provided by the surrounding tire bale structure (Chapter 5.1.3).
Results from the rapid compression test program are presented in this section, along with
a discussion of the equivalent tire bale mass used to relate the laboratory deformations to
the field tire bale structure.

10.1.1 Vertical Strain of Block Tire Bales
The displacements measured during the rapid compression test were used to
determine the influence of the bale stacking arrangement on the tire bale structure
stiffness. The vertical strain of the tire bales was defined as the vertical displacement
measured along the top loading plate divided by the initial height of the tire bale
structure. The results from the rapid compression tests for an unconfined two bale
arrangement and different three bale arrangements are provided in Figure 10.1. The
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normal stress was defined using the footprint area of the bale, which was the same for
both the two and three bale arrangements. The stress-strain curves are non-linear, with an
increase in stiffness during loading, hysteretic unloading curve, and a residual
deformation after unloading.
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Figure 10.1: Stress- Strain Compression Curves for the Unconfined Two and Three
Block Tire Bale Arrangements.
The stacking arrangement of the bales did not influence the stiffness of the tire
bale structure as compared to the variability in stiffness of the different bales used for the
tests. The influence of the tire bale stacking arrangement on the vertical compression
was also determined by comparing compression test data from this testing program
(referred to as Freilich 2009) with results presented in the literature (Figure 10.2). Data
presented by LaRocque (2005) provided additional evidence of a limited influence of
stacking arrangement on the vertical compression. The limited influence of the stacking
arrangement on the vertical compression is related to the compression along the interface,
which controls the deformation of the block tire bale structure. The stiffness of the
interface is dependent on the discrete contact areas between the tire ridges along the
interface, which is not influenced by the stacking arrangement of the bales (see Figure
6.18). The results in Figure 10.2 also indicate that the deformation of a single tire bale
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compressed between two ridged steel plates was higher than that of a multiple bale
structure (Zornberg et al. 2005).
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Figure 10.2: Comparison of Stress-Strain Curves Reported in the Literature.
The vertical strain of the block bales was useful for comparing the results from
this compression test program to those found in the literature. However, the presence of
the top loading plate and bottom rigid floor were not representative of the actual field tire
bale structure. The compression test setup was modified so that the influence of the
loaded boundaries could be minimized to better represent the deformations of the field
structure.

10.1.2 Vertical Strain of the Equivalent Tire Bale Mass
The equivalent tire bale mass was developed to relate the deformations measured
during the rapid loading compression test to the field structure. The block tire bale
structure was divided into separate sections, as shown in Figure 10.3, and the vertical
displacement at each of the section boundaries was measured with potentiometers. The
compression of the equivalent tire bale mass was defined as the combined compressions
of the tire bale mass and tire bale interface, which minimized the influence of the top
loaded boundary and unknown stress distribution in the bottom bales. The development
of the equivalent tire bale mass compression is provided in this section.
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Figure 10.3: Illustration of the Individual Tire Bale Sections.
The vertical displacement measured at each section boundary for an unconfined
three block tire bale arrangement is shown in Figure 10.4. The compression of each
section was defined as the difference in the vertical displacement measured at the top and
bottom of each individual section, as shown in Figure 10.5 for the same test. The
individual section compression curves provide evidence that the compressions of the tire
bale mass and each interface section were different. Therefore, using the total strain of
the tire bale arrangements measured in the laboratory (Figure 10.1) may not be an
appropriate method to determine the deformations of the field tire bale structure.
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Figure 10.4: Vertical Displacement Measured at Each Section Boundary for the
Unconfined Block Bales.
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Figure 10.5: Compression of the Individual Sections for the Unconfined Block Bales.
The compression of the block tire bale mass is less than that of the interfaces, with
approximately 90% of the compression of the bale structure occurring along tire bale
interface. The compression of the tire bale interface was characterized with an increase
in stiffness with applied load, hysteretic unloading curve and residual deformation. The
compression of the top interface, which is the contact of the top tire bale with the steel
loading plate, was less than the tire bale interface. The compression of the bottom bale
layer (bottom bale displacement in Figure 10.4) was higher than the deformation of the
top tire bale mass (tire bale mass curve in Figure 10.5). The influence of the top loading
plate and the bottom bales, which are not representative of the field tire bale structure,
were minimized using the equivalent tire bale mass.
The stress-strain curves for the total tire bale structure and the equivalent tire bale
mass are shown in Figure 10.6. The stiffness of the equivalent tire bale mass is less than
that of the total tire bale structure.

The decrease in stiffness indicates that the

compression of the actual tire bale structure area will be higher than the compressions
predicted with the total strain of the tire bale arrangement (Figure 10.1). A simplified
illustration of the equivalent tire bale mass, consisting of the tire bale mass and interface
(Figure 10.7), illustrates that the equivalent tire bale mass represents a tire ridge interface
model for the tire bale compression.
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Figure 10.6: Stress-Strain Curves for the Total Tire Bale and Equivalent Tire Bale
Mass for the Unconfined Block Bales.

Figure 10.7: Illustration of the Tire Bale Compression Tire Ridge Interface Model.
The geometric properties of the compression tire ridge interface model were the
same as those used for the shear strength testing, the inclination angle of the tire ridge
contacts, contact area between the tire ridges, and initial vertical opening along the
interface. However, the compression tire ridge model (equivalent tire bale mass) also
includes the tire bale mass.
Confined Equivalent Tire Bale Mass Compression
The tire bales in the field will be surrounded by other bales, providing
confinement against the horizontal expansions of the tire bale mass. Two methods were
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utilized to evaluate the influence of confinement on the equivalent tire bale mass
compression (refer to Chapter 5.1.3), as follows:
1. Measure the horizontal expansions of the tire bale mass and define a Poisson’s
Ratio, which is used with an unconfined modulus and orthotropic constitutive
model (Equations 5.2, 5.3 and 5.4) to predict the confined vertical strain of the tire
bales.
2. Simulate the confinement of the tire bale structure (as illustrated in Figure 5.5)
and define a confined modulus which is used with a constitutive model (Equation
5.5) to predict the compressions of the confined tire bale structure.
The horizontal expansions of the tire bale mass, measured at different points
along the midsection of the top unconfined tire bale, are provided in Figure 10.8. The
horizontal expansion at each measurement point was different, indicating a variable
expansion along the bale surface. The Poisson’s Ratio for each measurement point,
defined as the horizontal strain divided by the equivalent tire bale mass vertical strain
(Equation 5.1), are provided in Figure 10.9. The Poisson’s Ratio for the tire bale varies
from 0.05 to 0.21, lower than the value for rubber (0.5). The ratio approaches a constant
value at vertical stresses above 88psf, the normal stress due to a single layer of tire bales.
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Figure 10.8: Horizontal Expansions of the Top Tire Bale Mass.
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Figure 10.9: Poisson’s Ratio for Unconfined Equivalent Block Tire Bale Mass.
The variable horizontal expansions and jagged flexible tire ridges along the
surface of the tire bales result in flexible discrete confinement points along the surface of
the bale, which is difficult to model with a simple orthotropic model. Therefore, the
horizontal confinement was simulated with a series of nylon straps (refer to Chapter 5.1.3
and Figure 5.5) to directly measure the confined stiffness. The confined and unconfined
stress-strain curves for the three bale equivalent tire bale mass are shown in Figure 10.10.
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Figure 10.10: Confined and Unconfined Equivalent Bale Mass Stress-Strain Curves.
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The influence of confinement on each of the individual tire bale section
compressions is shown in Figure 10.11. The stress-strain curves for the unconfined and
confined tire bale interfaces were similar, providing evidence that the presence of
confinement around the tire bale mass did not significantly influence the compressions of
the tire bale interface. Only the stiffness of the tire bale mass was increased due to the
confinement.
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Figure 10.11: Confined Compressions of the Tire Bale Mass and Tire Bale Interface.
The small influence of confinement was attributed to both the limited horizontal
confinement provided along the discrete contact areas, and the negligible influence of
confinement on the interface compressions that control the equivalent tire bale mass.
Comparison of the Tire Bale Interface with a Rock Fault
The compression of the tire bale interface is similar to that of a rock mass
containing a horizontal fault.

The stress-strain curves for both discontinuity planes

(Figure 10.12 for a tire bale interface) are characterized by an increase in stiffness with
applied load, a hysteretic unloading curve and residual deformation after unloading (Jager
et al. 2007). The increase in stiffness along the interface is attributed to an increase in the
vertical shear resistances along the tire ridge contact areas that resist the vertical
compression. In addition, the deformation and differential sliding of the tire ridges
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results in an increase in the interface contact area (as shown in Figure 6.18) and decrease
in the void space along the interface (limiting further deformations).
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Figure 10.12: The Stress-Strain Curve for a Confined Equivalent Tire Bale Mass.
The hysteretic unloading curve for the tire bale interface was attributed to the
mobilized shear resistances along the tire ridge contact areas resisting expansion during
unloading. Shear stresses mobilized during the loading phase are proportional to the
normal stresses along the contact areas and are in resistance to the direction of sliding
along the interface, as illustrated in Figure 10.13 a. At the initiation of the unloading
sequence, the magnitude of the shear resistances along the contact areas remains the
same, but the direction of the resistance is reversed (Figure 10.13 b) due to the change in
direction of the sliding along the contact area.

Figure 10.13: Mobilized Shear Resistance along a Tire Ridge Contact for (a) Loading
and (b) at the Initiation of Unloading.
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The mobilized shear stresses therefore resist the sliding displacements along the
interface, resulting in the hysteretic unloading stress-strain curve.

The hysteretic

unloading curvature of the equivalent tire bale mass represents a loss of energy within the
tire bale structure due to frictional losses (sliding) along the tire ridge contact areas. The
residual deformation along the interface is attributed to small residual shear stresses along
the tire ridge contacts resisting the full recovery of the compressions.

10.1.3 Influence of Tire Bale Variability and Loading Conditions on the Block Tire
Bale Compression
The variability of the equivalent tire bale mass compression, due to the variability
of the tire bales, was determined by conducting the rapid loading compression test on a
series of different tire bale structures. The deformations due to the initial loading of the
structure and associated with cyclic loading were both characterized.
Characterization of the Initial Loading Stress-Strain Curves
The initial loading curves for the confined equivalent tire bale mass are shown in
Figure 10.14 for a series of the block tire bale arrangements. The inconsistency of the
loading curves was attributed to the variability of the individual tire bales and the
variability of the tire bale interface for each tire bale arrangement. Two methods were
utilized to model the non-linear stress-strain curves, defining a secant modulus and fitting
the curves with a rock mechanics constitutive model.
The secant modulus was defined as the applied compressive stress (σ) divided by
the resulting equivalent tire bale mass strain (ε), as follows:
E SECANT =

σ
ε

(10.1)

The secant moduli for the different compression curves are provided in Figure
10.15. The high value of the secant modulus at normal loads less than 50 psf was
attributed to small seating deformations along the top loaded interface limiting the
displacements within the equivalent tire bale mass. The values of the secant modulus for
compressive stresses above 88 psf are a more appropriate for the deformation analysis of
the tire bale structure (Figure 10.16).
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Figure 10.14: Initial Loading Stress-Strain Curves for the Confined Equivalent Tire
Bale Mass.
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Figure 10.15: Secant Moduli of the Initial Loading Stress-Strain Curves for the
Equivalent Tire Bale Mass.
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Figure 10.16: Secant Moduli for the Expected Range of Normal Stresses.
The variable stiffness of the tire bales within the structure was taken into account
by defining the average secant modulus, shown in Figure 10.16. The average secant
modulus was fitted with an exponential function and combined with Equation 10.1, as
follows:

ε=

σ
 -σ 
8413 + 10.5σ + 7316 exp

 182 

(10.2)

Where σ is the compressive stress along the top surface of the bale, and ε is the
corresponding vertical strain for the tire bale.
The non-linear deformation of the tire bale interface was also modeled utilizing a
constitutive model developed for rock fractures.

The rock model uses variables to

characterize the non-linear behavior that are related to actual mechanical and physical
properties of the tire bale interface. A constitutive model, presented by Bandis et al.
(1983), was used to model the vertical strain (ε) and normal stiffness (κn) of the tire bale
interface with the applied compressive stress (σ), as follows:

ε=

δ 
σ
= 
δm σ +κo ⋅δm
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(10.3)

Where δ is the vertical joint (interface) closure (compression), κo is an empirical initial
stiffness value, and δm is the maximum joint closure. The normal stiffness of the tire bale
interface has units of stress over length. Equation 10.3 was fitted to the initial loading
curves for the tire bale interface to determine the joint closure and initial normal stiffness
values for each interface (Table 10.1). The value of the interface joint closure was less
than the thickness of the tire bale interface, which was approximately 0.67 ft for all tire
bale structures. The stiffness of the tire bale mass, which is not taken into account with
the rock fracture model, was represented with a linear modulus value defined using
Equation 10.1. Values of the tire bale mass modulus ranged from 80,000 psf to 130,000
psf, with an average value of 103,000 psf.

Table 10.1: Joint Closure and Initial Normal Stiffness for the Tire Bale Interface.
Test No.
1
2
3
4
5
6
Average
St. Dev.

Bandis et al. (1983) Parameters

κo (psf/ft)

δm (ft)

6140
6030
4691
6150
6378
5467
5809
627

0.49
0.51
0.68
0.50
0.49
0.80
0.58
0.13

Characterization of the Cyclic Stress-Strain Behavior
The compressions of a tire bale structure in which the compressive loads are
varied over time are not the same as the compressions due to the initial loading. The
rapid loading compression test procedure was modified to determine the compressions
due to cyclic loading. Rapid cyclic tests were conducted by applying a continuous
increase in vertical compressive load, and then allowing a 0.1 second load reduction and
subsequent reloading cycle on a confined three block bale arrangement. The stress-strain
curves from two rapid cyclic tests are shown in Figure 10.17. The stiffness of the
reloading curves was approximately linear over the small change in stress, and was
higher than the stiffness of the initial loading curves. The stiffness of the cyclic curves
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for the confined equivalent tire bale mass was approximated with a linear modulus (EC,C),
defined as follows:
E C,C =

∆σ

(10.5)

ε

Where ∆σ is the change in applied normal stress and ε is the corresponding strain for the
cyclic loading. The cyclic modulus was 24,900 to 29,040 psf for the two tests, higher
than the initial loading secant modulus range of 15,000 to 20,000 psf.
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Figure 10.17: Cyclic Compression Curves for the Confined Equivalent Tire Bale Mass.
The increase in stiffness of the tire bale interface due to cyclic loading was
determined using a series of full unloading and recompression cyclic tests, in which the
loading cycles were more accurately controlled and multiple loading/unloading cycles
could be conducted. The stress-strain curve for a series of loading-unloading cycles on a
confined three block bale arrangement is provided in Figure 10.18. The stiffness of the
second and third loading cycles were both similar, and were higher than that of the
stiffness due to the initial loading of the bales. The increase in stiffness during the
recompression load cycle was due to a decrease in the compression along the tire bale
interface, as shown in Figure 10.19 for the first and second loading cycles. There was no
evidence of an increase in stiffness of the block tire bale mass due to cyclic loading.
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Figure 10.18: Initial Loading and Recompression Stress-Strain Curves for the
Confined Block Bales.
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Figure 10.19: Initial and Recompression Loading Stress-Strain Curves of the
Individual Tire Bale Sections.
Full recompression tests were conducted for different block tire bales for initial
and second loading cycles (Figure 10.20). The recompression loading curves are shifted
to intercept the origin to illustrate the increase in stiffness for the bale structures.
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Figure 10.20: Initial and Recompression Stress-Strain Curves for the Confined Block
Tire Bales.
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The results from the cyclic and recompression load tests provide evidence that the
cyclic and initial deformations of the tire bale structure are different. The increased
cyclic stiffness of the bale structure was due to an increase in the stiffness along the tire
bale

interface,

which

was

directly

measured

during

the

series

of

cyclic

unloading/reloading tests.

10.2 Deformation of Block Tire Bales due to Sustained Loading
The large scale compression test was conducted on the unconfined three block tire
bale arrangement to characterize the creep deformations due to sustained loading. The
test procedure consisted of applying and maintaining a vertical load to the block tire bale
arrangement while measuring vertical displacements.

A compressive load-vertical

displacement curve for the long term compression test is shown in Figure 10.21.
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Figure 10.21: Load-Displacement Curve for a Sustained Loading Test.
The creep deformation of the tire bale structure was defined as the bale
compression occurring after the sustained compressive load was reached.

The

displacements measured at the intersection of each of the tire bale structure sections were
used to quantify the creep compressions along the bale mass and bale interface (Figure
10.22). The individual compression curves indicate that most of the creep compression
occurred along the tire bale interface, and not within the tire bale mass. The vertical
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creep strains measured along the top loaded boundary were used to characterize the
maximum expected creep deformations within the tire bale structure (Figure 10.23). The
creep deformations curves are linear with the logarithm of time, indicating that sustained
loads only need to be applied for few days to characterize the long term deformations.
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Figure 10.22: Creep Compressions for the Tire Bale Structure and Individual Bale
Sections.
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Figure 10.23: Creep Strains versus Elapsed Time for the Sustained Loading Tests.
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The creep strains were modeled with a linear equation (in semi-log space) and
modulus defined as the slope of the linear portion of the creep curve. The modulus of the
creep curve (Tα), referred to as the creep index for geosynthetics (Zornberg et al. 2004 a),
is analogous to the Cα variable defined for secondary, or creep, compression of soils in a
consolidation test. The total creep strain of the tire bale structure was defined as follows:

 t
 to

ε CR = Tα ⋅ log





(10.6)

Where t is the time of interest (or the expected lifetime of the structure), t0 is the time at
the end of initial loading/beginning of sustained loading, and εcr is the total creep strain of
the structure. The values of Tα for the block tire bale ranged from 0.18 at the lower
applied normal loads to 0.28 at the higher normal loads, higher than the value of 0.017
reported by LaRocque (2005). Values of Tα presented by Zornberg et al. (2004 a) ranged
from 1.5 to 3.5 for geosynthetics loaded from 20 to 80 percent of the failure load. Values
of Cα for soil can range from 0.016 to 0.6 for fined grained soils (Holtz and Kovacs
1981), as measured in a consolidation test or back calculated from field measurements.
The results provided evidence that the creep deformations of the tire bale structure will be
less than, if not similar to, the creep deformations of the soil or geosynthetic alternatives
used in construction.

10.3 Summary of Compression Test Results for Block Tire Bales
A large scale vertical compression test was used to characterize the compression
of the block tire bales under rapid, cyclic, and sustained loading. The results from the
compression tests indicate that the tire bale interface controls the deformation of the
block tire bale structure. An equivalent tire bale mass model was developed to reduce the
influence of the top loaded interface and the bottom layer of tire bales on the compression
of the tire bale structure, which results in a lower predicted stiffness of the block tire bale
structure. The compression of the equivalent tire bale mass was compared with that of a
rock mass with horizontal fault, characterized with an increase in stiffness with loading
and hysteretic unloading curve. The rapid loading stress-strain curves were modeled with
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a secant modulus and a rock mechanics constitutive relationship. Results from the cyclic
compression test of the block bales provide evidence that the cyclic deformations were
less than deformations due to the initial rapid loading. The increase in cyclic stiffness
was attributed to and increase in the stiffness (decrease in compression) along the tire
bale interface. The creep deformations of the block bales were characterized using a
sustained loading compression tests and modeled with a creep index parameter.
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Chapter 11: Influence of Tire Bale Geometry on
the Interface Shear Strength
The influence of the individual tire bale geometry on the strength of the tire bale
structure was determined using the large scale direct shear test for the longitudinal and
column cylinder tire bale arrangements. The large scale direct shear test results for the
cylinder bale arrangements are presented in this chapter and compared with the strengths
determined for the longitudinal block tire bale arrangement. The tire ridge interface
model was also used to represent the physical characteristics of the cylinder bale
interfaces.

