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Abstract: Tire shreds and tire shred – soil mixtures can be used as alternative backfill material in many geotechnical
applications. The reuse of tire shreds may not only address growing environmental and economic concerns, but also
help solve geotechnical problems associated with low soil shear strength. In this study, an experimental testing program
was undertaken using a large-scale triaxial apparatus with the goal of evaluating the optimum dosage and aspect ratio
of tire shreds within granular fills. The effects on shear strength of varying confining pressure and sand matrix relative
density were also evaluated. The tire shred content and tire shred aspect ratio were found to influence the stress–strain
and volumetric strain behaviour of the mixture. The axial strain at failure was found to increase with increasing tire
shred content. Except for specimens of pure tire shreds and with comparatively high tire shred content, the test results
showed a dilatant behaviour and a well-defined peak shear strength. The optimum tire shred content (i.e., the one lead-
ing to the maximum shear strength) was approximately 35%. For a given tire shred content, increasing the tire shred
aspect ratio led to increasing overall shear strength, at least for the range of tire shred aspect ratios considered in this
study. The shear strength improvement induced by tire shred inclusions was found to be sensitive to the applied confin-
ing pressure, with larger shear strength gains obtained under comparatively low confinement.
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Résumé : Les déchiquetures de pneus et les mélanges déchiquetures – sol peuvent être utilisés comme matériaux de
remblai alternatif dans plusieurs applications géotechniques. La réutilisation de déchiquetures de pneus peuvent non
seulement s’attaquer aux préoccupations environnementales et économiques croissantes, mais elle peut aussi aider à ré-
soudre des problèmes reliés à la faible résistance au cisaillement des sols. Dans cette étude, un programme expérimen-
tal d’essais a été entrepris au moyen d’un appareil triaxial à grande échelle dans le but d’évaluer le dosage optimal et
le rapport d’aspect des déchiquetures de pneus dans des remblais pulvérulents. On a aussi évalué les effets sur la résis-
tance au cisaillement de la pression de confinement et de la densité relative variables. On a trouvé que la teneur en
déchiquetures de pneus et le rapport d’aspect influençaient le comportement contrainte-déformation et de déformation
volumétrique. On a trouvé que la déformation axiale à la rupture augmentait avec l’augmentation de la teneur en déchi-
quetures de pneus. À l’exception des spécimens ne contenant que des déchiquetures de pneus ou avec une teneur en
déchiquetures de pneus comparativement élevée, les résultats des essais montrent un comportement dilatant et un pic de
résistance au cisaillement bien défini. La teneur optimale de déchiquetures de pneus (i.e., celle donnant la résistance au
cisaillement maximale) était approximativement de 35 %. Pour une teneur en déchiquetures de pneus donnée, l’accrois-
sement du rapport d’aspect des déchiquetures de pneus mène à une augmentation de la résistance au cisaillement glo-
bale, au moins pour la plage de rapports d’aspect considérés dans cette étude. On a trouvé que l’amélioration de la
résistance au cisaillement induite par les inclusions de déchiquetures de pneus était sensible à la pression de confine-
ment appliquée, avec des gains plus importants de résistance au cisaillement obtenus à des pressions de confinement
comparativement faibles.

Mots clés : déchiquetures de pneus, résistance au cisaillement, renforcement, essais triaxiaux, comportement contrainte–
déformation.

[Traduit par la Rédaction] Zornberg et al. 241

Introduction

Waste tire stockpiles have reached alarming volumes
in many industrialized countries, creating an acute need to

identify engineering alternatives for the beneficial reuse of
discarded tires. Albeit classified as waste material, tire
shreds have unique properties for many geotechnical and
geoenvironmental applications. For example, properties of
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waste tires such as durability, strength, resiliency, and high
frictional resistance are of significant value for the design of
highway embankments. The mixture of tire shreds with soil
for embankment construction may not only provide alterna-
tive means of reusing tires to address economic and environ-
mental concerns, but also help solve geotechnical problems
associated with low soil shear strength. If waste tires are
reused as a construction material rather than disposed or
burned (probably the leading method of reuse), their unique
properties can once again be beneficial in a sustainable ma-
terials stream. Waste tires could be effectively used as sub-
stitute to virgin construction materials (e.g., geosynthetics)
made from nonrenewable resources.