11.1 Direct Shear Test Results for the Cylinder Tire Bales
The influence of the tire bale geometry was determined by plotting a series of
stress-displacement curves for the cylinder bales determined from the direct shear test
and defining a yield (failure) criterion. Dry and partially wetted interfaces were tested to
quantify the effect of water on the strength. The front bale displacements were used for
the stress-displacement curves since the strain rate at the shear loaded (front) interface
was maintained at a constant value for all tests. Stresses were defined over the footprint
area, as illustrated for the longitudinal and column arrangements in Figure 4.19.

11.1.1 Direct Shear Test Results for the Longitudinal Cylinder Bales
The stress-displacement curves for the dry and partially wetted longitudinal
cylinder bale arrangements are provided in Figures 11.1 and 11.2, respectively. The three
distinct sections of the stress-displacement curves, as defined for the block tire bales in
Chapter 6.1, were evident for the cylinder bales at lower normal loads. The three sections
were the compression of the shear loaded interface (Section 1 in Figure 11.3), the
initiation of a rigid deformation and further horizontal compression of the mobile tire
bale along the interface (Section 2 in Figure 11.3), and the rigid displacement of the
mobile bale after failure along the interface (Section 3 in 11.3). At the higher normal
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stresses, there was no distinction between Sections 2 to 3, attributed to a continuous
increase in the horizontal compression of the cylinder tire bale (Figure 11.4).

The

continuous horizontal compression was also measured at higher normal stresses for the
block tire bales, but was less than 0.5 in. at the highest normal stress.
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Figure 11.1: Longitudinal Interface Shear Stress versus Front Displacement for the
Dry Cylinder Tire Bale.
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Figure 11.2: Longitudinal Interface Shear Stress versus Front Displacement for the
Partially Wetted Cylinder Tire Bale.
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Figure 11.3: Front and Rear Displacement of the Longitudinal Cylinder Bale at Low
Normal Stress.
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Figure 11.4: Front and Rear Displacement of the Longitudinal Cylinder Bale at High
Normal Stress.
The horizontal displacement ratio of the cylinder tire bale was used to illustrate
the increase in the deformation of the cylinder bale before reaching failure as compared
to the longitudinal block bales. The ratio was defined as the front displacement of the
mobile bale divided by the initial length of the bale (Equation 6.1). The horizontal ratios
for the longitudinal cylinder and block tire bale structures are provided in Figure 11.5.
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Figure 11.5: Horizontal Displacement Ratio for the Longitudinal Cylinder and Block
Tire Bales.
The measured vertical displacement of the mobile tire bale is shown in Figure
11.6. The increase in interface shear stress corresponded to an upward displacement of
the mobile tire bale due to horizontal shear loads, the opposite of the decreasing vertical
displacement measured for the longitudinal block bale arrangement.
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Figure 11.6: Vertical Displacement and Mobilized Interface Shear Stress for the
Longitudinal Cylinder Tire Bale.
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11.1.2 Direct Shear Test Results for the Column Cylinder Bales
The stress-displacement curves for the dry and partially wetted column cylinder
bale arrangements are provided in Figures 11.7 and 11.8, respectively.
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Figure 11.7: Column Interface Shear Stress versus Front Displacement for the Dry
Cylinder Tire Bales.
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Figure 11.8: Column Interface Shear Stress versus Front Displacement for the
Partially Wetted Cylinder Tire Bales.
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The stress-displacement curve characteristics for the column cylinder bale
arrangement were similar to those for the longitudinal cylinder bale arrangement. The
three sections of the bale deformations were present at lower normal stresses (Figure
11.9) and a continuous increase in horizontal compression was measured at the higher
normal stresses (Figure 11.10).
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Figure 11.9: Front and Rear Displacements for the Column Cylinder Bale Tire Bale
at Low Normal Stress (104 psf).
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Figure 11.10: Front and Rear Displacements for the Column Cylinder Tire Bale at
High Normal Stress (532 psf).
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The vertical displacement and mobilized interface shear stress for the column tire
bale arrangement is shown in Figure 11.11. It was noted that the distance from the top of
the mobile bale (in which the vertical displacements were measured) to the sheared
interface resulted in vertical displacements that were not representative of the interface
deformations due internal the deformations of the tire bale mass.
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Figure 11.11: Vertical Displacement and Mobilized Interface Shear Stress for the
Column Cylinder Tire Bale.

11.2 Failure Envelopes for the Cylinder Tire Bales
Failure along the cylinder bale interface was determined utilizing a bi-linear
method (Figure 11.12), as done for the block tire bales. The yield interface stresses for
the longitudinal and column cylinder bale arrangements for both dry and partially wetted
conditions are provided in Figures 11.13 and 11.14, respectively. The variability in the
data points was attributed to slight changes in the interface conditions after resetting the
mobile bale in a new position along the stationary bale layer after each test. Linear
failure envelopes were used to model the interface shear strength for both arrangements.
The presence of moisture along the interface decreased the strength of the cylinder tire
bales, with the decrease in strength of the longitudinal arrangement more severe than the
column bales.
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Figure 11.12: Bi-Linear Method for the Stress-Displacement Curves at High Normal
Stresses.
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Figure 11.13: Dry and Partially Wetted Failure Envelopes for the Longitudinal
Cylinder Tire Bales.
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Figure 11.14: Dry and Partially Wetted Failure Envelopes for the Column Cylinder
Tire Bales.
The failure envelopes for the cylinder bale arrangements were compared to those
for the longitudinal block tire bale arrangement to determine the influence of the tire bale
geometry on the interface shear strength. The failure envelopes for the dry and partially
wetted interfaces are compared in Figure 11.15 and 11.16, respectively.
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Figure 11.15: Comparison of the Failure Envelopes for the Dry Cylinder and Block
Tire Bales.
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Figure 11.16: Comparison of the Failure Envelopes for the Partially Wetted Cylinder
and Block Tire Bales.
The strength of the longitudinal cylinder tire bale arrangement was higher than the
block and column cylinder bale arrangements for both the dry and partially wetted
conditions. The strength of the column cylinder bale arrangement was lower than the
longitudinal cylinder and block bale arrangements for both interface conditions,
attributed to the reduction in shear resistance along the interface contact areas controlled
by the smooth sidewall of the tires. A summary of the shear strength parameters is
provided in Table 11.1.

Table 11.1: Summary of the Shear Strength Parameters for the Block and
Cylinder Tire Bale Arrangements.
Dry Interface
c' (psf)
φ' (o)

Partially Wetted Interface
c' (psf)
φ' (o)

Longitudinal Block Bales

21

35

15

28

Transverse Block Bales

0

38

0

26

Longitudinal Cylinder Bales

39

41

19

32

Column Cylinder Bales

40

23

29

26

Although the strengths along the block and cylinder tire bales were different,
inspection of the cylinder and block bale sheared interfaces indicated that the physical
characteristics controlling the interface strength were similar.
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The influence of the

individual tire bale geometry on the physical and mechanical characteristics controlling
the strength could not be determined using the footprint model used to define the stresses.
Therefore, the tire ridge interface model was used to quantify the characteristics of the
cylinder tire bales that control the shear strength.

11.3 Tire Ridge Interface Model for Cylinder Tire Bales
Visual observations of the cylinder bale arrangements provide evidence that the
sheared interface was similar to that of the block tire bale arrangement (Figure 11.17).
The interface was characterized by a series of discrete and random contact points
between the inclined irregular tire ridges protruding out along the surfaces of the bale.
Three parameters were used to represent the tire ridge interface of the cylinder tire bales,
the actual contact area, initial opening along the interface, and inclination angle (Figure
11.18). The tire ridge interface model used for the cylinder tire bale interface was
therefore identical to the model developed for the block tire bales.

Figure 11.17: The Longitudinal (a) Block and (b) Cylinder Bale Interfaces.

Figure 11.18: Illustration of the Tire Ridge Interface Model for Cylinder Tire Bales.
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11.3.2 Actual Contact Area
The actual contact area along the tire bale interface was determined utilizing tire
stamps, which provided a two dimensional stamp of the discrete and random contact
areas along the interface (Figure 11.19 a). Photographs of the resulting tire stamps
(Figure 11.19 b) were converted to black and white photographs and used to determine
the ratio of the actual contact area to the footprint area of the bale interface.

Figure 11.19: The (a) Tire Stamp Test and (b) Resulting Tire Stamp for the Column
Cylinder Bale Arrangement.
The contact areas for the block and cylinder tire bale arrangements are provided
in Figure 11.20. The actual contact areas were normalized (divided) by the assumed
footprint area of the different arrangements to define an area ratio for the tire bale
arrangement (Figure 11.21).

The area ratio is used to determine if the individual

geometry of the bale influenced the distribution of the contact areas along the interface.
A higher area ratio indicates that there are more contact areas between the tire ridges per
unit area along the interface. The values of the area ratio provides evidence that the
actual contact area along all the tire bale interfaces was less than 6% of the assumed
footprint area. The lower area ratio for the longitudinal cylinder tire bale arrangement, as
compared to both the block and column cylinder bale arrangements, was attributed to the
influence of a single tire ridge contact along one side of the interface (shown in Figure
11.22) reducing the contact along the interface.
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Figure 11.20: Actual Contact Areas for the Different Tire Bale Geometries and
Arrangements.
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Figure 11.21: Area Ratio for the Block and Cylinder Tire Bale Arrangements.
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Single Tire Ridge
Contact along Interface

Figure 11.22: Photograph of the Single Tire Ridge Contact along the Longitudinal
Cylinder Tire Bale Interface.
The tire stamp results indicate that a slight increase (or decrease) in the contact
area ratio, due to utilizing different stacking arrangements, did not result in a
corresponding increase (or decrease) in interface shear strength. The strength of the
longitudinal cylinder tire bale arrangement, which resulted in the lowest contact area
ratio, was higher than the other tire bale arrangements tested. The strength of the column
cylinder tire bale arrangement, which resulted in the highest contact area ratio along the
interface, was lower than the other tire bale arrangements tested.

11.3.3 Initial Interface Opening
The continuous horizontal compression of the cylinder tire bales during the direct
shear test (Figures 11.4 and 11.10) were larger than the compressions measured for the
block tire bales. The continuous compression of the cylinder tire bales resulted in an
altered stress-displacement behavior at higher normal stresses in which there was no
distinction between the mobilization of the shear resistance along the interface and the
post-peak sliding of the tire bale (Sections 2 and 3 of the stress-displacement curves).
Due to the large compressions of the cylinder tire bale arrangement, the initial interface
opening for the cylinder tire bale arrangement was not characterized with a rigid
horizontal displacement along the interface, but by the horizontal displacement ratio of
the mobile tire bale at the yield strength (Figure 11.5). The rigid displacement of the tire
bale (Figure 11.23) only represents the sliding of the bale along the interface before
reaching the yield (failure) interface strength. The rigid displacement for the cylinder tire
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bale arrangements were less than that of the block bale despite the increase in
compression of the cylinder bales during the direct shear tests. The horizontal ratio was
therefore used to represent both the rigid sliding displacements of the bale along the
interface and the horizontal compression of the tire bale mass at the critical placement
along the interface. The horizontal ratio for the longitudinal block and cylinder bale
arrangements, and for the column cylinder arrangements are shown in Figure 11.23.
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Figure 11.23: Rigid Displacements for the Block and Cylinder Bale Arrangements.
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Figure 11.24: Horizontal Displacement Ratio for the Block and Cylinder Bales.
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The horizontal displacement ratio for the longitudinal cylinder bale arrangement
is higher than the longitudinal block and cylinder bale arrangements, attributed to the
higher compression of the cylinder bale mass. The horizontal ratio for the column bale
arrangement, in which the range in total horizontal compression of the mobile bale was
approximately 0.8 in. to 1.4 in., was similar to the values of the block tire bale
arrangement, indicating that for similar normalized displacements along the interface the
column structure mobilizes less shear resistance.

11.3.4 Inclination (Dilatancy) Angle
The inclination angle represents the average inclination of the discrete contact
areas along the tire bale interface at the critical (failure) condition. The inclination angle
is a mechanical property of the tire bale interface and is in resistance to the sliding
direction, resulting in the cohesion intercept of the linear failure envelopes. A photograph
of the discrete inclined contact areas for the column cylinder bale interface is shown in
Figure 11.25. Values of the inclination angle were determined utilizing force equilibrium
in the direction of the applied horizontal load (Chapter 6.3.2).

Inclined Contact
Surfaces

Figure 11.25: Inclined Contact Areas for the Column Cylinder Bale Arrangements.
The relationship between the applied loads, the inclination angle, and the
frictional strength along the contact area at failure is defined as follows:

T=

N
1 - tanφ tp ⋅ tan α

⋅ (tanφ tp + tanα )

(11.1)

Where T and N are the applied shear and normal loads, α is the average inclination angle
along all of the tire ridge contact areas, and φtp is the friction angle along the tire ridge
contact areas. The friction angle along the longitudinal cylinder bale contact areas was
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assumed to be the same as the average friction angle for the flat tire specimens. The
strength along the contact areas for the column cylinder bale arrangement, in which the
tire ridge contacts were along the smooth sidewall of the tire, we assumed to be the same
as the lowest flat tire plate testing strength (φtp, DRY = 26o and φtp, WET = 220) since sidewall
specimens could not be obtained. The average inclination angle at failure for the dry
longitudinal block, longitudinal cylinder, and column cylinder tire bales are provided in
Figure 11.26. The higher inclination angle along the longitudinal cylinder tire bale
interface provides higher resistance to horizontal shear deformations of the bale, resulting
in the higher cohesion intercept and friction angle shear strength parameters.
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Figure 11.26: Average Inclination Angles for Dry Block and Cylinder Bale Interfaces.
The influence of water on the inclination angle was also determined for the
cylinder bale arrangements using the results from the direct shear test and the partially
wetted friction angle of the flat tire specimens. The average inclination angle for the dry
and partially wetted longitudinal and column cylinder bale arrangements are provided in
Figures 11.27 and 11.28, respectively. The presence of water along the interface resulted
in a decrease in the inclination angle at failure for the longitudinal cylinder interface,
providing evidence that the conditions along the tire ridge contacts at failure were
different for the dry and wetted structures. The similar inclination angles for the dry and
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wetted column cylinder bale interfaces provides evidence that the conditions along the
interface were independent of the presence of moisture, resulting in the minimal
reduction in shear strength parameters defined using the footprint interface model.
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Figure 11.27: Influence of Water on the Inclination Angle for the Longitudinal
Cylinder Bales.
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Figure 11.28: Influence of Water on the Inclination Angle for the Column Cylinder
Bales.
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11.4 Summary of Direct Shear Test Results for Cylinder Tire Bales
The large scale direct shear test was used to determine the influence of the
individual tire bale geometry on the strength of the tire bale structure. The results from
the direct shear test and tire ridge interface model analysis indicate that the geometry of
the individual tire bale did influence the strength along the interface.

The stress-

displacement curves for the longitudinal and column cylinder bale arrangements were
similar to the block bale curves for lower normal stresses, defined by three distinct
sections. However, a continuous horizontal compression of the cylinder tire bales at
higher normal stresses resulted in an altered stress-displacement curve. The yield shear
strengths were determined with the bi-linear method and modeled with liner failure
envelopes. The strength of the longitudinal cylinder bale arrangement was higher than
both the longitudinal block bale and column cylinder bale arrangements. The lower
strength of the column cylinder bale arrangement was attributed to the smooth sidewalls
of the compressed tires controlling the strength along the tire ridge contacts. The tire
ridge interface model developed for the block tire bales was used to model the physical
characteristics of the cylinder tire bale interface. The initial opening of the interface was
defined as the horizontal displacement ratio, measured at the front of the mobile tire bale,
which illustrated the larger deformations of the cylinder tire bales at the yield condition.
The tire stamp test procedure was used to determine the actual contact area for the
cylinder bale arrangements, which indicated that that actual contact area along the
interface was less than 6% of the assumed footprint area no matter the bale geometry or
stacking arrangement. The inclination angle was defined using force equilibrium along a
tire ridge contact.
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Chapter 12: Influence of Tire Bale Geometry on
Compressibility
The influence of the tire bale geometry on the deformation of the tire bale
structure was determined utilizing the compression test procedure. The compression of
the equivalent tire bale mass was defined for the cylinder bales to minimize the influence
of the top loaded interface and bottom bales. The results for the longitudinal and column
cylinder bale arrangements are presented in this chapter for rapid, cyclic and sustained
loading conditions. The cylinder bale compression is compared with the block tire bale
compression to determine the influence of the individual tire bale geometry on the
deformations of the tire bale structure.

12.1 Deformations of the Cylinder Tire Bales due to Rapid Loading
The deformation of the cylinder bale structure due to rapid loading was defined as
the compression associated with the continuous loading and subsequent unloading of the
bale structure. The results for the longitudinal and column arrangements are presented in
this section and compared with the compressions of the block tire bales presented in
Chapter 10. The influence of tire bale variability and cyclic loading on the vertical
deformations is also presented in this section.

12.1.1 Equivalent Tire Bale Mass for the Longitudinal Cylinder Tire Bales
The vertical displacements measured at the boundaries between each of the tire
bale sections for a longitudinal cylinder bale arrangement is shown in Figure 12.1.
Although the tire bale interface was inclined, due to the curvature and placement of the
tire bales, only the vertical displacements were measured. The compressions of the
individual tire bale sections, defined as the difference in the displacements at the top and
bottom boundary of each section, are provided in Figure 12.2.
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Figure 12.1: Displacements Measured at Each Section Boundary for the Longitudinal
Cylinder Tire Bales.
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Figure 12.2: Compression of the Individual Sections for the Longitudinal Cylinder
Tire Bales.
The compression of the longitudinal cylinder bale mass is larger than the block
tire bale mass (Figure 10.6). The hysteretic unloading curve for the cylinder bale mass
also provides evidence of internal deformations between the compressed tires within the
cylinder bale mass. The stiffness of the cylinder tire bale mass and interface increase
with loading, similar to the behavior of the block tire bale interface.
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The compression of the equivalent tire bale mass was defined as the combined
compressions of the tire bale interface and tire bale mass (Figure 12.3). The deformation
of the equivalent tire bale mass was higher than that of the total cylinder bale structure.
Confinement was simulated by placing the nylon straps used for the block bales around
the mid-center of the bales to simulate the surrounding tire bale structure (Figure 12.4).
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Figure 12.3: Stress-Strain Curves for the Total and Equivalent Tire Bale Mass for the
Longitudinal Cylinder Bales.
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Figure 12.4: Stress-Strain Curves for the Unconfined and Confined Longitudinal
Cylinder Equivalent Tire Bale Mass.
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12.1.2 Equivalent Tire Bale Mass for the Column Cylinder Tire Bales
The vertical deformations measured at the boundaries between each of the
individual tire bale sections are provided in Figure 12.5. The compressions for each of
the tire bale sections are provided in Figure 12.6.
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Figure 12.5: Displacements Measured at Each Section Boundary for the Column
Cylinder Tire Bales.
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Figure 12.6: Compression of the Individual Sections for the Column Cylinder Tire
Bales.
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The compression curve for the tire bale interface was similar to the longitudinal
cylinder and block tire bale interfaces, with an increase in stiffness with loading and
hysteretic unloading curve. The compression of the column cylinder bale mass was
higher than the compression of the longitudinal cylinder and block tire bale masses, with
a decrease in stiffness with applied loads at lower normal loads and increase in stiffness
at higher normal loads.

The decrease in stiffness was attributed to the further

compression of the individual tires within the bale mass along the compressed axis of the
tires.

The increase in stiffness of the bale mass at higher compressive loads was

attributed to the decrease in void space within the mass limiting the internal space within
the tires to compress.
The compression of the equivalent tire bale mass was defined as the combined
compressions of the tire bale mass and tire bale interface. The effect of confinement on
the stiffness of the equivalent bale mass was determined by placing nylon straps around
the perimeter of the bale at random heights, as shown in Figure 5.15. The presence of
confinement around the bale resulted in a slight increase in the stiffness of the tire bale
structure (Figure 12.7).
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Figure 12.7: Stress-Strain Curves for the Unconfined and Confined Column Cylinder
Equivalent Tire Bale Mass.
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12.1.3 Comparison of the Block and Cylinder Equivalent Tire Bale Masses
The deformations of the equivalent tire bale mass defined for the block and
cylinder tire bales are compared in Figure 12.8. The strains (compression) of the cylinder
tire bales are higher than those measured for the block tire bales, attributed to the larger
compressions of the cylinder bale mass.
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Figure 12.8: Stress-Strain Curves for the Block, Longitudinal Cylinder, and Column
Cylinder Tire Bales.
The individual strains for the tire bale mass and tire bale interface for the
longitudinal and column cylinder bale arrangements are compared to the block tire bale
structure in Figures 12.9 and 12.10, respectively. The strains of the longitudinal and
column cylinder tire bale masses were higher than those measured for the block tire bale
mass, indicating that the difference in tire bale geometries resulted in larger internal
deformations. The interface strains measured for the three structures were, however,
similar, providing evidence that stiffness of the discrete tire ridge contact areas along the
interface were not influenced by the tire bale geometry or stacking arrangement. The
similar area ratios defined as part of the direct shear test (Figure 11.21) provide evidence
that the geometry and stacking arrangement of the bales did not significantly increase the
contact area along the interface.
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Figure 12.9: Compression of the Tire Bale Mass and Interface for the Block and
Longitudinal Cylinder Tire Bales.
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Figure 12.10: Compression of the Tire Bale Mass and Interface for the Block and
Column Cylinder Tire Bales.
The stiffness of the equivalent tire bale mass decreased due to the geometry of the
cylinder tire bales. The similar compressions measured along the cylinder and block tire
bale interfaces provides evidence that the parameters controlling the interface
deformation are similar for the block and cylinder structures. However, the increase in
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the compression of the longitudinal and column cylinder tire bale mass resulted in a
higher compression of the equivalent tire bale mass as compared to the block bales.

12.1.4 Influence of Bale Variability and Loading Conditions on the Cylinder Tire
Bale Compressions
The variability of the equivalent tire bale mass compression, due to the variability
of the cylinder tire bales, was determined by conducting the compression test with
different tire bales.

The compressions due to rapid and cyclic loading were both

characterized. The compressions are compared with those for the block equivalent tire
bale mass to illustrate the influence of the individual bale geometry on the deformations
of the tire bale structure.
Characterization of the Initial Loading Stress-Strain Curves
The initial loading stress-strain curves for the longitudinal and column equivalent
cylinder tire bale masses are provided in Figures 12.11 and 12.12, respectively. The
range in stress-strain curves for the block bales is also provided in the figures for
comparison. The stress-strain curves for the longitudinal cylinder bale structure were
approximately linear over the stress range tested, with two curves exhibiting a minor
increase in stiffness with load. The stiffness of the stress-strain curves for the column
cylinder bale structure decreased with loading at low stresses and increased with loading
at higher stresses.
The relationship between the applied vertical stress and the equivalent tire bale
mass strain was modeled using the secant modulus defined in Chapter 10, as follows:
E SECANT =

σ
ε

(12.1)

Where σ is the vertical compressive stress and ε is the corresponding strain of the
equivalent tire bale mass. The secant modulus of the stress-strain curves over the range
of applied normal loads is shown in Figures 12.13 and 12.14 for the longitudinal and
column cylinder tire bales, respectively. The variability of the tire bale structures was
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taken into account by defining the average secant modulus, as provided in the figures.
The average block tire bale secant modulus is also provided in the figures.
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Figure 12.11: Initial Loading Stress-Strain Curves for the Confined Longitudinal
Equivalent Tire Bale Mass.
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Figure 12.12: Initial Loading Stress-Strain Curves for the Confined Column
Equivalent Tire Bale Mass.
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Figure 12.13: Secant Modulus versus Applied Normal Load for the Longitudinal
Cylinder Tire Bale Structure.
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Figure 12.14: Secant Modulus versus Applied Normal Load for the Column Cylinder
Tire Bale Structure.
The average secant moduli for the longitudinal and column cylinder bales were
lower than that determined for the block tire bale structure. Therefore, the deformations
of the cylinder tire bale structure will be higher than the block tire bale structure. The
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decrease in stiffness of the cylinder bale structures is attributed to the increased
compressions of the cylinder tire bale mass as compared to the block tire bale mass.
Characterization of the Cyclic Loading and Recompression Stress-Strain Curves
The influence of the individual tire bale geometry on the cyclic deformations of
the tire bale structure was determined by conducting rapid and full cyclic compressions
tests on the cylinder bale structures. The rapid cyclic test was achieved by applying a
continuous increase in vertical compressive load the tire bale structure, allowing a 0.1
second load reduction and subsequent reloading cycle. The full cyclic test was achieved
by loading the structure, allowing a full unloading, and then applying a second loading
cycle.
The rapid cyclic loading curves for the longitudinal and column equivalent
cylinder bale arrangements are provided in Figures 12.15 and 12.16, respectively. The
stiffness of the cyclic curves is higher than that of the initial loading curves, with little (or
no) hysteretic unloading behavior. The rapid cyclic behavior is similar to that observed
for the block tire bales, with an increase in the stiffness of the tire bales during the rapid

Equivalent Tire Bale Mass Strain (in./in.)

reloading cycle.
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Figure 12.15: Cyclic Loading Curves for the Longitudinal Cylinder Bales.
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Figure 12.16: Cyclic Loading Curves for the Column Cylinder Bales.
The cyclic stiffness of the cylinder bales (EC,C) are modeled with a linear
constitutive model, as follows:

δC =

∆σ ⋅ H
E C,C

(12.2)

Where δcyclic is the cyclic compression of the tire bale structure, and ∆σ is the change in
compressive stress. The range and average values of the cyclic loading moduli for the
longitudinal and column cylinder bales are provided in Table 12.1, along with the values
determined for the block tire bales.

Table 12.1: Cyclic Modulus Values for Cylinder Bale and Block Tire Bales.
Bale Structure
Block Bales

Cyclic Modulus Values (psf)
High
Low
Average
29,040
24,900
27,400

Longitudinal Cylinder

33,000

22,742

27,900

Column Cylinder

23,000

12,400

16,700

A series of full unloading-reloading compression tests were also conducted for the
longitudinal and column cylinder bale structures to determine the influence of cyclic
loading on the stiffness of the tire bale mass and interface. The initial and secondary
loading curves for the longitudinal and column equivalent cylinder tire bale structures,
normalized to intersect the origin, are shown in Figures 12.17 and 12.18, respectively.
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Figure 12.17: Initial (Solid) and Secondary (Dashed) Stress-Strain Curves for the
Longitudinal Cylinder Bales.
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Figure 12.18: Initial (Solid) and Secondary (Dashed) Stress-Strain Curves for the
Column Cylinder Bales.
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The results provide evidence of an increase in the stiffness of the cylinder tire bale
structure for the second (recompression) loading cycle, similar to the results from the full
cyclic testing of the block tire bale structures. The increase in stiffness of the cylinder
tire bale structures during the recompression cycled was due to an increase in stiffness of
both the tire bale interface and tire bale mass. The individual strains of the cylinder bale
interface and mass for the initial and recompression loading cycles is provided Figure
12.19 for a column cylinder bale structure.
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Figure 12.19: The Initial and Recompression Stress-Strain Curves for a Column
Cylinder Tire Bale Structure.
The increase in the stiffness after the initial loading was attributed to reduced
compressions along the tire bale interface and within the tire bale mass. The cyclic
behavior is similar to that of the block tire bale structure discussed in Chapter 10.1.3.

12.2 Deformations of the Cylinder Tire Bales under Sustained Loading
Sustained loading tests were conducted to determine the creep deformations of the
cylinder tire bales.

A compressive vertical stress of 570 psf was applied to the

longitudinal and column tire bale structures and vertical displacements were measured for
four days. Creep deformations were defined as the vertical displacement measured after
the sustained load was applied. The vertical displacements measured at discrete points
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along the height of the longitudinal and column cylinder bales are provided in Figures
12.20 and 12.21, respectively.
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Figure 12.20: Creep Displacements Measured at the Individual Tire Bale Section
Boundaries for the Longitudinal Cylinder Bales.
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Figure 12.21: Creep Displacements Measured at the Individual Tire Bale Section
Boundaries for the Column Cylinder Bales.
The creep compressions of the individual tire bale sections for the longitudinal
and column structures are provided in Figure 12.22 and 12.23, respectively.
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Figure 12.22: Compression of the Individual Tire Bale Sections for the Longitudinal
Cylinder Bales.
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Figure 12.23: Compression of the Individual Tire Bale Sections for the Column
Cylinder Bales.
The creep compressions within the cylinder tire bale mass are higher than for the
tire bale interface for both stacking arrangements, the opposite behavior as measured for
the block tire bales in which almost no creep was measured within the bale mass. The
total creep deformations for the cylinder and block tire bale structures are provided in
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Figure 12.24. The creep compression deformations of the cylinder tire bales were higher
than the deformation of the block tire bales.
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Figure 12.24: Creep Deformation of the Block, Longitudinal Cylinder and Column
Cylinder Tire Bales.
The creep strains were modeled with the linear creep index used for the block tire
bale structure in Chapter 10, defined as follows:

 t
 to

ε CR = Tα ⋅ log





(12.3)

Where t is the time of interest (or the expected lifetime of the structure), t0 is the time at
the end of initial loading/beginning of sustained loading, εcr is the total creep strain of the
structure, and Tα is the creep index for the tire bale structure. The creep index values for
the three tire bale structures are provided in Table 12.2.

Table 12.2: Creep Index Values for the Cylinder and Block Tire Bale Structures.
Tire Bale Structure

Tα

Block Tire Bale

0.28

Traditional Cylinder

0.64

Anisotropic Cylinder

1.01

203

12.3 Summary of the Cylinder Tire Bale Compression Test Results
Compression tests were conducted for the longitudinal and column cylinder tire
bale arrangements. The compression of the equivalent tire bale mass was defined for the
cylinder bales to minimize the influence of the top loaded interface and bottom bale
layers. The compressions of the two cylinder bale arrangements were higher than the
block tire bales for all loading conditions due to an increase in the compressions of the
bale mass. The cyclic stiffness of the cylinder bales were higher than the stiffness
measured during the initial loading, similar to the behavior observed for the block tire
bales. Creep deformations of the cylinder bales were higher than those for the block
bales, which was due to the larger creep deformations within the tire bale mass. The
compression along the cylinder and block bale interfaces were similar, providing
evidence the individual bale geometry and stacking arrangements did not influence the
stiffness of the interface.
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Chapter 13: Tension of the Tire Bale Wires
The tire bale strengths and deformations presented in this dissertation are for bales
in which the steel baling wires which confine the compressed whole tires into the block
or cylinder geometry are intact. The validity of this condition depends on the tensions
within the wires and the time after construction (considering degradation of the wire
material).

The tensions within the baling wires are a function of the confinement

provided by the wires to the compressed tires and any change in the tensions due to
pressures applied to the tire bale. The baling wire tensions and behavior for short and
long term conditions are unknown and have been neglected in previous research
programs. The results from laboratory and field tests to determine the tension within the
baling wires and the long term stability of the bale structure after wire breakage are
presented in this chapter.

13.1 Baling Wire Tensions
In order to determine how loading conditions and time influence the baling wire
tensions, the wire tensions before placement of the bales into the structure were first
determined. The baling wire tension was defined as the tension within the baling wires
after the construction of the bales but before the placement of the bales into a structure.
The development and results from a series of tests conducted to determine the baling wire
tension for both the block and cylinder tire bales is presented in this section.

13.1.1 Baling Wire Tension for the Block Tire Bales
The tensions within the block bale wires were determined as part of a destructive
test used to determine the horizontal expansion pressure of the bale due to wire breakage
(Chapter 13.3).

The wire tension was determined by attaching strain gauges to the

baling wires and then cutting the wires. The resulting change in strain was proportional
to the initial tension within the baling wire. Measurements of the wire diameter before
cutting were used to calculate the tension within the baling wires, as follows:
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2

(13.1)
T = πD o ⋅ E ⋅ ε
Where T is the wire tension, E is the Young’s Modulus of the steel wires (2,990 ksi), ε is
the measured strain, and Do is the initial wire diameter before cutting. The tensions
within the baling wires for three block bales were determined, as provided in Table 13.1.
The values of the wire tension were all less than half the value of the knot break strength
of the wires (2,150 lbs), indicating that the wires would not fail due to the confinement
provided to the compressed tires. The tensions within the inner wires (wires 2, 3 and 4)
were also higher than those in the outer wires (1 and 5).

Table 13.1: Tensions Measured within the Block Tire Bale Baling Wires.

Test ID

Baling Wire Tensions (lbs)
2
3
4
930
335
300

1

1
290

5
135

2

230

755

585

-

280

3

135

460

185

440

370

A separate test method was developed as part of this research to determine the
wire tensions without damaging the wires. The objective of the test was to quickly
determine the wire tensions without damaging the wires or the bales about to be placed
into a structure.
Development of a Tire Bale Tension Meter
A non-destructive test was developed to measure the tensions within the baling
wires for tire bales delivered to the laboratory or to the construction site. The tension
meter applied a force to the wire to cause a known deformation, which is used to
determine the wire tension. Initially, a commercially available wire tension meter was
purchased (Model: C-1000, Manufacturer: Tensitron, INC.) to determine the baling wire
tensions, which was specifically calibrated for the seven-gauge block tire bale steel wires.
The commercially available tension meter required that both sides of the wire were free
from obstructions, which was not possible for baling wires in contact with the tire bale
surface. A tire bale tension meter was therefore developed (Figure 13.1) to determine the
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tensions within the baling wires. The tension meter frame was constructed of one half
inch thick steel square rod to limit deformations of the meter. A frictionless reaction
point between the meter and the wire was achieved using a series of ball bearing roller
joints (Model: 2” Wire Sheave, Manufacturer: Harken) with an inner grove diameter
slightly larger that the baling wire diameter. A steel clevis joint and tension load cellloading hook system with turnbuckle was used to measure the vertical load required to
bend the baling wire.

Figure 13.1: Tire Bale Tension Meter.
The tension meter was designed to fit onto the baling wire and impose a
deformation to the wire without requiring access to the bottom portion of the wire. The
test procedure for the tension meter was as follows:
1. Locate a 14 in. space along the baling wire and place the frictionless roller joints
on the top portion of the wire (Figure 13.2 a),
2. Rotate the loading handle into the down position and place the loading hook in
contact with the wire using the turnbuckle connected to the tension load cell
(Figure 13.2 b),
3. Rotate the loading handle into the up position and record the force measured by
the tension meter (Figure 13.2 c),
4. Rotate the loading handle into the down position and remove the tension meter.
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The tension meter and procedure was developed so that the test did not damage the wire,
was simple and easy to use, and did not require a significant amount of time to conduct.
Measurement of the force readings from the tension meter allows the determination of the
baling wire tension.

Figure 13.2: Tension Meter Procedure to Determine Wire Tensions: (a) Place Meter
onto the Wire, (b) Place Loading Hook on the Wire, and (c) Lift Loading Handle.
The force required to bend the wire is proportional to the tension within the wire
(TO), the vertical deformation imposed on the wire (∆) of length (LTM), and the rigid
deformation at the ends of the wire (∆W), as illustrated in Figure 13.3.

Figure 13.3: The (a) Initial Geometry and (b) the Deformed Shape of the Baling Wire.
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The imposed deformation and length of baling wire was maintained constant by
the tension meter, with a length between the roller joints (LTM) of 15 in. and an imposed
vertical deformation of ∆ = 0.6 in. The rigid deformation of the wire is a function of the
stiffness of the tire bale system and was determined as part of the calibration of the
tension meter. The tension meter is used to relate the vertical force (F) required to
deform the wire to the wire tension (TO). The relationship between the two variables was
determined from a force equilibrium analysis and verified from laboratory and field test
programs.
The equilibrium analysis of the tension meter involves using the geometric
parameters describing the shape of the deformed wire to relate the vertical force to the
tension within the wire. The baling wire was assumed to be initially straight and under a
tension (TO), with a constant cross sectional area (AC) and homogeneous material
properties (Figure 13.3 a). The deformation imposed by the tension meter modified the
wire geometry and increased the wire tension (TF) due to strains caused by the
deformation (Figure 13.3 b).

The shape of the deformed wire, determined from

photographs of the tension meter procedure, was approximately triangular between the
two frictionless roller joints, as illustrated in the deformed wire free body diagram in
Figure 13.4.

Figure 13.4: Free Body Diagram of the Deformed Baling Wire.
Assuming that the tension within the wire is constant along the length, the tension
meter force (F) is related to the final tension (TF), as follows:

ΣFY = 0 : F - 2 ⋅ TF ⋅ sin θ = 0 ⇒ F = 2 ⋅ TF ⋅ sinθ
(13.2)
The value of the final tension within the deformed wire (TF) is defined as the tension of
the wire (TO) plus the strain-induced tension in the wire (TT).
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TF = T0 + TT

(13.3)

The angle of inclination of the wire due to the imposed tension meter displacement,
assuming a triangular wire deformation, is defined as follows:
tan θ =

2∆
L TM

(13.4)

Where LTM is the length between the frictionless joints and ∆ is the imposed vertical
displacement by the tension meter. The strain-induced tension in the wire is proportional
to the strain of the deformed wire (ε), the cross sectional area of the wire (AC), and the
Young’s modulus of the wire (E), as follows:
TT = E ⋅ A C ⋅ ε

(13.5)

Combining Equations 13.2, 13.3 and 13.5 results in a calibration equation relating the
vertical force applied to the wire (F) and the initial baling wire tension (TO), as follows:
F = 2 ⋅ sinθ ⋅ [T0 + E ⋅ A C ⋅ ε ]

(13.6)

The strain within the wire is defined as the change in length due to the triangular
deformation minus the rigid end displacement of the wire (assuming that the rigid
deformation of the wire directly reduces the strain of the wire), as follows:

ε=

∆L - ∆ W
∆
1
=
-1- W
L TM
cosθ
L TM

(13.7)

Plugging the strain equation into Equation 13.6 results in a calibration equation for the
tire bale tension meter, as follows:

 1
∆
F = 2 ⋅ sinθ ⋅ T0 + E ⋅ A C 
-1 - W
L TM
 cosθ






(13.8)

Values of F and ∆W are required to determine the tension (TO) within the baling
wire. The rigid wire displacement (∆W) was directly measured in the field by measuring
the horizontal displacement between points along the bale surface and baling wire before
and during the tension meter test, as shown in Figure 13.5. The rigid end displacement
was also determined by fitting the calibration equation (Equation 13.8) to tension meter
forces and corresponding wire tensions (measured before wire breakage) measured in the
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laboratory. The fitted calibration curve is shown in Figure 13.6 and the corresponding
predicted relationship between the rigid displacement and tension meter force is shown in
Figure 13.5. The similar values of the measured and back calculated ∆W (Figure 13.5)
provided a validation of the assumptions used to derive the calibration curve.
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Figure 13.5: The Rigid Wire Displacement versus Tension Meter Force.
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Figure 13.6: Fitted Calibration Curve to Laboratory Measured Tension Meter Forces
and Corresponding Wire Tensions.
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The tension meter can be used to predict the tensions within the baling wires
without damaging the wires. The variability between the measured tension meter force
and baling wire tension for the wires tested (Figure 13.6) was attributed to slight
imperfections of the baling wires and the influence of the tire bale system on the rigid
wire displacement. A calibration equation (Equation 13.10) was derived and validated as
part of the research to determine the baling wire tensions using the measured tension
meter force (F) and measured or predicted values of the rigid wire displacement (∆W).