The use of pure tire shreds and whole tires (i.e., without
mixing with soil) has been evaluated as a potential material
for highway construction (Garga and O’Shaughnessy 2000;
O’Shaughnessy and Garga 2000a, 2000b; Bosscher et al.
1997; Hoppe 1994). Additional examples of reuse of waste
tires include their use as lightweight embankment fills over
soft or unstable ground (Humphrey et al. 1998), pavement
frost barriers (Doré et al. 1995), retaining wall backfills (Wu
et al. 1994), nonstructural sound-barrier fills, and edge
drains. The use of pure tire shreds in civil engineering appli-
cations experienced a significant setback in the 1990s, how-
ever, when at least three tire fills in the U.S. reportedly
developed self-heating (exothermic) reactions (Humphrey
1996; Gacke et al. 1997). Even though the behaviour of pure
tire shreds is also characterized in this investigation, con-
cerns have also been raised regarding their use for perma-
nent infrastructure because of their high compressibility,
which may compromise the serviceability of geotechnical
structures.

The application proposed herein is not the use of pure tire
shreds, but the use of tire shred – soil composites as backfill
material for highway embankments. To the best knowledge
of the authors, no exothermic reactions have been reported
for backfills of tire shred – soil composites. In addition, the
use of tire shred – soil composites would potentially address
technical problems associated with low shear strength of
backfill material in highway projects. Indeed, tire shreds
within the soil mass may induce reinforcement mechanisms
that make them a particularly suitable material for geo-
technical infrastructure.

The objective of this study is to characterize the mechani-
cal behaviour of tire shred – soil composites. Particular em-
phasis is placed on the evaluation of the optimum dosage
and geometry (quantified by the aspect ratio) of tire shreds
within the fill. In addition, the influence of confining pres-
sure and sand matrix unit weight on the mechanical behav-
iour is evaluated. The experimental program involved shear
strength testing of composite specimens prepared with tire
shred contents ranging from 100% (i.e., pure tire shreds) to
0% (i.e., pure soil). Due to the comparatively large size of
tire shreds, the testing program was conducted using large-
scale triaxial specimens to minimize potential boundary
effects. While past investigations have demonstrated the fea-
sibility of using tire shreds to improve the mechanical prop-
erties of fills, this study seeks to optimize the quantity and
shape of tire shreds to be used for enhanced embankment
performance.

Background

The use of inclusions (or reinforcements) to improve the
mechanical properties of earthen structures dates to ancient
times. It is only within the last three decades, however, that
analytical and experimental studies have led to current soil
reinforcement techniques (e.g., Zornberg et al. 1998; Elias et
al. 2001; Bathurst et al. 2001). Traditional soil reinforcing
techniques involve the use of continuous geosynthetic inclu-
sions (e.g., geogrids, geotextiles) oriented in a preferred di-
rection to enhance the stability of the soil mass. Instead, the
focus of this study is on randomly distributed inclusions, the
effect of which is expected to lead to improved mechanical
behaviour of the composite material. Specifically, this study
seeks to establish the basis for a “green reinforced soil
design” that promotes the use of reinforcement inclusions
made from tire shreds instead of nonrenewable polymeric
materials.

Significant advances have been made regarding the use of
pure tire shreds or whole tires as fill material in transporta-
tion infrastructures (e.g., Humphrey and Manion 1992;
Hoppe 1994; Wu et al. 1994; Bosscher et al. 1997; Geo-
Syntec Consultants, Inc. 1997a, 1997b; Garga and
O’Shaughnessy 2000; O’Shaughnessy and Garga 2000a,
2000b). Pure tire shreds used as backfill material possess
high hydraulic conductivity and high thermal insulation and
are easy to place and compact. However, concerns have been
raised regarding the use of pure tire shred fills for permanent
infrastructure. A potential disadvantage is the high com-
pressibility of tire shreds when compared with that of soils,
which may compromise the serviceability of the geo-
technical structures (Humphrey 1996; Hoppe 1994). An
additional concern regarding pure tire shreds used as fill ma-
terial is their potential for exothermic reactions, which has
led to spontaneous ignition in several structures (e.g., Hum-
phrey 1996; Gacke et al. 1997). Use of whole tires (Garga
and O’Shaughnessy 2000) and design guidelines that mini-
mize internal heating of tire shreds (Whetten et al. 1997)
have been proposed to address this concern. However, the
use of tire shred – sand mixtures is an additional relevant al-
ternative that would avoid exothermic reactions.