13.1.2 Baling Wire Tension for the Cylinder Tire Bale
The cylinder bales used for the testing programs were constructed at the
laboratory site, allowing strain gauges to be attached to the wires before placement
around the bales (Figure 13.7).

Strain Gauges
Attached to
Baling Wires

Figure 13.7: Placement of Strain Gauges on the Cylinder Tire Bale Wires.
Values of the baling wire strain were measured three days after the construction
of the bales (Table 13.2) when a data acquisition system was made available. The
tensions measured three days after construction were less than one half the value of the
knot break strength of the wires (830 lbs). The tire bale tension meter was used to backcalculate the wire tensions immediately after construction utilizing a force ratio, defined
as follows:

RT =

FT TT
=
F0 T0
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(13.9)

Where FT and TT are the tension meter force and wire tension at some time after
construction, respectively, and F0 and T0 are the tension meter force and wire tension
immediately after the construction of the bale, respectively.

Table 13.2: Initial Cylinder Baling Wire Tensions Three Days After Construction.
Bale ID

Baling Wire Tensions (lbs)
2
3
100
49

1

1
430

4
-

2

-

-

327

-

3

385

83

-

72

4

250

180

-

62

5

235

73

297

300

The ratio of the tension meter force with time is equivalent to the ratio of the
baling wire tension with time since the tension meter force and wire tension are in
equilibrium.

Measurements of the tension meter force over three days indicated a

decrease in the tension within the baling wires with time.

13.1.3 Influence of Time on the Baling Wire Tension
Experience with tire bale construction has provided evidence that the tension
within the baling wires decreases with time due to plastic deformations of the compressed
tires and creep within the steel baling wires (LaRocque 2005 and Winter et al. 2006).
Tires removed from block tire bales after more than a year did not return to the original
tire shape, but remained in a deformed shape (Figure 13.8). Two test methods were used
to determine the influence of time on the baling wire tensions, a rapid expansion test used
for the block tire bales and the tire bale tension meter test used for the cylinder tire bales.
The rapid expansion test procedure is a destructive test in which the individual
baling wires are cut and the resulting change in bale length is measured (Figure 13.9). It
was assumed that the change in length of the bale after wire breakage was proportional to
the wire tensions needed to confine the bales into the block shape. A decrease in the
change in length due to wire breakage would therefore indicated a decrease in the
confinement pressure provide by the wires, or a decrease in the wire tensions.
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Figure 13.8: Deformed Tires Removed from the Block Tire Bales after Two Years.

Figure 13.9: Photograph of the Rapid Expansion Test for a Block Tire Bale.
The total change in length (measured immediately after the all wires were cut)
measured during this research program was compared with results presented in the
literature. Winter et al. (2006) reported results from a rapid expansion test conducted
immediately after construction of the block bale, in which the length of the bale increased
by 70% after the last wire was cut. LaRocque (2005) reported that the change in length
for a bale approximately 1.5 years old was 67% after the final wire was cut. The change
in length of a block tire bale after wire breakage measured as part of this research (bale
was two years old) was 71%.

The results are summarized in Figure 13.10, which

provides evidence that there was no change in the rapid expansion potential with time.
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Figure 13.10: Block Tire Bale Expansion after Wire Breakage.
A separate testing program was conducted utilizing the tension meter to measure
values of the tension meter force (F) with time starting immediately after construction of
the cylinder bales. The change in the tension meter force ratio (Equation 13.9) with time
after construction for a cylinder bale is shown in Figure 13.11. The results indicate that
the wire tensions reduced by as much as 60% of the initial wire tension within 24 hours
after construction.
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Figure 13.11: Change in the Tension Meter Ratio (RT) with Time after Construction.
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The initial tensions within the baling wires immediately after construction were
back-calculated using the tension meter ratio, as follows:

T0 =

TT ⋅ F0
FT

(13.10)

Where TT is the wire tension measured with the strain gauge, FT is the tension meter
force measured at the same time as TT, and F0 is the tension meter force immediately
after construction.

The back-calculated baling wire tensions immediately after

construction for five cylinder tire bales are provided in Table 13.3.

Table 13.3: Back-Calculated Cylinder Baling Wire Tensions Immediately after
Construction.
Bale ID

1

Baling Wire Tensions (lbs)
2
3

4

1

430

120

70

-

2

-

-

405

-

3

450

90

-

110

4

305

270

-

100

5

255

105

360

375

The tensions within the baling wires immediately after construction were still
approximately one half the value of the knot break strength for the eleven (11) gauge
wires. However, the results do provide evidence that the most critical time to check the
baling wire tension is immediately after construction.

13.2 Influence of Applied Stresses on the Baling Wire Tensions
Stresses applied to the tire bale structure will also influence the wire tensions.
Baling wire strains were measured during the compression and direct shear tests to
determine the influence of the applied stresses on the baling wire tensions. The influence
of the loading conditions on the baling wire tensions was divided into two topics, the
change in wire tension due to vertical compressive (surcharge) stresses and the change in
wire tension due to horizontal shear stresses. Each topic is presented separately, and then
a method to predict the maximum change in baling wire tensions due to stresses applied
to the bale structure is presented.
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13.2.1 Influence of Vertical Compression on Baling Wire Tensions
In addition to the vertical displacements measured as part of the compression test,
the change in baling wire tensions with the applied normal stress were also measured.
The change in the baling wire tensions with applied vertical compressive stress for the
block tire bales is provided in Figure 13.12 (tensions were defined as positive). The
increasing compressive stress resulted in a horizontal expansion of the bale (see Figure
10.8) which was directly confined by the baling wires along the length axis. The result of
the confinement was an increase in the wire tension with the applied compressive stress.
The variability of the tire bale mass, due to the random placement of tire material within
the bale, resulted in a variable increase for each wire. The wire numbers presented in
Figure 13.12 are the same as those illustrated in Table 13.1.

Baling Wire Tension (lbs)

1200

Wire 1

Wire 2

Wire 3

Wire 4

Wire 5

1000
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400
200
0
0
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200
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400
Applied Compressive Stress (psf)

500

600

Figure 13.12: Block Baling Wire Tensions Measured during the Compression Test.
The change in baling wire tensions with applied compressive load for the
longitudinal and column cylinder tire bale arrangements are provided in Figures 13.13
and 13.14, respectively. Wire locations were not recorded, and therefore no labels for the
wires are provided. The increase in compressive stress along the longitudinal structure
resulted in an increase in the baling wire tensions. The increase in compression load on
the column structure, resulting in a further compression of the tires within the bale mass
along the axis confined by the wires, resulted in a decrease in the baling wire tensions.
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Figure 13.13: Longitudinal Cylinder Baling Wire Tensions Measured during the
Compression Test.
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Figure 13.14: Column Cylinder Baling Wire Tensions Measured during the
Compression Test.
The results from the column cylinder bale structure provide evidence that the tire
bales may be orientated so that the vertical loading conditions on the bales result in a
reduction in the baling wire tension. Placing the cylinder bales in the column structure
results in a decrease in tension of the baling wires due to the further compression of the
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compressed tires within the bale mass, reducing the confinement provided by the wires
(as shown in Figure 13.15). Some strain gauge measurements indicated that the wires
went into compression due to bending deformations of wires.

Figure 13.15: Column Cylinder Baling Wire (a) Before and (b) After Compressive
Loading.
The wire stains measured during the compression test indicated that deformations
of the tire bale resulting in an expansion of the bale mass, such as during the longitudinal
block and cylinder bale arrangements, resulted in an increase in the baling wire tension.
Compressive loads that result in a further compression of the bales in the direction
confined by the wires will result in a decrease in the wire tensions.

13.2.2 Influence of the Horizontal Shear Stress on the Baling Wire Tension
In additional to vertical surcharge stresses applied to the bale structure (which are
present for all structures), horizontal shear stresses may also be applied to the bales. The
influence of horizontal shear stresses on the wire tensions was determined by measuring
the baling wire strains during the large scale direct shear tests (in which wire strains
induced by the vertical compressive stress were already present). Tensions are defined as
positive and are corrected for each of the figures to intercept the origin at the initiation of
the test.
The change in baling wire tension measured for the longitudinal block tire bale
structure is shown in Figure 13.16 for the range of applied vertical stresses (σ). The
magnitude of the change in baling wire tensions increased with the normal stress applied
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to the tire bales. It was assumed that the horizontal shear stress applied along the axis
confined by the wires would decrease the wire tensions due to a further compression of
tires within the bale mass. However, there was no consistent change in baling wire
tension with applied shear load, with some tensions increasing and others decreasing over
the duration of the test.
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Figure 13.16: Longitudinal Block Baling Wire Tensions Measured during Direct
Shear Test.
The variable relationship between the applied horizontal shear stress and baling
wire tension was found to be a result of the complex displacements of the mobile tire
bale. The reduction in the tension within wire 4 was related to the increasing horizontal
compression of the tire bale mass due to the applied horizontal shear load, as shown in
Figure 13.17. The variable increase and decrease in wire tensions for wires 1, 2 and 3
were related to the varying vertical displacement of the bale, as shown in Figure 13.18.
The varying change in baling wire tensions for wires 1, 2 and 3 was attributed to the
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baling wires confining the bale mass into the block shape during the vertical
displacements of the bale mass.
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Figure 13.17: Baling Wire Tension and Horizontal Compression of the Longitudinal
Block Tire Bale.
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Figure 13.18: Baling Wire Tension and Vertical Displacement of the Longitudinal
Block Tire Bale.
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The change in the baling wire tension with applied horizontal shear stress for the
longitudinal cylinder tire bale arrangement is provided in Figure 13.19 for the range of
applied normal loads. The application of the horizontal shear stress resulted in a variable
change in tension for the baling wires. The wire tension for wire 3, located at the bottom
of the mobile tire bale and closest to the sheared interface, decreased with the applied
load. The tensions of the remaining wires increased with the applied loads at low normal
stresses and decreased at higher normal stresses.
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Figure 13.19: Longitudinal Cylinder Baling Wire Tensions Measured during the
Direct Shear Test.
The change in wire tensions measured during the direct shear tests for the column
cylinder bale structure are shown in Figure 13.20 for the range in applied normal stresses.
The wire strains indicate a complex change in baling wire tensions with the applied
horizontal stress, similar to the behaviors for the longitudinal block and cylinder bale
arrangements.
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Figure 13.20: Column Cylinder Baling Wire Tension Measured during the Direct
Shear Test.
The tensions measured during the large scale direct shear testing of the block and
cylinder tire bales indicate a complex relationship between the baling wire tensions,
applied loads, and the complex deformations of the bales.

13.2.3 Use of the Tension Measurements for Tire Bale Structures
The strain gauge measurements from the direct shear and compression tests were
used to develop a method to predict the change in wire tensions due to stresses applied to
the tire bale structure. A tension ratio (TR) against wire breakage was defined as the knot
break strength of the baling wire (BS) divided by the maximum predicted tension within
the baling wire (TW), as follows:
TR =

BS
TW

(13.11)

Three factors were used to calculate the predicted baling wire tension, the initial tension
in the wire before placement into the structure, the change in tension due to vertical
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stresses, and the change in tension due to horizontal shear stresses. The initial tension
within the baling wires was approximated as the maximum value of the measured or
back-calculated tensions reported in Chapter 13.1 (Table 13.4). The maximum wire
tensions were used to represent the most critical wire of the bale, or the wire which
required the smallest increase in tension to reach wire breakage.

Table 13.4: Estimated Initial Tensions for Block and Cylinder Tire Bales.
Initial Baling Wire Tension (lbs)
Block Tire Bale

930

Cylinder Tire Bale

450

The change in the initial wire tension due to a vertical stress was estimated by
using the tangential slopes of the wire tension versus applied vertical stress curves
presented in Figures 13.12, 13.13 and 13.14. The tangential slope was used to relate the
change in wire tension (∆TC) to the applied vertical stress (σ). The largest increase (or
smallest decrease for the case of the column cylinder bale structure) in tension of any
wire within the bale structure was used to define the tension factor (Table 13.5).

Table 13.5: Change in Wire Tension for Block and Cylinder Tire Bales due to
Vertical Stresses.
Change in Wire Tension, ∆TC (lbs)
Block Tire Bale

(+) 0.55σ

Longitudinal Cylinder Tire Bale

(+) 0.77σ

(-) 0.09σ
(+) indicates an increase in tension, (-) indicates a decrease in tension
Column Cylinder Tire Bale

The change in wire tension due to horizontal shear stresses was also related to the
vertical stresses (σ) by defining the change in tension at the yield horizontal stress for
each normal stress applied to the bale structure. The maximum increase in tension
measured at the yield horizontal shear stress was plotted against the corresponding
normal stress, as shown in Figure 13.21. The slope of a linear trend fit to each data set
was used to define a tension factor relating the increase in tension due to the yield
horizontal shear stress (∆TH) to the applied normal stress, as provided in Table 13.6.
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Figure 13.21: Change in the Baling Wire Tensions at the Yield Horizontal Shear
Stress.
Table 13.6: Change in Wire Tension for the Block and Cylinder Tire Bales due to
Horizontal Stresses.
Change in Wire Tension, ∆TH (lbs)
Block Tire Bale

(+) 0.35σ

Longitudinal Cylinder Tire Bale

(-) 0.12σ

(+) 0.12σ
(+) indicates an increase in tension, (-) indicates a decrease in tension
Column Cylinder Tire Bale

The tension ratio against wire breakage for the different tire bale structures,
utilizing the estimated initial wire tensions and predicted increase in wire tension factors
(for both surcharge and shear stresses), were defined as follows:
Block Tire Bale - TR =

2150 lbs
930 lbs + 0.55σ + 0.35σ

Longitudinal Cylinder Bale - TR =

830 lbs
450 lbs + 0.77σ - 0.12σ

(13.12)
(13.13)

830 lbs
(13.14)
450 lbs − 0.09σ + 0.12σ
Where σ is the applied normal stress along the tire bale layer. A ratio of one (1) indicates
Column Cylinder Bale - TR =

that the wire tensions applied to the square knot joint are at the break strength (failure of
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the baling wire system). The resulting equations may also be modified for different
baling wire material and updated as more data about the tire bale wire tensions is
determined.

13.3 Tire Bale Horizontal Expansion Pressure after Wire Breakage
The long term characteristics of the tire bale structure have been typically
determined by cutting the baling wires for a single tire bale and measuring the
corresponding change in the bale dimensions, referred to as a rapid expansion test
(LaRocque 2005, Winter et al. 2006). The results from this destructive test do not
provide a useful parameter for the long term design of the tire bale structures. Therefore,
a modified destructive testing program was developed in which the expansion pressure of
the tire bale due to the destruction of the baling wires was measured. The expansion
pressure was defined as the pressure required to retain the tire bale in the initial geometry
after wire breakage, representing the pressure applied to the surrounding structure after
wire breakage. An illustration of the horizontal expansion pressure test setup is provided
in Figure 13.22. The test consists of a single tire bale confined between two rigid
surfaces that resist the expansion of the bale. Load cells placed at one end of the bale
were used to measure the expansion load (along the axis confined by the baling wires)
while each of the baling wires were incrementally cut.

Figure 13.22: Illustration of the Horizontal Expansion Pressure Test Setup.
The actual test setup for the block and cylinder tire bales is shown in Figure
13.23. Three loads cells were placed between a 0.5 inch thick steel plate and a steel kframe bolted to the floor to measure the expansion loads of the tire bale. The opposite
surface of the bale was placed in contact with a reaction column to prevent horizontal
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deformations during the test. Strain gauges were attached to the block tire bale wires for
the horizontal expansion tests and used to calibrate the tension meter, as discussed in
Chapter 13.1.1.

Figure 13.23: Horizontal Expansion Pressure Test for the (a) Block and (b) Cylinder
Tire Bales.
The change in baling wire tension during the expansion pressure test for the block
tire bale is shown in Figure 13.24 (strain gauges numbers refer to wire location shown in
Table 13.1). After each wire was cut, the tensions within the surrounding wires increased
due to a redistribution of confinement loads within the wires.
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Figure 13.24: Effect of Wire Breakage on the Baling Wire Tensions for the Block Tire
Bale.
It was assumed that the summation of all the baling wire tensions would be equal
to the horizontal expansion load of the tire bale. However, the horizontal load after the
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final wire was cut (Figure 13.25) was larger than the combined tensions by approximately
500 lbs. The larger horizontal loads were attributed to a small internal creep expansion of
the compressed tires after each wire was cut.

The expansion pressure is therefore

characterized with an instantaneous increase in the horizontal load followed by a creep
increase in the load with time. The expansion pressure of the block tire bale was defined
as the maximum horizontal expansion load (2400 lbs) divided by the footprint area of the
side interface (product of the average width and height). The value of the expansion
pressure of the block tire bale was approximately 190 psf.
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Figure 13.25: Effect of Wire Breakage on the Horizontal Expansion Load for the
Block Tire Bale.
The expansion loads due to wire breakage for two cylinder tire bale are provided
in Figure 13.26.

Wire breakage for the cylinder bales resulted in an instantaneous

increase in the expansion load, followed by a creep increase in the load. The value of the
expansion pressure for the cylinder tire bales, defined as the maximum expansion load
divided by the hexagonal footprint area of the tire bale (refer to Equation C.8), was 120
psf and 170 psf for the two tests. The lower expansion pressure for the cylinder bale as
compared to the block was attributed to defining the expansion pressure over the
hexagonal footprint area of the cylinder bale, which does not represent the shape of the
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bale but the larger cross section area of the bale due to the stacking arrangement (refer to
discussion of the cylinder bale unit weight in Appendix c).
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Figure 13.26: Effect of Wire Breakage on the Horizontal Expansion Load for the
Cylinder Tire Bale.
The results from the horizontal expansion pressure test provide a value of the
stresses applied by the tire bale to the surrounding tire bale structure for long term
conditions in which the baling wires degrade and fail.
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13.4 Summary of the Baling Wire Tension Results
The tensions within the baling wire were determined as part of this research
through both laboratory and field testing programs.