The behaviour of microreinforcement and, in particular,
fibre-reinforced soil provides insight into the behaviour of
randomly distributed tire shred inclusions within a soil ma-
trix. Gray and Ohashi (1983) performed direct shear tests on
sand reinforced with both natural and synthetic fibres. Their
results showed that fibre reinforcement increases the peak
shear strength and limits the post-peak shear strength loss.
Gray and Al-Refeai (1986) performed triaxial compression
tests on dry sand reinforced using randomly distributed dis-
crete fibres and oriented continuous fabric layers. They
found that the peak shear strength increases with increasing
fibre content. Zornberg (2002) proposed a discrete method-
ology for the design of fibre-reinforced soil slopes that treats
separately the contributions of soil and fibres. The proposed
framework accurately predicted the shear strength of fibre
reinforcement for a variety of soil types, fibre aspect ratios,
and fibre contents.

Studies involving the use of tire shred – soil mixtures in-
clude that of Ahmed (1993), who characterized the shear
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strength of mixtures using large-scale triaxial specimens.
The results showed that mixtures with less than 38% (by
weight) of tire shreds have good compaction characteristics,
low unit weight, adequate compressibility, high shear
strength, and good drainage characteristics. Benson and
Khire (1994) evaluated the shear strength of mixtures of
sand and high-density polyethylene (HDPE) strips with dif-
ferent length to width ratios (aspect ratios) using large-scale
direct shear tests. They concluded that HDPE strips in-
creased the peak shear strength and residual shear strength
of the composite material. Edil and Bosscher (1994) charac-
terized tire shred – soil mixtures with varying tire shred con-
tents using large-scale direct shear tests. They concluded
that tire shred inclusions improve the shear strength of tire
shred – sand mixtures, especially for low and intermediate
confining pressures. Lee et al. (1999) performed triaxial
tests using pure tire shreds and tire shred – sand mixtures to
investigate the effect of varying confining pressures. Tire
shreds without steel belts were used in the testing program.
Pure tire shred specimens showed an approximately linear
stress–strain response for a wide range of confining pres-
sures, and tire shred – sand specimens showed a response in-
termediate between those of pure sand and pure tire shreds.
Foose et al. (1996) performed large-scale direct shear tests
on tire shred – sand mixtures. They showed that shear
strength was significantly affected by the normal stress, tire
shred content, and sand matrix unit weight.

Although past studies have shown evidence of the benefi-
cial effect of tire shred inclusions when mixed with soil,
quantification of such improvement, assessment of the effect
of soil density, and optimization of tire shred content de-
serve further study. In addition, despite attempts to sieve the
tire shreds prior to testing, the effects of tire shred size and
aspect ratio have not been quantified. Accordingly, current
understanding on the behaviour of tire shred – soil mixtures
is based mostly on testing programs conducted using tire
shreds of uncontrolled sizes and shapes. This study provides
a systematic evaluation of the effect of tire shred content,
tire shred aspect ratio, and sand density on the shear strength
of mixtures.

Materials and methods

Definitions
A gravimetric definition of tire shred content (χ) is used

in this investigation, as this is the definition typically used in
construction specifications. Accordingly, the tire shred con-
tent is defined as

[1] χ =
+

W

W W

ts

ts s

where Wts is the weight of tire shreds, and Ws is the dry
weight of the soil. Also, the aspect ratio η of individual tire
shreds is defined as

[2] η =
l

w
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where lts is the length of the individual tire shred, and wts is
the width of the individual tire shred.

Materials

The laboratory program performed as part of this investi-
gation was conducted to evaluate the influence of tire shred
content (χ), aspect ratio (η), and sand matrix relative density
(Dr) on the shear strength of tire shred – sand mixtures.
Triaxial specimens were prepared using dry Monterey
No. 30 sand and tire shreds without steel belts. Specimens of
pure sand (χ = 0%) and pure tire shreds (χ = 100%) and
mixtures of these two materials (χ = 5, 10, 15, 30, 38, and
60%) were tested as part of this investigation. The speci-
mens were compacted to achieve target sand matrix unit
weight values that correspond to relative densities of 55%
and 75% in pure sand specimens.

Monterey No. 30 sand is a clean, uniformly graded sand
that classifies as SP according to the Unified Soil Classifica-
tion System (Zornberg et al. 1998). The sand particles are
rounded to subrounded, consisting predominantly of quartz
with smaller amounts of feldspars and other minerals. The
average particle size of the sand is 0.4 mm, the coefficient of
uniformity is 1.3, the coefficient of curvature is about 1.1,
and the specific gravity is 2.66. The maximum and mini-
mum void ratios of the sand are 0.83 and 0.53, respectively.
The friction angle of Monterey No. 30 sand is essentially
constant over a wide range of stresses, and the sand particles
were reported to undergo negligible breakage when tested
under moderate stress levels. The unit weight values for the
Monterey No. 30 sand that correspond to the target relative
densities of 55% and 75% are 15.64 and 16.21 kN/m3,
respectively.

The tire shreds were cut into controlled rectangular sizes
to achieve widths (dimension in the smaller direction) of
12.7 and 25.4 mm. The width of tire shreds is used in this
study to quantify the size of the inclusions for a given aspect
ratio. The aspect ratios of the tire shreds used in the testing
program were 1, 2, 4, and 8 (Fig. 1). The waste tires were
provided by Front Range Tire Inc., a shredding facility lo-
cated in Sedalia, Colorado. Use of tire shreds without steel
belts was considered in the testing program to (i) avoid
punching the membranes of triaxial specimens during test-
ing, and (ii) facilitate cutting the shreds into controlled sizes
and aspect ratios. Although the tensile strength of tire shreds
without steel belts is different from that of tire shreds with
steel belts, both types of tire shreds are expected to have the
same soil–shred interface shear strength (if they are made of
the same rubber). As discussed later in the paper, failure
during triaxial testing occurred by pullout of the tire shreds
rather than by tensile breakage (at least for the confining
pressures used in the present study). Consequently, the effect
of steel belts on the shear strength behaviour of the mixture
is expected to be negligible.

Because of variability in the wear of disposed whole
tires, the thickness of tire shreds used in this study is not
uniform. The thickness of tire shreds, measured following
procedures described by Zornberg and Viratjandr (2001),
ranges from 2.16 to 3.23 mm. The effect of tire shred
thickness on the shear strength of the mixture is expected
to be negligible, since failure of tire shred – sand speci-
mens is by pullout (not affected significantly by tire shred
thickness) rather than by tensile breakage of the tire
shreds.
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The specific gravity of the tire shreds was determined in
accordance with American Society for Testing and Materials
(ASTM) standard test method C127-88 (ASTM 1993), ex-
cept that specimens were air dried rather than oven dried in
the beginning of the test. The specific gravity obtained for
tire shreds is 1.15, which compares well with results re-
ported by Bosscher et al. (1997) for tire shreds without steel
belts. Water absorption obtained after soaking during 5 days
is 2.11%, which is within the typical range of 2.0%–4.3%
reported by Humphrey (1997).

The bulk dry unit weight of pure tire shred specimens pre-
pared under 7 kPa of vacuum is approximately 6.30 kN/m3,
which is considered representative of the bulk unit weight
under unconfined conditions. Reported unit weight values
under unconfined conditions range from 5.97 to 6.76 kN/m3

(Edil and Bosscher 1994), which is in good agreement with
results obtained in this study. The void ratio of unconfined
specimens is approximately 0.79 and decreases with increas-
ing confining pressure. For the three confining pressures
used during the triaxial testing program (σ3 = 48.3, 103.5,
and 207 kPa), the unit weight values of pure tire shreds were
7.26, 8.56, and 9.00 kN/m3, respectively.