A tire bale tension meter was

developed to determine the tensions within the baling wires without using a destructive or
damaging test procedure.

The calibration curve for the tension meter was derived

analytically and validated using measured values of the tension meter force and wire
tensions. The tension meter was also used to characterize the change in cylinder baling
wire tension with time after bale construction. Strain gauges attached to the baling wires
were used to measure the change in tensions due to shear and vertical normal stresses
applied to the tire bales. The tension measurements were used to define a tension ratio
that can be used in design to minimize the potential for wire breakage due to stresses
applied to the tire bales. A horizontal expansion pressure test was used to determine the
pressures required to keep the bale confined in the initial shape after wire breakage.
Block bale wire tensions measured during the expansion test indicate a redistribution of
loads within the wires after each wire was cut. The expansion load of the block bale was
higher than the combined tensions within the baling wires due to an internal creep
deformation of the compressed tires.

230

Chapter 14: Conclusions
Tire bales have recently emerged as a lightweight fill alternative to tire shreds.
This alternative could allow for significant amounts of whole scrap tires to be
beneficially reused in relatively small construction projects. The main benefit to reusing
the whole scrap tires within bales is that the costs to process and place the tire bales are
less than those for tire shreds. Several case histories and proposed projects involving tire
bales have been reported in the literature, yet only limited properties of the tire bales
needed for design have been reported. The objective of the dissertation research was to
determine the mechanical and physical characteristics of the tire bales required in the
design and analysis of the structure. The scope of the research program included the
index properties of the individual tire bale, the mechanical properties of the tire bale
structure, the physical properties of the tire bales that control strength and deformation,
and the tensions within the baling wires.
Large scale tests were developed as part of the research to determine the
mechanical characteristics of the tire bales. The test setups included multiple bales
stacked in different arrangements to model the tire bale placement in the field. The main
benefit of utilizing the multiple bale arrangements was that the tire bale interface, defined
as the contact between two layers of tire bales, was characterized. Block and cylinder tire
bales were both tested to determine the influence of the individual tire bale geometry on
the mechanical characteristics of the structure. The interface shear strength and vertical
compressibility of the different tire bales were the main mechanical properties
determined as part of the laboratory testing program. The specific conclusions from the
dissertation research are as follows:
•

The large scale direct shear test developed as part of this research was
successfully used to impose a sliding displacement along the interface so that
the interface strength of the block and cylinder tire bales could be determined.
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•

The strength and compressibility of the block tire bale structure is controlled by
the tire bale interface. The interface is characterized by a series of discrete
contact areas controlled by the random tire ridges along the surface of the tire
bale.

The tire ridge model was a satisfactory method to characterize the

discrete contact areas using force equilibrium and results from the large scale
tests.
•

Failure shear strengths along the block and cylinder bale interfaces were
modeled with linear failure envelopes by defining stresses along the footprint
area of the bale.

•

Based on a comparison of the longitudinal dry block tire bale strength from this
research and data reported in the literature, there is a limited variability of the
interface strength due to using different tire bales, tire bale stacking
arrangements and test procedures. Results from the tire stamp test provide
evidence that the discrete contact areas along the interface that control strength
are independent of stacking arrangement, resulting in the similar strengths no
matter the bale stacking arrangement.

•

The presence of water reduces the shear strength of the block and cylinder tire
bale interfaces. The decrease in strength was attributed to water lubricating the
tire ridge contact areas after displacement along the interface, which was
characterized using direct shear tests of flat tire specimens prepared under
different wetted conditions.

•

The failure surface along the tire bale-soil interface occurs within the soil mass,
depends on the soil and is generally not similar to the footprint area used to
define the interface stresses. The linear shear strength parameters for the tire
bale-soil interface defined using the bale footprint area are therefore different
than the soil shear strength parameters. The tire ridge interface model was
useful in quantifying the difference in the actual and footprint areas and for
defining coefficients of interaction to relate the soil and tire bale interface shear
strength parameters.
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•

Transverse shear loading of the block tire bale results in a decrease in the
cohesive intercept of the linear failure envelope.

The anisotropy of the

interface strength is due to a change in horizontal sliding displacements along
the tire ridge contact areas, which alters the shear and normal stresses along the
contact areas as compared to the longitudinal shear loading direction.
•

The geometry of the individual tire bale influences the shear strength of the tire
bale interface. The shear strength of the longitudinal cylinder bale interface is
higher than the longitudinal block bale interface. The shear strength of the
column cylinder bale interface, which is controlled by the smooth sidewall of
the tires, is lower than the strengths of the longitudinal cylinder and block bale
interfaces.

•

The horizontal compression of the longitudinal cylinder tire bales due to
horizontal stresses are larger than those for the longitudinal block tire bales and
column cylinder bales, indicating a higher deformation of the longitudinal
cylinder bale structure.

•

A tire ridge model, developed to quantify the physical and mechanical
properties of the tire bale interface, provided insight into how the interface
conditions alter the strength of the tire bale structure. The model can be
modified and used to quantify the effects of water on the discrete interface
contact areas, develop coefficients of interaction for the tire bale-soil interface,
and illustrate the anisotropy along the interface.

•

The large scale compression test allowed the vertical compression of the
different tire bale arrangements due to rapid and sustained compressive loading
to be characterized. The individual contributions of the tire bale mass and tire
bale interface to the vertical compression were determined utilizing a modified
instrumentation profile.

•

The equivalent tire bale mass was found to provide a more accurate
representation the vertical compression of the tire bales within the field
structures. The stiffness of the equivalent bale mass was less than that of the
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total laboratory tire bale structure stiffness (defined using the total compression
of the tire bale arrangement), providing evidence that the stiffness of the
laboratory tire bale structures are higher than the field tire bale structures.
•

The compression of the block tire bale structure is controlled by the
compressions along the tire bale interface, which provides approximately 90
percent of the compression of the equivalent tire bale mass.

•

The vertical compression of the two and three block tire bale arrangements are
similar, which provides evidence that the tire bale stacking arrangement will
not influence the discrete contact areas along the interface that control the
vertical compression.

•

The characteristics of the block tire bale interface compression stress-strain
curve are similar to that of a rock mass containing a horizontal fault under
normal loading, with an increase in stiffness with increasing loads, hysteric
unloading curve and permanent deformation after unloading.

•

The stiffness of the block tire bale mass is approximately linear over the range
of stresses applied during the compression test.

•

The vertical compressions of the cylinder bales are higher than the block tire
bales. The increase in vertical compression of the cylinder bale structure is due
to an increase in the compression of the cylinder tire bale mass. Compressions
along the cylinder and block bale interfaces were similar, providing evidence
that the individual bale geometry and stacking arrangement do not influence
the stiffness of the discrete contact areas along the interface.

•

The cyclic stiffness of the block and cylinder tire bales is higher than the
stiffness due to the initial rapid loading. Results from full unloading/loading
cycles provide evidence that the increase in stiffness is due to an increase in
stiffness along the tire bale interface. The cyclic stiffness can be modeled with
a linear modulus for small changes in cyclic load.

•

Creep deformations of the cylinder bales due to sustained compressive loading
were higher than the block bales due to the increased compressions of the
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cylinder bale mass. The creep strain of the tire bale structures is linear with the
logarithm of time.
•

The tensions within the baling wires can be non-destructively measured using a
tension meter developed as part of this research program.

The analytical

calibration curve for the tension meter was derived and validated using tension
measurements from strain gauges attached to the baling wires.
•

The tension within the baling wires decreases with time immediately after
construction of the bale.

The decrease in tension is attributed to plastic

deformations of the tire, which was observed by removing tires from the block
bales two years after construction.
•

The vertical and horizontal stresses applied to the tire bale structure result in
deformations of the tire bale which influenced the baling wire tensions due to
the confinement of the tires within the bale mass. A deformation of the tire
bale mass resulting in an expansion of the bale along the axis confined by the
baling wires results in an increase in the baling wire tensions. The influence of
the bale deformations on the baling wire tensions was characterized using
strain gauges attached to the wires during the direct shear and compression
tests.

•

Wire breakage will result in the tire bale exerting an expansion pressure on the
surrounding structure and redistribution (increase) of tensions within the
remaining baling wires.

14.1 Recommendations for Future Research
During the course of the research, several research topics were identified but not
studied. The recommendations for future research are as follows:
•

The mechanical and physical characteristics of the tire bales were all determined
under laboratory testing conditions. Although models were used to minimize
the influence of the laboratory setup on the measured shear strengths and
compressions, validation of the mechanical characteristics is still required.
Instrumentation of a full scale tire bale structure would be useful in determining
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the actual deformations within the tire bale structure that could be used to refine
the models used as part of the laboratory testing.
•

The large size of the tire bales limited the total number of tires that could be
tested as part of this research program. It was noted in the dissertation that there
is a variability of the tire bales due to the variability of the individual tires
compressed within the tire bale mass. A more in depth characterization of this
variability is required so that a set of quality control standards can be drafted to
ensure that the tire bales are properly constructed and that the tire bale structure
is properly designed.

•

The two bale geometries tested as part of this research area a few of the bales
that are available for construction. As additional bales become available, the
index and mechanical properties of the bales will need to be determined.
Results from this testing program provided evidence that the geometry of the
tire bale altered the behavior of the tire bale structure. The testing programs
developed as part of this research can therefore be modified and used to
characterize the different tire bales.

•

The main assumption of the research program was that the baling wires
remained intact during the lifetime of the structure. The long term mechanical
characteristics of the tire bale structure, in which the baling wires have
degraded, were not determined as part of the research and may be different than
the short term characteristics presented in this dissertation.

•

The combustion potential of large tire structures is still a concern when using
scrap tires within soil structures. Only limited laboratory and field data for the
combustion potential for tire bales was reported. A more in depth analysis of
the combustion potential for tire bales and tire shreds is required to provide
evidence that the use of whole tires minimizes the combustion potential of scrap
tire structures.
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Appendix A. Construction Guidelines for
Standard Scrap Block Tire Bales
The following appendix provides a draft guideline for the construction of the
block tire bales used as part of this research program. The guidelines are based on
lessons learned while constructing the tire bales, specifications already in place for tire
shred structures, and previously published draft construction guidelines (Winter et al.
2006). The guidelines have been written in the TxDOT specification style guide so that
the style is easily understood and can be incorporated into construction specifications
already in place by TxDOT. The construction of the tire bales is based on using the
standard tire baling machine manufactured by Encore Systems (www.tirebaler.com) and
the construction of the bales used for this testing program.
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Fabrication of Standard Block Tire Bales
A.1 Description. Furnish, or construct, scrap tire bales for the use in embankments,
roadways, or other soil structures according to this Item.
A.2. Material. Furnish approved scrap tires and baling equipment as directed, or shown
on the plans, to construct the tire bales. Tire bales must be constructed to one of the
following types:
Standard Scrap Tire Bale. The standard scrap tire bale is defined as:
• containing approximately 70 to 100 whole tires,
• having a density of no less than 32 lb/ft3,
• having average dimensions of 4.5 feet in length (parallel to wires), 5 feet in
width (perpendicular to wires), and 2.5 feet in height (Figure 1), and
• having 5 baling wires placed along the length of the bale.
Additional requirements may be specified as shown on the plans or as directed.

Figure A.1: Illustration of Standard Tire Bale Dimensions (LaRocque 2005).
Reduced Volume Tire Bale. Construct reduced volume bales to the same width
and height as the standard bale; the length shall be reduced as shown on the plans
or as directed. The number of whole tires placed in the reduced volume bale, as
defined by Winter et al. (2006), shall be defined as:
N NST =

Where:

N st ⋅ L nst
L st

NNST is the number of tires in the non-standard bale
Nst is the number of tires in the standard bale ≈ 80 tires
Lnst is the length of the non-standard bale
Lst is the length of the standard bale ≈ 4.5 feet
238

(A.1)

a. Scrap Tires. Provide, or ensure, that scrap tires placed in the bales are:
• free from dirt, vegetation, and organic material,
• free of contaminants such as oil, grease, gasoline, or diesel fuel,
• have not been part of or exposed to a fire,
• have no significant exposed reinforcing steel, and
• have no significant portions of the tire missing, such as tire halves, quarters, or
shreds.
Additional requirements may be specified as shown on the plans or as directed. Shred or
dispose any tires not meeting the requirements for use in the baling process.
b. Tire Bale Wires. Five 7-gauge galvanized steel or stainless steel wires must be
spaced evenly along the width of the bale. Place additional wires or geosynthetic straps
as directed, or shown on the plans, around the bales if corrosive environments are
expected (refer to Item 432.2).
c. Movement and Storage of Bales. Provide equipment able to properly lift and
move tire bales without loading the baling wires. Place bales flat on the ground during
storage or stacked in a pyramid fashion. Cover all bales during storage to prevent
degradation and to limit exposure to water and dirt.
d. Eligibility of Baling Contractor. Tire bales may only be constructed or furnished
by a supplier authorized to process waste tires by the Texas Commission on
Environmental Quality.
A.3 Construction. Construct scrap tire bales as described in this Item, unless otherwise
specified on the plans or directed.
1. Open and inspect baler walls to ensure that teeth are intact and machine parts
are not damaged (Figure A.2).
2. Thread the baling wires trough the grooves located along the bottom base
plate. Place the first three tires, with the first (or bottom) tire covering the
middle three wires, and the two remaining tires placed in a reverse pyramid
fashion on top (Figure A.3).
3. Close and secure the walls of the baling machine. Place the first layer of tires,
typically about 20 tires, in a “zigzag” fashion (Figure A.4).
4. Apply a compressive load sufficient enough compress the tire layer past the
bottom layer of teeth (Figure A.5). Ensure that the tires did not get caught on
the teeth.
5. Remove the compressive load, ensuring that all the tires are retained by the
teeth. Place a second layer of tires on top of the compressed tires, and repeat
the tire compression process. Compress each section so that all tires are
compressed past the top layer of “dog teeth.” The compression process is
completed once 70 – 100 tires have been used, or the bale can no longer be
compressed past the dog teeth.
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6. Compress the piston onto the bale and open the steel box (Figure A.6).
7. Thread and attach the baling wires around the bale, making sure that the wires
are placed through the appropriate groves in the baler (Figure A.7).
8. Attached the removal chains to the loading piston (Figure A.8). Remove the
bale from the baling machine by lifting up on the piston and rolling the bale
onto a forklift (Figure A.9) and inspected.

Figure A.2: Inspection of the Tire Baler.

Figure A.3: Placement of the Baling Wires and First Three Tires.
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Figure A.4: Placement of First Tire Layer in the Baler.

Figure A.5: Compression of the First Tire Layer Past the Bottom Layer of Teeth.
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Figure A.6: Compression of Loading Piston onto the Final Tire Bale Mass and
Opening of the baler Walls for Inspection.

Figure A.7: Securing Galvanized Steel Baling Wires.
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Figure A.8: Attachment of Removal Chains to the Loading Piston.

Figure A.9: Removal of the Tire Bale from the Baling Machine onto a Forklift.
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Appendix B. Construction Guidelines for
Standard Cylinder Scrap Tire Bales
The following appendix provides a draft guideline for the construction of the
cylinder tire bales used as part of this research program. The guidelines are based on
lessons learned while constructing the tire bales and data provided by NordMack
Corporation (www.futurecube.com). The guidelines have been written in the TxDOT
specification style guide so that the style is easily understood and can be incorporated
into construction specifications already in place by TxDOT. The construction of the tire
bales is in reference to the cylinder tire baling machine provided by NordMack
Corporation for the construction of the cylinder tire bales.
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Fabrication of Cylinder Tire Bales
B.1 Description. Furnish, or construct, scrap cylinder tire bales for the use in
embankments, roadways, or other soil structures according to this Item.
B.2. Material. Furnish approved scrap tires and baling equipment as directed, or shown
on the plans, to construct the tire bales. Cylinder tire bales must be constructed to the
following types:
Standard Cylinder Tire Bale. The standard scrap tire bale is defined as:
• containing approximately 16 - 20 whole passenger vehicle tires,
• having a density of no less than 31 lb/ft3,
• having average dimensions of 2.9 feet in length (parallel to wires) and 2.2 feet
in outer diameter, and
• having at least four (4) 11-gauge baling wires placed evenly around the
diameter of the bale.
Additional requirements may be specified as shown on the plans or as directed.

Figure B.1: Illustration of Standard Tire Bale Dimensions
Modified Volume Cylinder Tire Bale. Construct modified volume cylinder
bales to the same outer diameter as the standard bale; the length shall be reduced
as shown on the plans or as directed. The number of whole tires placed in the
reduced volume bale, as defined by Winter et al. (2006), shall be defined as:

N NST =
Where:

N st ⋅ L nst
L st

NNST is the number of tires in the non-standard bale
Nst is the number of tires in the standard bale = 20 tires
Lnst is the length of the non-standard bale
Lst is the length of the standard bale = 2.9 feet
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(B.1)

Truck Tire Cylinder Tire Bale. The truck tire cylinder tire bale is defined as:
• containing approximately 8 - 10 whole truck tires,
• having a density no less than 24 lb/ft3, and
• having no less than 4 baling wires placed around the diameter of the bale.
Additional requirements may be specified as shown on the plans or as directed.

a. Scrap Tires. Provide, or ensure, that scrap tires placed in the bales are:
• free from dirt, vegetation, and organic material,
• free of contaminants such as oil, grease, gasoline, or diesel fuel,
• have not been part of or exposed to a fire,
• have no significant exposed reinforcing steel, and
• have no significant portions of the tire missing, such as tire halves, quarters, or
shreds.
Additional requirements may be specified as shown on the plans or as directed. Clean or
dispose any tires not meeting the requirements for use in the baling process.
b. Tire Bale Wires. Four 11-gauge galvanized steel or stainless steel wires must be
spaced evenly along the diameter of the bale. The length of the standard baling wire is 70
inches. Place additional wires or geosynthetic straps as directed, or shown on the plans,
around the bales if corrosive environments are expected (refer to Item 432.2).
c. Movement and Storage of Bales. Provide equipment able to properly lift and
move tire bales without loading the baling wires. Place bales flat on the ground during
storage or stacked in a pyramid fashion as to reduce the potential for the bales to roll.
Cover all bales during storage to prevent degradation and prevent water or dirt from
entering the bales.
d. Eligibility of Baling Contractor. Tire bales may only be constructed or furnished
by a supplier authorized to process waste tires by the Texas Commission on
Environmental Quality.
B.3 Construction. Construct scrap tire bales as described in this Item, unless otherwise
specified on the plans or directed.
1. Inspect baling machine to ensure that all machine parts are in working order
(all parts are labeled in Figure B.2).
2. Place scrap tires along the seating section of the tire baler (Figure B.3). Place
larger diameter tires at the two ends of the bale, and alternate smaller and
larger diameter tires within the interior (Figure B.4)
3. Compress the scrap tires by first extending the guide piston through the tires
and then applying a compressive load on both ends of the tires (Figure B.5).
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4. Apply a compressive load sufficient enough to fully compress the tires so that
the baling wires can be placed around the bale. .
5. Thread and attach the baling wires around the bale, making sure that the wires
are placed through the appropriate groves in the baler (Figure B.6).
6. Remove compressive load from the bale, ensuring that all wires remain intact.
Remove the bale from the baling machine, either by forklift or rolling of the
bale off of the seating section (Figure B.7) and inspect the bale to ensure
proper size.

Figure B.2: Inspection of the Tire Baling Machine (http://futurecubes.com).