Equipment

A large-scale triaxial cell was used in this investigation to
test specimens with tire shreds of up to 102 mm (4 in.).
Triaxial specimens were prepared with a diameter of
153 mm (6 in.) and a height of 305 mm (12 in.) and tested in
a Wykeham Farrance triaxial load frame. The potential
boundary effects are a limitation for tests conducted using
large size tire shreds. An automatic data acquisition system
was used to collect load and displacement information at a
typical frequency of one reading per second. Axial strains
were measured using linear variable differential transformers
(LVDTs) with a displacement range of 125 mm. Axial load
was monitored using a load cell with a capacity of 44.5 kN.
A pressure transducer was used to measure cell pressures ap-
plied during testing. To measure volume changes of the dry
specimens during testing, a differential pressure transducer
with a differential pressure range of 3.5 kPa was connected
to the cell pressure line. Changes in water level in a burette
were detected by the differential pressure transducer and
then correlated to volume changes in the specimens. The
system was calibrated to account for volume corrections
such as the volume of the loading rod (Zornberg and Virat-
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Fig. 1. View of tire shreds with different aspect ratios, η: (a) η = 1; (b) η = 2; (c) η = 4; (d) η = 8. Scale in inches (1 in. = 25.4 mm).



jandr 2001). Because of the comparatively large size of the
specimens, the pressure transducer and differential pressure
transducer were installed at approximately mid-height of the
specimens.

Specimen preparation
Pure tire shred specimens were compacted by tamping us-

ing a steel rod, and pure sand specimens were compacted by
vibrating on a vibrating table until the desired sand matrix
unit weight was reached. Specifically, the target sand matrix
unit weight was achieved by quantifying the weight of sand
to be placed within a volume equal to the specimen volume
minus the volume of tire shreds. The target sand matrix unit
weight values used in this study (i.e., 15.64 and 16.21 kN/m3)
are described herein using the relative density to which these
unit weight values correspond in pure sand specimens (i.e.,
Dr = 55% and 75%, respectively). Tire shred – sand speci-
mens were prepared using two different procedures depend-
ing on the tire shred content of the mixture. No evidence of
segregation was observed for comparatively low tire shred
contents. Consequently, tire shred – sand specimens with
comparatively low tire shred content (up to 30%) were pre-
pared by mixing the sand and tire shreds before placing
them into a mould and subsequently using the same vibra-
tory methods used to prepare pure sand specimens. Compac-
tion was completed in four 75 mm layers. On the other hand,
tire shred – sand specimens with tire shred contents over
30% were prepared by placing the tire shreds randomly and
compacting them following the same procedure used to pre-
pare pure tire shred specimens. Sand was subsequently plu-
viated while using the same vibrating procedures used to
prepare pure sand specimens. Compaction was also com-
pleted in four 75 mm layers. The specimen preparation pro-
cedure used in this study was implemented to facilitate a
random distribution of the tire shreds within the specimen
and to avoid sand segregation. The systematic procedure
facilitates comparison of the shear strength results from
different test series. It should be noted, however, that inter-
pretation of the test results assumes homogeneity of the
specimens. Exhumation of tire shred – sand samples also
confirmed the homogeneous distribution of tire shreds with-
in the specimen. The procedure for specimen preparation is
similar to that reported by Foose et al. (1996), who also used
pluviation techniques for specimen preparation. Zornberg
and Viratjandr (2001) provide additional details on the speci-
men preparation procedures.

Scope of the testing program

A total of 15 series of consolidated drained (CD) triaxial
compression tests were performed as part of this investiga-
tion. The tests were conducted in general accordance with
ASTM standard test method D4767-95 (ASTM 1995). The
need for membrane correction was evaluated because axial
strain levels as high as 15% were reached in some tests. The
Young’s modulus of the latex membrane used in the experi-
mental testing program was determined to be 984 kPa. For
an axial strain of 15%, the membrane correction estimated
using the procedure indicated in ASTM D4767-95 is approx-
imately 3 kPa. According to the standard, the deviatoric
stress should be corrected for the effect of the membrane if

the error in deviatoric stress exceeds 5%. Since the calcu-
lated correction is below 5% of the deviatoric stress at
failure, the membrane correction was not used in the inter-
pretation of test results.

The stress condition used in this study to define failure
was also established in accordance with ASTM D4767-95
(ASTM 1995). Accordingly, failure was taken to correspond
to the maximum deviatoric stress attained or the deviatoric
stress at 15% axial strain, whichever was obtained first dur-
ing the performance of a test. It should be noted that the
shear strength defined for specimens that do not show a
well-defined peak deviatoric stress is sensitive to the strain
level used to define failure.

Each series included three tests conducted under confining
pressures (σ3) of 48.3, 103.5, and 207 kPa. The individual
specimens in each series were prepared with the same sand
matrix relative density (Dr), tire shred content (χ), tire shred
size, and tire shred aspect ratio (η). The triaxial tests were
performed using a strain rate of approximately 0.5%/min.
Table 1 presents a summary of the main characteristics of
the test series conducted in this investigation (sand matrix
relative density, tire shred content, tire shred size, and aspect
ratio). The testing program implemented as part of this study
allowed evaluation of the effect on shear strength of the fol-
lowing parameters: (i) tire shred content (seven different val-
ues were adopted: χ = 0, 5, 10, 15, 20, 30, 38.3, and 60%);
(ii) tire shred aspect ratio (four different values were se-
lected: η = 1, 2, 4, and 8); and (iii) sand matrix relative den-
sity (the same sand placed at two different densities, Dr =
55% and 75%, was used).

Data compiled as part of this investigation led to charac-
terization of the deviatoric stress–strain, volumetric strain,
and shear strength behaviour of specimens prepared using
pure tire shreds, Monterey No. 30 sand, and tire shred –
sand mixtures. Special focus is placed on the evaluation of
the shear strength envelopes. For each test series, two sets of
shear strength parameters were estimated in this investiga-
tion: (i) conventional Mohr–Coulomb shear strength parame-
ters (cohesion intercept c, and friction angle φ); and (ii) a
single shear strength parameter, the equivalent friction angle
φeq , which was obtained by fitting experimental shear
strength data with a straight line through the origin (i.e.,
forcing c = 0).

The use of equivalent friction angles allows a straightfor-
ward comparison of the effect on shear strength of variables
such as tire shred content, tire shred aspect ratio, and sand
matrix relative density. A detailed discussion regarding the
effect on shear strength parameters of the aforementioned
variables is provided in the following section. A summary of
the conventional Mohr–Coulomb shear strength parameters
and the equivalent friction angles is provided in Table 1.
Since the testing program was conducted using dry speci-
mens, the shear strength parameters reported in this investi-
gation correspond to effective shear strength parameters.
Series 1 and 2 were conducted using pure sand specimens,
series 6 was conducted using pure tire shred specimens, and
the remaining series shown in Table 1 were conducted using
tire shred – sand specimens. Correlation factors (R2) over
0.98 were obtained when determining the shear strength en-
velopes through the origin. This indicates that envelopes
defined by a single parameter are still appropriate for the
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purpose of comparison of the shear strength obtained using
different tire shred – sand mixtures.

Results and discussion

Deviatoric stress–strain and volumetric strain
behaviour

The deviatoric stress–strain and volumetric strain behav-
iour of pure sand, pure tire shred, and tire shred – sand
mixtures are presented in Figs. 2–7. Figure 2 presents the
stress–strain and volumetric strain behaviour of pure sand
specimens prepared at two different relative densities (Dr =
55% and 75%). Figure 3 shows the stress–strain and volu-
metric change behaviour of pure tire shred specimens. The
stress–strain and volumetric strain behaviour of tire shred –
sand specimens are presented by grouping series having sim-
ilar characteristics. In this way, Fig. 4 presents results of
representative tests conducted using specimens prepared
with tire shred contents below 30%. Specifically, Figs. 4a
and 4b present the results of series 3 (Dr = 55%), which are
also representative of the behaviour of series 13 and 14,
whereas the results in Figs. 4c and 4d present the results of
series 10 (Dr = 75%), which are also representative of the
behaviour of series 15 and 7. Figure 5 shows the results of
tests conducted on specimens prepared with the same tire
shred content (χ = 30%) and sand matrix relative density
(Dr = 55%), but with varying aspect ratio (series 4, 9, and
11). The behaviour of series 8 is not shown in Fig. 5 for
clarity. Figure 6 shows the results of tests conducted on
specimens prepared with a tire shred content above 30% and
a sand matrix relative density Dr = 55% (series 5 and 12).
Lastly, Fig. 7 shows the stress–strain and volumetric strain
behaviour of specimens prepared with the same tire shred
content (χ = 30%) and the same tire shred aspect ratio (η =
4), but with varying sand matrix relative densities (series 4
and 7).