Figure B.3: Placement of the Initial Scrap Tries.
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Figure B.4: Alternating Placement of the Scrap Tires.

Figure B.5: Compression of the Cylinder Tire Bale.
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Figure B.6: Placement of the Baling Wires through the Appropriate Groves in the
Baling Machine.

Figure B.7: Removal of the Finished Standard Cylinder Passenger Vehicle Tire Bale.
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Appendix C. The Unit Weight of the Tire Bale
Structure
The basic properties needed to define the average unit weight of the individual
block and cylinder tire bales was outlined in Chapter 3, but a more detailed analysis was
required to determine unit weight for the total tire bale structure. The following appendix
provides the derivation of the unit weight of the block and cylinder tire bale structures.

C.1 The Average Volume Unit Weight
Traditionally, the unit weight of the tire bale has been calculated using the
average volume (defined as the product of the average dimensions) measured in the field
and the as-received dry weight of the bale, as follows:
γ AVG =

Dry Weight
VAVG

(C.1)

The advantage of the average unit weight is that it can be calculated with parameters that
are measured on site. The average unit weights of the block and cylinder tire bales are
provided in Table C.1 for the bales used as part of this testing program.

Table C.1: The Average Unit Weight of the Block and Cylinder Tire Bales.
Tire Bale

Avreage Unit Weight (pcf)
Block

Cylinder

1

36.5

30.9

2

32.3

30

3

32.3

32

4

31.6

31.3

5

31.9

33.2

6

-

33

7

-

32.3

8

-

31.7

Average

32.9

31.5

St. Dev.

2.0

1.2
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The average unit weight of the tire bale, although useful for quality control and
comparison of the individual bales, does not take into account the geometry of the actual
tire bale structure and the different design considerations for the structures. A more
detailed analysis was therefore required so that the unit weight of the total tire bale
structure could be determined.

C.2 The Total Tire Bale Structure Unit Weight
The unit weight of the total tire bale structure must take into account the shape of
the individual tire bales, the stacking of the bales within the structure, and any materials
present within the voids in and around the bales. The calculation of the tire bale structure
unit weight required both the actual volume of the tire bale (VACT) and the total volume
that the bale takes up within the structure (VT). A simplified illustration of the two
volumes is shown in Figure C.1 for a cylinder tire bale structure, which illustrates that the
volume the bale takes up within the structure (VT) includes the void spaced present
around the bale due to the stacking arrangement.

Figure C.1: Illustration of the Actual and Total Volume of a Cylinder Tire Bale.
The general form of the total tire bale structure unit weight, in terms of the actual
and total bale volumes, was defined as follows:

Tire Bale Structure Unit Weig ht =

 V
VACT
γ ACT + 1 - ACT
VT
VT



γ FILL


(C.2)

Where γACT is the actual unit weight of the individual tire bale (defined using the actual
volume) and γFILL is the unit weight of the surrounding fill material. Values of the actual
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tire bale unit weight were defined for dry, saturated and field capacity conditions to take
into account the moisture conditions of the tire bale mass. The equation was initially
reported by Winter et al. (2006) for a block tire bale structure, in which the volume ratio
was determined from observations and measurements of the tire bale placement in the
field. The following sections outline how the equation was modified for the block and
cylinder tire bale structures.

C.2.1 Calculation of the Block Tire Bale Structure Unit Weight
Three variables were determined for the total tire bale structure unit weight
equation; the weight of the individual block tire bale, the actual volume of the block tire
bale, and total volume of the block tire bale. The actual block tire bale volume was
determined by weighing a dry bale and then submerging the bale, wrapped in an
impermeable membrane, into a water bath (Figure C.2). The dry and submerged weights
were used to back calculate the actual volume of the tire bale using the buoyancy of the
block tire bale. The actual volume for the three bales tested ranged from 41.3 to 47.1 ft3.

(a) Tire Bale Wrapped in Plastic.

(b) Forces Acting on Submerged Bale.

Figure C.2: The (a) Block Tire Bale Wrapped in the Impermeable Membrane and (b)
the Forces Acting on the Submerged Bale.
The total volume of the block tire bales within the tire bale structure was observed
to be approximately the same as the average volume measured for the tire bales (Winter
et al. 2006).

The total volume of the block tire bales was therefore defined as a

rectangular block with the dimensions of the average tire bale (similar to the footprint
interface model used to define stresses). The ratio of the actual to the total block bale
volume needed to determine the tire bale structure unit weight was as follows:
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VACT
44.2 ft 3
=
= 0.74
VTOTAL 59.9 ft 3

(C.3)

The ratio was similar to the value of 0.72 reported by Winter et al. (2006). The resulting
total block tire bale structure unit weight was defined as follows:
Block Tire Bale Strucutre Unit Wieght = 0.74 ⋅ γ ACT + 0.26 ⋅ γ FILL

(C.4)

The actual unit weight of the individual tire bale (γACT) was defined for three
different conditions of the tire bale structure, the dry tire bale structure, the saturated
(submerged) tire bale structure, and the field capacity structure (water retained within the
bales after submergence). The dry weight of the block bale was reported in Chapter 3,
with an average value for the bales used in this testing program of 1950 lbs. The
saturated weight of the block bales was determined by submerging the bales (not
wrapped with a membrane) and using the dry and submerged weights, along with the
actual volume, to determine the volume of solids within the bale mass, as follows:

VS =

WDRY - WSUB

γW

(C.5)

The average volume of solids for the tire bales was 27.5 ft3. The volume of voids (VV)
within the tire bale mass was defined as the average volume of solids subtracted from the
actual tire bale volume already determined, as follows:
VV = VACT - VS

(C.6)

With an average volume of 19.5 ft3 for the bales tested. The saturated weight of the tire
bale was defined as the dry tire bale weight (WDRY) plus the weight of water in the voids.
WSAT = WDRY + VV ⋅ γ W

(C.7)

The average saturated weight of the tire bales was approximately 3190 pounds.
The field capacity weight of the tire bales was defined as the weight of the bale after
being removed from the water bath and allowing all excess water to flow out, with an
average value of 2122 lbs. The actual unit weight of the individual block tire bales,
defined as the weight of the bale divided by the actual tire bale volume, for the three
design conditions is provided in Table C.2.
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Table C.2: The Actual Unit Weights for the Individual Block Tire Bales.
Actual Unit Weight (pcf)
Dry

45.6

Field Capacity

48.9

Saturated

66.5

The unit weight of the total tire bale structure is defined by plugging in the
appropriate actual block tire bale unit weight (Table C.2) and the unit weight of the
surrounding fill material (no fill, soil fill, submergence) into Equation C.4.

C.2.2 Calculation of the Cylinder Tire Bale Structure Unit Weight
The derivation of the cylinder tire bale structure unit weight was similar to that of
the block bale. However, the ratio of the actual volume to the total volume also took into
account the continuous void through the center of the bale, which could be easily filled
with a soil material (unlike the voids within the block bale). The total volume of the
cylinder tire bale was determined by placing the cylinder tire bales in small structures
within the lab (Figure C.3) and measuring the resulting volume that bales required within
the structures. The results provided evidence that the dimensions needed to define the
total volume were slightly higher than the average dimensions of the bales reported in
Chapter 3.

Figure C.3: The Small Scale Cylinder Bale Structures used to determine the Total
Volume.
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The shape of the total volume was represented with a hexagonal tube with volume
defined as follows:
 3

 3

VTOTAL = 
⋅ Dia.2  ⋅ Length = 
⋅ 2.32 2  ⋅ 2.95 = 13.8 ft 3
 2

 2


(C.8)

The actual volume of the cylinder bale was approximately the same as the average
volume of the cylinder bale minus the inner void, as follows:

 Outer Dia 2 - Inner Dia 2 
 2.27 2 - 1.2 2
 ⋅ Length =  π
VACT =  π
4
4





 ⋅ 2.92 = 8.6 ft 3


(C.9)

The ratio of volumes for the cylinder tire bales was defined as follows:
VACT
8.6 ft 3
=
= 0.63
VTOTAL 13.8 ft 3

(C.10)

The ratio was plugged into the general tire bale structure unit weight equation to provide
the total unit weight of the total cylinder tire bale structure, as follows:
Cylinder Tire Bale Strucutre Unit Wieght = 0.63 ⋅ γ ACT + 0.37 ⋅ γ FILL

(C.11)

It should be noted that the influence of the fill material on the unit weight
increased due to the continuous void through the cylinder bale.
The actual unit weights of the individual cylinder tire bales were defined in the
same manner as for the block tire bales. The dry unit weight was defined as the asreceived dry weight divided by the actual volume.

The saturated unit weight was

determined by submerging the bale and using the buoyancy force to determine the
volume of solids. Utilizing the same equations as presented for the block bales, the
saturated weight of the cylinder bales was defined as:


W
− WSUB
WSAT = WDRY +  VACT - DRY
γ WATER



 ⋅ γ WATER


(C.12)

The average saturated weight of the cylinder tire bales was 606 lbs. The field weight was
determined by removing the cylinder bales from the water bath and recording the weight
of the bale with the residual water inside (any water that did not flow out of the bale),
with an average value of 430 lbs. The three actual unit weights of the cylinder tire bales
are provided in Table C.3.
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Table C.3: The Actual Unit Weights for the Individual Cylinder Tire Bales.
Actual Unit Weight (pcf)
Dry

44.0

Field Capacity

50.0

Saturated

70.5

The actual unit weight values of the cylinder bales were higher than those determined for
the block tire bale due to the change in stacking arrangement and structure. The cylinder
tire bale stacking arrangement therefore resulted in a different relationship between the
actual and total bale volumes and a different total tire bale structure unit weight as
compared to the block tire bale structure.

C.4 Discussion and Summary of the Average and Actual Unit Weights
The average volume unit weight (γAVG) for the block tire bale structure was a
specific case of the tire bale structure weight of the tire bale structure with no fill
material. The unit weight of a dry block tire bale structure, with no fill material, is
defined using Eq. C.4 and Table C.2, as follows:

γ = (0.72 ⋅ 45.6 pcf) + (0.28 ⋅ 0) = 32.8 pcf

(C.13)

The result was the same value as that for the dry average volume unit weight,
providing evidence that the average volume unit weight was a special case of the more
general tire bale structure unit weight. The average unit weight is only applicable for dry
tire bale only structures, and any form of soil infill or submergence (in which water is the
infill material and effective stresses are required) requires that the tire bale structure unit
weight (Equation C.4) is used.
The average volume unit weight (γAVG) of the cylinder tire bale structure was
however found to be higher than the unit weight of the total cylinder tire bale structure
with no fill material. The unit weight of a dry cylinder tire bale structure, with no fill
material, was defined using Equation C.11 and Table C.3 as follows:

γ = (0.63 ⋅ 44.0 pcf) + (0.37 ⋅ 0) = 27.8 pcf

(3.9)

The resulting total tire bale structure unit weight was approximately 4 pcf less than the
dry average volume unit weight, providing evidence that the average volume unit weight
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cannot be used to determine the normal stresses within the cylinder tire bale structure.
The difference in the total tire bale structure and average volume unit weights was
attributed to the stacking arrangement of the cylinder bales. The hexagonal total volume
of the cylinder tire bales included more voids present between the individual bales, which
altered the ratio of the actual and total volumes as compared to the block tire bales, in
which the actual and total volumes were both approximately rectangular.
The saturated unit weight of the tire bale structure cannot be defined using the
average dimensions and dry weight typically reported in the literature. The saturated unit
weight was defined using the same unit weight equation and the submerged and water
unit weight values for the tire bale and fill unit weights, as illustrated for the block tire
bale structure as follows:

γ = (0.72 ⋅ 66.5 pcf) + (0.28 ⋅ 62.4) = 65.4 pcf

(C.14)

The submerged unit weight of the tire bale structure is defined as the saturated unit
weight minis the unit weight of water, as follows:

γ SUB = γ - 62.4 pcf = 3pcf

(C.13)

The following examples illustrated how versatile the definition for the total tire bale
structure unit weight was as compared to previously individual bale unit weights utilizing
the average volumes and the dry (and in some cases) submerged weights.
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Appendix D. Cost Benefit Analysis and Analytical
Study of Tire Bale Structures
The use of tire bales as an alternative building material for highway construction
is not only controlled by the mechanical benefits of the tire bale structure, but also by the
costs associated with obtaining and implementing the bales into the construction projects.
The following appendix outlines a basic cost-benefit analysis for the use of tire bales in
highway applications as determined from data provided by the Texas Department of
Transportation (TxDOT) and the Texas Commission on Environmental Quality (TCEQ).
In addition to the cost analysis, an analytical study is also presented to quantify the
mechanical benefits and limitations of using tire bales as a construction alternative. The
cost and mechanical benefits from utilizing the tire bales are outlined for a series of case
histories presented in the literature (refer to Chapter 2). The cost benefit of using tire
bales in highway structures was determined using the three possible end-uses of scrap
tires, do nothing with scrap tires, clean up scrap tires and properly dispose, and
beneficially reuse tires as tire bales in highway applications. Economical considerations
for each of the end uses are presented in the following appendix to illustrate the benefits
of reusing the scrap tires, and the further benefit to reusing the tires within bales.

D.1 Cost of Doing Nothing
The “doing nothing” alternative implies that nothing is done with scrap tires, no
matter their location. There is no cleanup of tires along the roadways, stockpiles of scrap
tires are not properly stored, and the few tires that are properly disposed of end up in
landfills. The cost of doing nothing is the cheapest alternative simply because the costs
are zero ($0). No money is spent by the state to locate, clean, or store any scrap tires. The
only costs for scrap tires would be the optional $2.00 charge per tire to properly dispose
tires, which is paid for by the consumer disposing of the tires (assuming that the
consumer properly disposes of them).
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Although the actual cost to the State of doing nothing is zero, the social costs of
doing nothing can be very high. Infestation of mosquitoes and rodents in scrap tire
monofills has resulted in outbreaks of diseases such as Yellow Fever (Wappett 2004), as
well as occupy large amounts of real estate. A major potential cost associated with doing
nothing is the potential for scrap tire stockpiles to catch fire. There are multiple causes for
the ignition of a tire fire, and have been as simple as arson, electrical ignition caused by
faulty wiring, or lightning striking the tire stockpile. When burned (heated), tires break
down into approximately 2 gallons of oil (EPA 2009) which can then catch fire. Coupled
with the large air voids present within a tire stockpile, tire fires are very difficult and
costly to extinguish.
The costs of extinguishing a tire fire can be quite large due to both the difficulty
of putting out the fire and the cost associated with cleaning up the pollutants from the
fire. Some notable case histories of tire fires include:
• The Hagersville Tire Fire, Ontario, Canada (1990): Consisted of a 12 to 14

million tire stockpile that required over 200 firefighters to extinguish and
burned for 17 days. Over 4,000 people had to be evacuated. The costs of
putting out the fire and the subsequent cleanup were estimated to be over 1
million dollars.
• Tire Dump Fire, Westley, California (1999): A lightning strike ignited the

fire that burned for more than 30 days. The tire dump contained millions of
scrap tires located in a canyon. As a result of the fire, pyrolitic oil flowed
into a nearby stream and which subsequently ignited. The cost to extinguish
and clean up both fires was 3.5 million dollars.
• Tire Monofill Site, Tracy, California (1998): A grass fire ignited the 7

million tires at the unlicensed S.F. Royster Tire Disposal Facility. It was
extinguished after 26 months. No costs were listed for the cleanup, but a
substantial amount of time and manpower was required to extinguish the
fire.
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The potential social costs of having large stockpiles of scrap tires resulted in the need for
state funded programs to cleanup and maintain scrap tires.

D.2 Cost of Cleaning Up Scrap Tires and Proper Disposal
Scrap tires that are not recycled or burned for energy recovery are disposed of in
three ways:
1. Stockpiled in monofills or landfills;
2. Disposed in illegal stockpiles; or
3. Disposed randomly on public or private property.
The proper disposal and storage of scrap tires is required in order to reduce the social and
potential tire fire costs discussed in the previous section. Proper disposal implies that the
state must pay to find and clean up illegal tire dumps and maintain scrap tire stockpiles,
or dispose of the tires (usually not in whole form) in landfills. Two state agencies in
Texas have been in charge of the cleanup and proper disposal of illegally disposed scrap
tires, the Texas Commission on Environmental Quality (TCEQ) and the Texas
Department of Transportation (TxDOT). TCEQ, charged with cleaning up and
maintaining the scrap tire stockpiles around the state, was awarded $7.5 million during
the 77th Legislature for the cleanup of scrap tire stockpiles around the state (TxDOT
2007). Some of the notable cleanups sponsored by TCEQ were the:
•

Cleanup of 850,000 scrap tires in San Antonio,

•

Removal of 45 million scrap tire units (defined as 22.5 lbs of tire rubber material),
or STU’s, from both the Atlanta and Stamford sites,

•

Removal of 250,000 whole scrap tires from an El Paso site, and

•

Removal of 750,000 scrap tires in Cleveland and Midlothian

Some of the funds were also used to retrofit cement kilns so that whole tires could be
safely and efficiently burned for energy. In one report, it was estimated that a total of 3
million whole tires were reused as fuel in one cement kiln in 2006 (TxDOT 2007).
Although there has been a significant cleanup effort sponsored by TCEQ, it was still
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estimated that approximately 4.5 million whole tires still remained in illegal or
unregistered stockpiles around the state as of September 1, 2006.
Unlike TCEQ, which is in charge of all scrap tire stockpiles around the state,
TxDOT is only responsible for scrap tires produced by the Department or found along the
roadways. TxDOT spends $1.25 to $3.50 to clean up passenger tires, up to $40.00 for
tractor or commercial truck tires, and approximately $0.06 per pound to remove tire
scraps from roadways. In addition to finding and cleanup of illegally disposed scrap tires,
the tires must also be stored at a registered site or disposed in a landfill.

D.3 Cost of Reusing Scrap Tires in Highway Applications
In order for tire bales to become a feasible alternative for use in highway
construction, the bales must be easy to manufacture, cheap to implement, easy to use, and
available close to the site. The cost of using tire bales must also be cheaper both in terms
of the construction of the structure and production of the tire bales (cost of making the
bales) as compared to current scrap tire reuse alternatives. This section outlines a costbenefit analysis for the use of tire bales in highway applications.

D.3.1 Considerations for the Use of Tire Bales in Highway Structures
The first consideration with using tire bales as a standard construction material is
the availability of whole scrap tires. Projects that have used tire bales as a fill material
have had the advantage of being one of only a few projects that have required the use of
numerous whole scrap tires. Such projects have also been implemented as a way to
remove tires from one stockpile and beneficially use them in a project rather than
disposing the tires. One dam project in Arkansas required between 1 million whole scrap
tires from a nearby stockpile (Eagle Equipment 2009). A gabion retaining wall in New
Mexico required over 32,000 scrap tires (approximately 320 tire bales) to complete
(Duggan 2007, Hudson2008). It was evident from the review of tire bale case histories
(Chapter 2) that a significant number of whole scrap tires could be required to complete
just a relatively small structure. Therefore, the number of projects that use scrap tire bales
will be limited by the number of tires in an area.
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The time to bale the tires may also become an important consideration. Zornberg
et al. (2004) and Winter et al. (2006) have reported that a total of 4 to 6 bales can be
produced per hour per baling machine with a two man crew. Placement of the bales in the
structure occurs at a faster rate, since bales only need to be placed with a forklift. In
addition, many tire bale structures require significant amounts of tire bales to be
completed. Winter et al. (2006) suggested that tires be baled as soon as they are received
so that stockpiles of bales are readily available.
In Texas, there has been a significant push to reuse tires in civil engineering
projects. In 2005, TxDOT reported that over 27.4 million tires (up from 23 million in
2001) were beneficially reused (only 24 million were produced) and approximately 1
million (down from 2.4 million in 2001) shredded, quartered or split tires were disposed
of in landfills. Of the tires that were beneficially reused, over 60 percent were used as
fuel, 24.8 percent were used in land reclamation projects (LRPUT), and less than 1
percent used in civil engineering applications, as illustrated in Figure D.1. Winter et al.
(2006) estimated that there were still potentially 69 million tires stored in stockpiles
around the state.

D.3.2 Current Scrap Tire Bale Reuse Alternatives
The main use of scrap tires in highway engineering projects is as tire shreds and
crumb rubber (Figure D.2), which is the by-product of shredding the scrap tires. Crumb
rubber has been used as a lightweight fill in embankments, as a fill material in asphalt
pavements, and a fill for land reclamation projects (filling quarries). Over 15,000 tons of
scrap tires were reused by the TxDOT in 2006 (TxDOT 2007) just for roadway
applications. The large amount of tire shreds used in highway construction indicates a
significant amount of experience in beneficially reusing tires. The experience however
requires a significant benefit of using bales as compared to shreds in order to justifying
switching from using shreds to bales.
Only two highway projects in Texas thus far have beneficially reused tires in the
form of tire bales, which are the slope remediation projects at IH-30 (Prikryl et al. 2005,
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LaRocque 2005). The two projects combined account for more than half of the 561 tons
of rubber products and tire bales (whole tires) reported in Figure D.2 With the use of tire
bales, there is an opportunity to increase the number of tires beneficially reused in
highway applications and reduce the amount of effort required to manufacture the tire
product.

Figure D.1: Beneficial Scrap Tire Usage (in Percent of Total Reused Tires) for 2005 in
Texas (TxDOT 2007).

Figure D.2: Total Amount of Scrap Tires Reused in Highway Applications from FY
2001 to FY 2006 (TxDOT 2007).
D.3.3 Cost Comparison of Tire Bales and Shreds in Highway Applications
Two costs are associated with the reuse of scrap tires, (1) the cost to clean up and
move the tires to registered facilities (as discussed in Chapter D.2), and (2) the cost to
process the tires and reuse them in a construction project. The main benefits to using tire
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bales as compared to tire shreds or chips are that the costs associated with the energy and
labor required to construct the bales are reduced at the scrap tire site. The tire baling
machine is portable and can be moved from site to site, resulting in an instant processing
of the tires which is not accomplished for tire shreds. In order to shred tires, the whole
tires must be transported to the facilities, shredded, and then moved to storage. If it is
assumed that the $1.25 per tire spent by TxDOT to clean up tires is volume based (this is
the cost associated with the space required to transport the tires), then baling the tires on
site results in an instant decrease in the volume of the tires, reducing the number of trips
required to remove a stockpile and a decrease the costs associated with removing the
tires. Although the volume reduction of baling tires is approximately 10 (1 bale is 10
times smaller than the associated 100 whole tires), truck volume and load limits reduce
the actual transportation reduction to approximately 3 (Raine 2008). The cost of moving a
scrap tire in baled form therefore reduces to $0.42 per tire ($1.25/3), which is a cost
reduction of $0.83 per tire baled. This cost reduction would therefore decrease the
$814,000 spent by the state to move whole tires from one stockpile to another.
There is a further cost benefit to using tire bales when considering the
construction process to make the bales as compared to shreds. Winter et al. (2006)
estimated that it required 125 kW per tire to shred a tire, while only 7.5 kW per tire is
required to bale the tire. This is reflected in the total cost to shred tires, which can range
from 19–110 dollars per ton depending on size of the final shred (TxDOT spends on
average $0.64 per tire), and requires that over 20 tons of tires be shredded an hour to be
profitable (Raine 2008). Tire bales cost approximately $25 per ton ($0.013 per tire) to
manufacture and only require that enough tires be available to compress (Baxley 2006).
Placement of the tire products into the structure also influences the cost, with shreds
requiring both mixing and compaction while bales only require placement, which will be
further discussed in Appendix D.3.4. A list of the costs associated with lightweight
material alternatives is provided in Table D.1. Although not the cheapest alternative, tire
products provide drainage within the structure and can easily be constructed and placed
within the structure.
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Table D.1: Cost of Soil Replacement Alternatives (Zornberg et al. 2005)
Material

Cost ($/yd3)

Scrap Tire Bales

2.80 - 9.70

EPS Blocks

25.10 - 50.00

Foamed Concrete

50.00 - 73.00

Fly Ash and Slag

2.30 - 16.00

Tire Shreds

19.00 - 110.00

D.3.4 Cost Benefit Analysis and Analytical Study of Tire Bale Case Histories
The cost-benefit and mechanical advantages of using tire bales, as opposed to
other alternatives, can be illustrated using the different scrap tire bale case histories. The
main uses that are of concern to the highway construction industry are tires bales used in
embankments and bridge overpasses, tire bales as a retaining wall material, and tire bales
used as a roadway subgrade material. An overview of the cost benefit and analytical
studies for the three structures are provided in this section. It should be noted that the
analytical study presented in this section is a preliminary analysis and has been included
to support the cost benefit analysis, and does not represent a design recommendation for
the tire bale structures.

Case History 1: Tire Bales in Embankment Construction and Remediation
The TxDOT IH-30 slope remediation project is an example of the use of tire bales
as a light weight fill in highway embankment remediation and construction. The project
consisted of an initial embankment remediation and then a subsequent remediation at an
adjacent slope. Tire bales were used in the initial remediation as reinforcement layers
placed along the height of the slope (Figure D.3 a). Water storage in the tire bale
reinforcement layers increased the seepage into the adjacent slope, initiating a second
slope failure. The second slope remediation consisted of rebuilding the slope entirely
with tire bales (Figure D.3 b) with the additional of a drainage blanket at the base to
prevent water storage within the bale mass.
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(a) Tire Bale
Reinforcement Layers

(b) Tire Bale Fill

Figure D.3: Tire Bale Embankment Illustrations for the IH-30 Slope Remediation
Projects.
General
The cost estimates and stability analyses were conducted using a general slope
geometry and soil properties provided in Prikryl et al. (2005), as shown in Figure D.4.
The conditions at failure for the IH-30 embankment were determined so that similar
conditions could be analyzed for the tire bale embankment stability analyses. The
approximated failure surface and excavation limits (determined from photographs of the
failure) as well as the general slope geometry are shown in Figure D.5.

Figure D.4: General Slope Geometry for IH-30 Slope Remediation Project.
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Figure D.5: Embankment Geometry and Failure Surface Location for IH-30 Slide.
The failure was considered typical of cut slopes consisting of clayey soils. Clay
soils lose strength with time due to weathering (shrink/swell cycles), and additional
loading caused by rain events causing the water table to be elevated into a permeable
weathered limestone layer behind the embankment, initiating the slope failure (Prikryl et
al. 2005). The UTEXAS4 slope stability program, developed by Dr. Stephen G. Wright
(Wright 2007), was used to determine the soil strengths necessary to produce failure for a
groundwater table at the top of the limestone layer. The analysis indicated that strengths
in the shaley clay layer (layer with the slickenside surfaces) needed to be reduced
approximately 10% from the peak values to result in a factor of safety of 1.

Cost Benefit Analysis
Five different slope remediation alternatives were considered in the analysis of
the highway embankment, as follows:
1. Re-compaction of the Failed Material (with and without drainage blanket)
2. Re-compaction of the Slope with Tire Bale Reinforcement Layers
3. Removal and Replacement of Failed Material with Tire Bale Mass
4. Re-compaction of Failed Material with Tire Shred Fill
5. Re-compaction of Failed Material Around a Pile Reinforced Retaining
Wall.
The general construction costs, as determined from the TxDOT average low unit
bid prices for 2007 (TxDOT 2008), is provided in Table D.2. The units for each of the
actions or materials are cubic yard (cy), square yard (sy), linear yard (ly), linear foot (lf),
ton of material (ton), and average day use (day*).
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Table D.2: Cost Estimates for Re-Compaction of Failed Slope Material.
Description of Action or Material

Construction Unit

Cost

Excavation

cy

6.33 - 14.86

Embankment Compaction (Type D)

cy

22.32

Course Aggregate (Drainage Blanket)

cy

1.53 - 51.56

Stone Riprap (8")

cy

75 - 115

Embankment Compaction (Type B)

cy

20.07

Geogrid Base Reinforcement

sy

1.60 - 4.10

Geotextile Reinforcement/Drainage Layer

sy

0.63 - 3.04

Scrap Tire Bale (Standard Dimension)

cy

2.80 - 9.60

Forklift

day*

215.00 - 233.00

Tractor Loader (Front End Loader)

day*

193.80 - 305.00

Clamshell Becket

day*

29.00 - 68.20

PVC Pipe (4" Inner Diameter)

lf

1.59 - 2.50

Concrete Flume

cy

350

Tire Shreds

ton

19 - 116

Tire Shred-Soil Mixing (Rotary Tiller)

cy

1.87

Drilled Shafts (18" to 36" Dia.)
Includes Concrete

ly

177.69 - 894.3

Wide Flange Steel I Beams
(8x4, 10 lb/ft to 12x12, 120 lb/ft)

ly

21.30 - 271.80**

Metal Gaurdrail Fence

ly

0.00 (From Site)
7.33
(Used)***
19.56
(New)***

* May be assumed zero if equipment is already present.
** Price provided by Saginaw Pipe Company, INC.
*** Price provided by American Timber and Steel Corp, INC.
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The cross sectional area of the excavation limit (illustrated in Figure D.5) is
approximately 77.8 square yards (700 square feet). The cost of excavation, which is
required for all of the remediation alternatives, is $1,156 per linear yard of embankment
($14.86/yd3). The cost of simply re-compacting the failed soil back into the original
shape of the slope is $1,734 per linear yard of the embankment. Therefore, re-compacting
the slope would cost approximately $2,890 per linear yard of remediate embankment.
Addition of a one foot thick drainage blanket constructed around the perimeter of the
excavation, consisting of a coarse grained material ranging from filter sand to stone riprap, would change the total embankment cost to $2,910 to $3,900 per linear yard of
embankment. The addition of geosynthetic reinforcements along the height of the slope
(assuming 8 equally spaced layers along the height) would increase the total cost to
$2,930 to $3,150 per linear yard. A summary of the re-compaction costs are provided in
Table D.3.

Table D.3: Summary of Estimated Embankment Re-Compaction Costs for IH-30
Embankment.
Remediation Method

Cost (per linear yard)

Recompaction

$2,890.00

Recompaction with Drainage Blanket

$2,910.00 - $3,900.00

Recompaction with Geosynthetics

$2,930.00 - $3,150.00

The generic slope remediation with four planar layers of tire bales added as
reinforcement/drainage layers is illustrated in Figure D.6. An eight (8) inch thick soil
layer is compacted between each tire bale reinforcement layer. It should be noted that for
the initial remediation of the IH-30 slope, a compacted soil cover was placed on the slope
surface and no flow was allowed out of the tire bales. This analysis, however, will
assume that drainage is provided out of the slope. Drainage is provided by a series of
PVC pipes placed between the tire bale layers to a concrete flume drain at the surface of
the slope at every twenty (20) feet.
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Figure D.6: Tire Bale Reinforced Embankment Geometry.
The approximate number of scrap tires bales needed to complete the four layers of
reinforcement is 25 bales per 5 feet of embankment, costing approximately $300.00 per
linear yard of embankment. The cost of placement of the bales was neglected since some
form of forklift or front end loader will already be present at the site for excavation or for
removal of the bale from the baling machine or truck. The compaction of the 8”
intermediate soil layers and soil cover would cost approximately $1040.00 per linear yard
of embankment. Placement of a PVC pipe drain at each tire bale layer and construction of
a concrete flume drain every 20 feet along the embankment would cost approximately
$197.00 per linear yard of embankment. The total cost of the tire bale reinforced
embankment without drainage would therefore cost $2496.00 per linear yard and with
drainage would cost $2693.00 (Table D.4).

Table D.4: Summary of IH-30 Embankment Re-Construction Costs with Tire Bale
Reinforcement Layers.
Remediation Method

Cost (per linear yard)

Tire Bale Reinforced Embankment

$2,496.00

Tire Bale Reinforced Embankment with Drainage

$2,693.00

An alternative use of tire bales in slope remediation is the use of the bales as a fill
material within the slope, such as done for the second remediation of the IH-30 slope. A
general cross section of the tire bale fill embankment is shown in Figure D.7. The soil
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cover was included to limit the degradation of tires due to UV radiation, limit water and
air into the slope (reduce any exothermic reactions), provide a soil layer for vegetation to
grow, and to provide an aesthetically pleasing appearance. At the base of the tire bale
mass, a stone rip-rap layer was placed to act as a drainage layer, and a PVC pipe was
placed perpendicular to the slope to drain the water at the base of the tire bale mass to the
water runoff ditch along the highway. A geotextile was also placed around the sides and
top of the tire bale mass to prevent any soil flow into the tire bale mass.
The approximate number of tire bales needed for a five layer high embankment,
considering that a three foot soil cover is compacted on top, is 36 bales per five feet of
embankment. The cost of the bales, per linear yard of the embankment, is approximately
$450.00. The cost of compacting the 3 foot soil cover and top 12 feet of the embankment
(32.8 yards squared cross section) costs approximately $732.10. The placement of the 8”
thick drainage layer at the base of the tire bale mass costs approximately $400.00 $427.00 per linear yard of embankment, depending on the coarse grained material used.
The placement of a PVC drain at every 20 feet of embankment would cost $1.13 per
linear yard. The geotextile covering of the tire bale mass, which requires an approximate
length of material of 42.6 yards, costs $26.84 - $129.50 per linear yard. In total, the cost
of construction for a tire bale embankment, including drainage and geotextile covering,
would cost approximately $2767.00–$2896.00 per yard of embankment (Table D.5).

Figure D.7: Tire Bale Only Embankment Geometry for IH-30 Remediation.
271

Table D.5: Summary of Embankment Re-Construction Costs with Tire Bale Mass
for IH 30 Embankment Failure.
Remediation Method

Cost (per linear yard)

Tire Bale Embankment with
Drainage Layer

$2,767.00 - $2,896.00

An alternative re-use of scrap tires in embankment construction is the use of tire
shreds as reinforcement elements and/or a fill material with the soil mass. Assuming that
tire shreds are mixed in with the soil material at a ratio of 30% tire shreds by dry weight
of soil, the cost of the tire shreds required is approximately $719 per linear yard of
embankment ($19/ton). The cost of mixing the soil and shreds would be approximately
$150 per linear yard and compaction would cost $1,734 per linear yard of embankment.
The total cost of a tire shred reinforced embankment would therefore cost approximately
$3,795 per linear yard of embankment (Table D.6).

Table D.6: Summary of Tire Shred Reinforced Embankment.
Remediation Method
Tire Shred Reinforced
Embankment

Cost (per linear yard)
$3,759.00

The final alternative analyzed for this case history is the re-use of highway
materials to build a retaining wall within the embankment. In general, the retaining wall
consists of concrete drilled shafts with steel beam placed in it to some height and metal
guardrails welded between the beams (Figure D.8). The failed soil material is then
compacted around the retaining wall which acts as a reinforcement structure within the
embankment. Most of the materials used are leftovers or scrap parts from previous
highway construction or remediation projects or rail damaged by the traveling public, so
that the materials essentially cost nothing. However, prices of the new and used materials
are included in the analysis to illustrate the cost if materials are required for the project.
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Steel Column
Metal Guardrails

Drilled Shaft

Figure D.8: Illustration of the Pile Retaining Wall Reinforced Embankment Before
Placement of Soil Mass.
For the IH-30 case history, it is assumed that the retaining wall will be placed at
the center of the excavation, so the height (and subsequent depth) of the pile wall is
approximately 9 feet (one foot thick soil layers compacted on top of wall), resulting in a
18 foot long piece of steel needed for the beams. The cost of 18 foot long Wide Flange
Steel I Beams (ranging from 8x4 and 10 lb/ft to 12x12 and 120 lb/ft) is approximately
$30.34 - $1,014.48 per yard of embankment for pile spacing of 5–10 feet. The cost of
drilled shafts, ranging in diameters from 12 to 48 inches and at spacing of 5–10 feet, is
approximately $159.92 - $1,609.74 per linear yard. For three layers of metal guardrails
placed along the height of the piles, the cost ranges from $0 (re-use of guardrails) to
$21.99 per yard for used guardrail. Compaction of the excavated soil around the retaining
wall would cost $1,734 per yard of embankment. The cost of the pile reinforced
embankment for pile spacing of 5 and 10 feet is provided in Table D.7.

Table D.7: Summary of the Costs of the Pile Reinforced Soil Embankment.
Remediation Method

Cost (per linear yard)

Pile Wall Reinforced
Embankment (5 Foot Spacing)

$3,286.52 - $5,533.78

Pile Wall Reinforced
Embankment (10 Foot Spacing)

$3,088.26 - $4,221.67
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Analytical Study
The analytical study of the embankment remediation alternatives provides a
method to quantify the mechanical benefits of using tire bales as a construction material.
The UTEXAS4 slope stability program (Wright 2007) was used to perform limit
equilibrium analyses of the remediation alternatives. Spencer’s method of stability
analysis, which satisfies all equilibrium equations and can be used for circular and noncircular failure surface geometries, was used to determine the factor of safety (resisting
strength/driving forces) of the embankment.
The factor of safety for the re-compacted slope without drainage was 1.1 for
groundwater conditions similar to those causing the initial failure (Figure D.9). The
strength of the re-compacted slope was assumed to be similar to that of the peak shaley
clay material (Figure D.4). The inclusion of the drainage layers at the base of the
excavation, resulting in a reduction of the elevation of the piezometric line, increases the
factor of safety to 1.68 (Figure D.10).

Figure D.9: Limit Equilibrium Analysis of Re-Compacted Soil Slope without Drainage.
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Figure D.10: Limit Equilibrium Analysis of Re-Compacted Soil Slope with Drainage
Layer.
The use of tire bales as reinforcement layers within the embankment provides two
improvements to the stability of the slope, a layer of strong material that intercepts the
failure surface and a drainage layer to provide a path for water out of the slope. The limit
equilibrium analysis of the tire bale reinforced slope (with drainage) provides evidence
that even for high groundwater tables in the soil retained behind the embankment, the
lowest factor of safety is 1.7 (Figure D.11). The strength of the tire bale interface was
assumed to be equal to the tire bale-clay interface strength reported in Chapter 8. The unit
weight of the tire bale mass was altered to take into account the soil fill around the bales
(Equation C.4 in Appendix C), increasing unit weight from 36.5 pcf (the value typically
assumed) to 69 pcf. The inclusion of the tire layers allows drainage along the height of
the embankment and therefore a reduction in the elevation of the piezometric line down
to the base of the tire bale reinforcement layers.
The analysis of the tire bale mass embankment was used to illustrate three
important scenarios of the tire bale embankment stability, the stability for drained
conditions, the effects of submergence on stability, and the surficial stability of a soil
cover. The partially wetted longitudinal tire bale interface strength parameters were used
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for all the analysis (Chapter 7). For the tire bale embankment with drainage and a high
groundwater table within the limestone layers behind the embankment, the critical failure
surface exists at the base of the tire bale fill with a factor of safety of 1.56 (Figure D.12).

Figure D.11: Limit Equilibrium Analysis of the Tire Bale Reinforced Soil Slope with
Drainage.

Figure D.12: Limit Equilibrium Analysis of the Tire Bale Fill Soil Slope with
Drainage.
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When drainage is not allowed from the slope and the piezometric line elevation
increases to the top of the limestone layer and slope face, the factor of safety reduces to
0.9, indicating failure of the slope (Figure D.13). The low unit weight of the submerged
tire bale mass resulted in the reduced stability of the slope. The saturated unit weight of
the tire bale mass, as discussed in Appendix C, is 66 pcf. The submerged, or effective
unit weight, is the saturated unit weight minus the unit weight of water, which is 4 pcf for
the block tire bales. The effective normal stresses within the tire bale mass decrease by a
factor of ten from dry (~40 pcf) to submerged (~4 pcf) conditions.

Figure D.13: Limit Equilibrium Analysis of the Tire Bale Fill Soil Slope without
Drainage.
The placement of a soil cover on the tire bale mass is a precaution to limit
degradations of the tires due to UV radiation and to prevent free access of water and air,
which may increase any exothermic reactions occurring within the tire bale mass. When
compacted clay covers are used as the soil cover, there are no indications of surficial
stability problems or the formations of a shallow slope failure (Figure D.14) for short
term conditions. However, for sandy soils or clays subjected to wet/dry cycles (decrease
in cohesion), the purely frictional strength of the soil leads to the formations of a shallow
(infinitesimal) slip surfaces within the soil cover (Figure D.15).
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Figure D.14: Limit Equilibrium Analysis of the Surficial Stability of a Compacted Clay
Cover on the Tire Bale Fill Soil Slope with Drainage.

Figure D.15: Limit Equilibrium Analysis of the Surficial Stability of a Sand Cover on
the Tire Bale Fill Soil Slope with Drainage.
Remediation of the shallow slope failure could potentially include grouting the
soil, using geosynthetics along the embankment height, or increasing the dimensions of
the tire bale slope. Another alternative, that again beneficially reuses tires, is to mix the
soil cover with tire shreds to act as discrete reinforcement fibers within the soil mass.
Zornberg et al. (2004 b) presented triaxial testing results for a sand mixed with tire shreds
that provided evidence of an increase in the apparent cohesion of the soil-tire mixture at a
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ratio of approximately 30% tires by dry weight of soil. The apparent cohesion increased
by 400 psf for dosages of tire shreds between 30 and 40 percent. However, for the IH 30
case with sand cover, and increase in the apparent cohesion of the soil of only 25 psf
increases the factor of safety against surficial failure to over 1.5 (Figure D.16). The
analysis also included the reduction in weight of the surficial soils with the inclusion of
the lighter tire shreds, which decreases the saturated unit weight from 125 pcf to
approximately 100 pcf.

Figure D.16: Limit Equilibrium Analysis of the Surficial Stability of a Tire Shred
Reinforced Sand Cover on the Tire Bale Fill Soil Slope with Drainage.
The same soil parameters presented for the tire shred reinforced soil cover were
also be used to determine the stability of the re-compacted soil embankment with tire
shred reinforcement. The saturated unit weight of the tire shred reinforced soil, with a
ratio of 30% tires by dry weight of soil, decreases to approximately 100 pcf. The strength
of the tire shred-soil mixture was set constant to that of the pure soil embankment to
illustrate the effect of decreasing the weight of the structure on the stability. The result of
the limit equilibrium analysis is shown in Figure D.17 for undrained conditions (no
drainage blanket) and a piezometric line at the surface of the limestone layer. The factor
of safety against failure, approximately 1.2, indicates that the reduction in weight
provided by the tires in not enough to increase the stability; drainage from the slope is
still the critical factor in the stability of the structure.
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Figure D.17: Limit Equilibrium Analysis of the Tire Shred Reinforced Re-Compacted
Soil Embankment.
Summary
A summary of the costs and associated factors of safety for the different IH 30
slope remediation alternatives is provided in Table D.8.

Table D.8: Cost and Factor of Safety for the IH-30 Remediation Alternatives.
Remediation Method

Cost (per linear yard)

Factor of Safety

Recompaction

$2,890.00

1.1

Recompaction with Drainage Blanket

$2,910.00 - $3,900.00

1.7

Recompaction with Geosynthetics

$2,930.00 - $3,150.00

-

Tire Bale Reinforced Embankment

$2,496.00

Tire Bale Reinforced Embankment with
Drainage

$2,693.00

1.5

Tire Bale Mass Embankment with
Drainage

$2,767.00 - $2,896.00

1.6

Tire Shred Embankment without
Drainage

$3,501.70

1.2

Pile Wall Reinforced Embankment

$3,088.26 - $5,533.78

No Reported Failures
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The inclusion of tires bales into the embankment for all embankment designs
costs less than the re-compaction of the slope and provides adequate factors of safety
against failure even for the worst case groundwater conditions. The benefits of using tire
bales in embankment construction are the ease of construction, which is the cause of the
lower costs, and the increase in stability of the structure due to the strength and high
permeability of the tire bale mass. The previous analysis does not include the cost savings
to the state by baling tires at the site, which may decrease the cost of hauling tires by
approximately $1.20 per tire. The actual cost to the state of a tire bale structure is the
construction costs presented in this section minus the savings per tire times the number of
tires used (Table D.9). For the tire bale reinforced slope, approximately 2,500 tires are reused as bales per five feet of embankment, resulting in a savings of $1,800 per yard of
embankment if the tires are baled before transportation, resulting in a net cost of the
embankment of only $893 per yard of embankment. For the tire shred embankment, there
is no savings and therefore no cost reduction for using shreds, indicating another benefit
of using tire bales over tire shreds for embankment construction.

Table D.9: Costs of the IH-30 Slope Alternatives with Savings Due to Tire Baling.
Remediation Method

Cost (per yard)

Cost Savings (per yard) "Total" Cost to TxDOT

Recompaction

$2,890.00

0

$2,890.00

Recompaction with
Drainage Blanket

$2,910.00 - $3,900.00

0

$2,910.00 - $3,900.00

Recompaction with
Geosynthetics

$2,930.00 - $3,150.00

0

$2,930.00 - $3,150.00

Tire Bale Reinforced
Embankment

$2,496.00

$1,245.00

$1,251.00

Tire Bale Reinforced
Embankment with Drainage

$2,693.00

$1,245.00

$1,448.00

$1,792.80

$974.20 - $1,103.2

Tire Bale Mass
$2,767.00 - $2,896.00
Embankment with Drainage
Tire Shred Embankment
without Drainage

$3,501.70

0

$3,501.70

Pile Wall Reinforced
Embankment

$3,088.26 - $5,533.78

0

$3,088.26 - $5,533.78
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The actual cost presented in Table D.9 includes the savings to the state of baling
the tires at the site, and is not the final cost of the structure since no transportation costs
were included in the analysis. The cost of transporting the bales to the site would still
need to be included in the analysis to get the final cost of the structure.
Case History 2: Tire Bales as Roadway Subgrade (Cost Benefit Only):
The main benefit of replacing roadway subgrade with tire bales is the reduction in
weight of the total roadway. This is especially advantageous in areas with very soft
foundation soils in which removal or surcharging would be required, both of which are
time consuming and expensive. Successful applications of tire bales as a roadway subgrade in the US and the UK have been outlined by Zornberg et al. (2004) and Winter et
al. (2006). Two types of tire bale subgrades have been reported by Winter (2006), the
floating subgrade in which the tire bales are placed directly on the ground surface, and
the buried subrage in which an excavation is made so that the tire bales can be placed
below the ground surface. An illustrative comparison of the typical roadway crosssection and the tire bale sub-grade cross-section are shown in Figure D.18.

(a) Typical Roadway Section

(b) Tire Bale Sub-grade Section

Figure D.18: Illustrations of the Typical Roadway Cross Section and the Tire Bale
Subgrade Cross Section.
Zornberg et al. (2004) estimated that for the Chautauqua County, New York tire
bale roadway, there was an average taxpayer savings of $1.60 per tire when reusing the
tires instead of throwing them away. It was also reported that he tire bale roadway cost
$3,050.00 less than a traditional flexible base roadway per 1000 feet of road constructed
($9.15 per linear yard of road). TxDOT material and construction costs associated with
an asphalt roadway are shown in Table D.10. The materials cost of using tire bales as a
subgrade material (including a sand infill), is approximately $8.90 per square yard. The
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material costs for a typical aggregate subgrade can range from $5.97 to $12.27 per square
yard, depending on the thickness of the material. The compaction of the typical aggregate
subgrade would cost $10.01 to $24.46 per square yard, while the compaction of the soil
infill between the bales (assuming that 0.28 cubic yards is required per bale) would cost
$11.71 per cubic yard. The cost benefit of using bales is therefore due to both the material
and construction costs , which result in a savings of up to $12.75 per square yard of the
roadway.

Table D.10: Costs Associated with Materials and Construction of Roadways.
Description of Action or Material

Construction Unit

Cost

Roadway Excavation

cy*

3.31

Asphault Pavement

sy*

1.41 - 1.71

Sub-Grade Aggregate

cy

32.73 - 69.22

Sand Infill

cy

1.53 - 2.50

Embankment Compaction (Type B)

cy*

20.07

Scrap Tire Bale (Standard Dimension)

cy

2.80 - 9.60

Forklift

day**

215.00 - 233.00

Tractor Loader (Front End Loader)

day**

193.80 - 305.00

Clamshell Becket

day**

29.00 - 68.20

Geotextile Reinforcement/Separation Layer

sy

0.63 - 3.04

* Can be zero if construction is "In House."
** Assumed zero if equipment is already present.
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Case History 3: Tire Bales as Fill in Gabion Retaining Walls
There are a number of case histories reported by the New Mexico Department of
Transportation in which tire bales have been used as the fill material for gabion retaining
walls. A retaining wall project along the US 550 highway was analyzed due to the
significant amount of design data provided by the DOT (Duggan 2007, Hudson 2008).
The design drawing of the tire bale gabion retaining wall is provided in Figure D.19. The
design called for tire bales to be placed behind gabion cages filled with gravel. The bales
were bound together with a series of steel cables, which provide a compressive force
binding the series of tire bales into the retaining wall mass.
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Figure D.19: Design Plan for the US 550/Arroyo Penasco Retaining Wall in Sandoval
County, New Mexico (Provided by Duggan 2007).
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Cost Benefit
The costs associated with a typical gravel gabion and tire bale gabion retaining
walls, in terms of the TxDOT average low bid unit prices (TxDOT 2008), are provided in
Table D.11. The total cross sectional area of the gabion wall is approximately 18 square
yards. For a traditional gabion wall, filled with a typical gravel soil, the cost of the wall
would be approximately $3,143.22 per yard of wall. A gabion wall of the same geometry,
using tire bales as the main component and a 3 foot thick traditional gabion wall along
the surface, costs approximately $496.92 per yard of wall. A summary of the costs of
both walls is provided in Table D.12. The reduction in cost of the tire bale retaining wall
is due to the difference in costs of the materials and the reduction in labor required to
construct the tire bale wall.

Table D.11: Cost of the Materials and Construction of Gabion Retaining Walls.
Description of Action or Material

Construction Unit

Cost

Gabions (Galvanized Steel Cage)

cy

175.11

Scrap Tire Bale (Standard Dimension)

cy

2.80 - 9.60

Forklift

day*

215.00 - 233.00

Tractor Loader (Front End Loader)

day*

193.80 - 305.00

Clamshell Becket

day*

29.00 - 68.20

Galvanized Steel Gabion Mesh

sy

3.2

Geotextile Reinforcement/Separation Layer

sy

0.63 - 3.04

* May be assumed zero if equipment is already present.
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Table D.12: Summary of Costs of Gabion Retaining Walls.
Construction Method

Cost (per linear yard)

Tradtional Gabion Wall

$3,143.22

Tire Bale Filled Gabion Wall

$496.92

Analytical Study
The strength of the traditional gravel gabion wall and tire bale gabion wall are
similar since both materials (tire bales as gravel) have a friction angle of approximately
28o under wet conditions and are held together by similar steel cages. The main diference
between the two walls is therefore the unit weight, since tire bales (γdry = 36 pcf) are
approximately 1/3 the unit weight of the gravel (γdry = 125 pcf). A model of the gabion
retaining wall was analyzed using the UTEXAS4 program (Figure D.20) to determine
how the reduction in weight altered the global factor of safety for the system.

Figure D.20: Gabion Wall Geometry used in UTEXAS4 Analysis.
Three different stability analyses were performed for the retaining walls, a global
stability analysis, sliding stability analysis, and overturning moment stability analysis.
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The factor of safety against global failure (under dry conditions) was determined for a
circular failure surface. The factor of safety for the traditional gabion wall was 1.52
(Figure D.21) and reduced to 1.45 for the tire bale retaining wall (Figure D.22).

Figure D.21: Global Stability Analysis for the Traditional Gravel Gabion Retaining
Wall for Dry Conditions.

Figure D.22: Global Stability Analysis for the Tire Bale Gabion Retaining Wall for
Dry Conditions.
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The factor of safety against sliding failure was determined by placing failure
surface at the base of the retaining wall. The decrease in the weight of the wall decreased
the factor of safety from 1.5 for the traditional gabion wall (Figure D.23) to 1.4 for the
tire bale wall (Figure D.24).

Figure D.23: Sliding Stability for the Gravel Gabion Retaining Wall.

Figure D.24: Sliding Stability for the Tire Bale Gabion Retaining Wall.
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A overturning moment analysis of the gabion wall was conducted by taking
moments about the bottom front corner of the wall (Figure D.25). The factor of safety
against overturning is defined as the summation of the moments due to the weight of the
wall divided by the moments due to the pressure applied by the retained soil:

Σ Resisting Moments
(D.1)
Σ Overturning Moments
Pressures applied by the retained soil were predicted using Rankine Active Earth
Factor of Safety =

Pressures, as follows:
Rankine Active Earth Pressure Coefficient = K A = cosα

cosα - cos 2α - cos 2φ
cos α + cos 2α - cos 2φ

1
Active Force = PA = γH 2 K A - 2cH K A
2

(D.2)

(D.3)

Decreasing the weight of the structure by using tire bales also decreases the factor of
safety against overturning of the structure from 3.7 (for typical rock fill) to 2.9 (for the
tire bales).

Figure D.25: Overturning Moments for the Tire Bale Gabion Retaining Wall.
Summary
The cost and analytical analyses of the tire bale gabion wall provided evidence
that tire bales are an acceptable alternative to the traditional gravel retaining wall fill.
However, the design of the wall must take into account the significant loss in weight of
the wall due to removal of the heavy gravel material and replacement with the much
lighter bales. The NMDOT has successfully designed, constructed and maintained a
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number of tire bale retaining walls around the state that have performed satisfactory
during both dry and wet conditions. For the case history analyzed in this chapter, there
was only a slight loss in stability when using the tire bales but a significant decrease in
the cost of the retaining wall due to the replacement of the expensive gravel fill and
reduction in labor (Table D.13).

Table D.13: Summary of Gabion Retaining Wall Costs and Factory of Safety.
Construction Method

Cost (per linear yard)

Tradtional Gabion Wall
Tire Bale Filled Gabion Wall

Factor of Safety
Global

Sliding

Overturning

$3,143.22

1.5

1.47

3.5

$496.92

1.46

1.36

2.7

The savings associated with transporting and storing tire bales is taken into
account in the total cost in Table D.14. The savings of baling tires at the site were higher
than the total cost of materials and construction of the retaining wall. Therefore, the use
of tire bales saves more money than is actually spent.

Table D.14: Costs of the Tire Bale and Gravel Gabion Retaining Walls Considering
the Savings Due to Tire Baling.
Construction Method

Cost (per yard)

Cost Savings (per yard) "Total" Cost to TxDOT

Tradtional Gabion Wall

$3,143.22

0

$3,143.22

Tire Bale Filled Gabion Wall

$496.92

$653.40

-$156.48

It should be noted that the costs presented in Table D.14 do not include the actual
transportation, which would need to be determined based on the location of the tire bales
relative to the construction site.

Case History 4: Tire Bale Storage and Use as Random Fill
In the previous case history analyses, the use of tire bales in specific highway
construction projects has been discussed using both the cost and mechanical benefits.
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However, in many cases the use of tire bales may be beneficial just due to the volume
reduction of baling a scrap tire stockpile. An example of the benefits of tire baling would
be the “production” of scrap tires by the TxDOT Districts. In general, a TxDOT facility
can only store five hundred (500) whole tires at any time such as the scrap tire stockpile
at the Austin District TxDOT facility (Figure D.26). Baling the tires reduces the volume
of the stockpile by a factor of approximately 10, resuding the space required to store the
scrap tires. Four hundred (400) tires, in bale form, are shown in Figure D.27.

Figure D.26: Photograph of the Tire Storage Area at the Austin District TxDOT
Facilities.

Figure D.27: Photograph of Four Tire Bales at the TxDOT Facilities.
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D.4 Summary
The cost benefit analysis and analytical study presented in this appendix provides
evidence that tire bales can be effectively implemented in numerous highway structures.
The mechanical benefits to using tire bales include:
• Reduction in weight of the structures, beneficial when constructing on a soft

soil but may require additional design considerations for gravity retaining
walls with tire bales,
• Provides and increases drainage from the structure, and
• Increases in the stability of the structure by adding a reinforcement layer, or

stronger material layer in the form of discrete building blocks that force the
failure plane to take certain geometries that result in higher factors of safety.
However, the submergence of tire bales was found to be a critical aspect in the design of
the different structures, indicating that drainage of the bales should always be provided.
The cost benefits to using tire bales, as opposed to soil or tire shred reinforced soil, are:
• The cost to construct and transport tire bales is significantly less than that of

whole tires, tire scraps, and tire shreds.
• Tire bales do not require any form of compaction or special equipment to be

placed into the structure. A fork lift, front end loader, or clamshell bucket
can be used to properly place the tire bales into the structures.
• Soil structures require moisture conditioning, density control, mixing,

blading, or other methods required to prepare the soil embankment; tire
bales just require that they are dry before placement.
• Soil structures must accommodate for shrink/swell of the soils.
• Drainage from the soil must be constructed into the slope, increasing the

cost of the structure; drainage from tire bales only requires that a pipe is
placed so that water can be removed.
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The time to make the tire bales, location of the bales relative to the structure, and
the number of tire bales available are the main limitations of using tire bales in soil
structures. In many cases, a significant number of bales must be present or preconstructed near the site so that they can be placed within the structure in a timely, and
therefore cost effective, manner. Transporting the tire bales, although approximately ten
times cheaper than moving whole tires, can cancel out the cost benefit of using tire bales
in a structure located away from the bales. It must be decided on a case-by-case basis
whether or not tire bales would be a feasible alternative based on the location and number
of bales relative to the site. Tire bales may be more suitable for smaller remediation
projects rather than larger projects requiring a large amount of material. A review of the
case histories indicates that the use of tire bales in highway structures has been controlled
thus far by the presence of tires near the site and the need to quickly dispose of them.
Baling of the tires usually occurs before the construction of the structure and not during
construction, so that the bales just need to be transported to the site and placed into the
structure.
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