The deviatoric stress–strain and volumetric strain behav-
iour observed on pure Monterey No. 30 sand specimens
shows a dilatant behaviour when compacted to relative
densities ranging from 55% to 75% (Fig. 2). Accordingly,
Monterey No. 30 sand at these relative density values be-
haves as medium to dense sand. On the other hand, the
stress–strain and volumetric strain behaviour observed on
pure tire shred specimens shows an approximately linear
deviatoric stress–strain behaviour for the confining pressures
used in this investigation (Fig. 3). The volumetric strain be-
haviour is fully contractive and also approximately linear for
the different confining pressures. Such linear behaviour of
tire shred specimens is consistent with results obtained in
previous investigations (Lee et al. 1999). Regarding the de-
viatoric stress–strain behaviour of tire shred – sand mixtures,
the experimental results show that, with the exception of
specimens prepared with a relatively high tire shred content
(e.g., series 5 with χ = 60%, shown in Fig. 6), tire shred –
sand specimens show a dilatant behaviour and a reasonably
well defined peak shear strength. As mentioned previously,
and following ASTM D4767-95 (ASTM 1995), the shear
strength was defined as the shear stress at 15% axial strain
when a peak shear strength value could not be clearly identi-
fied. Visual observation of tire shreds retrieved after testing
showed no evidence of damage or tears. Accordingly, the
tensile forces induced during testing within the tire shreds
mobilized the pullout resistance of tire shred – sand inter-
faces but did not reach the tensile strength of individual tire
shreds.

Inspection of the stress–strain responses shown in Figs. 2–
7 indicates that the influence of sand matrix relative density
is highly dependent on the tire shred content in the mixture.
For example, the shear strength of specimens prepared with
pure sand (i.e., with χ = 0%) at a relative density of 55%
(series 1 in Fig. 2) is expectedly lower than the shear
strength of specimens prepared with pure sand at a relative
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Shear strength parameters

Mohr–Coulomb

envelope

Series

Sand relative

density, Dr (%)

Tire shred content,

χ (% by weight)

Tire shred

width (mm)

Tire shred

aspect ratio, η φ (°) c (kPa) φeq (°)

1 55 0 na na 36.8 7.8 37.9

2 75 0 na na 41.0 3.8 41.4

3 55 10 12.7 (0.5 in.) 4 35.7 21.7 38.9

4 55 30 12.7 (0.5 in.) 4 35.7 30.4 40.2

5 55 60 12.7 (0.5 in.) 4 34.4 18.2 37.3

6 na 100 12.7 (0.5 in.) 4 21.4 22.8 26.5

7 75 30 12.7 (0.5 in.) 4 36.4 30.7 40.8

8 55 30 12.7 (0.5 in.) 2 35.6 22.3 38.9

9 55 30 25.4 (1.0 in.) 1 35.1 23.7 38.7

10 75 20 12.7 (0.5 in.) 4 37.2 22.0 40.3

11 55 30 12.7 (0.5 in.) 8 36.1 60.0 44.5

12 55 38.3 12.7 (0.5 in.) 4 36.1 41.2 42.0

13 55 10 25.4 (1.0 in.) 1 36.5 19.8 39.4

14 55 5 12.7 (0.5 in.) 4 36.1 7.0 37.1

15 65 15 12.7 (0.5 in.) 4 34.8 21.7 38.2

Note: na, not applicable.

Table 1. Scope of testing program and summary of shear strength parameters.



density of 75% (series 2 in Fig. 2). As the tire shred content
increases but remains below 30%, the shear strength is still
influenced by the sand matrix relative density, but not as
significantly as in the case of pure sands. This can be in-
ferred, for example, from the responses of series 3 (Dr =
55%) and series 10 (Dr = 75%) shown in Fig. 4. It should
also be noted that the axial strain at peak shear strength in
the tests shown in Fig. 4 (up to 10%) is considerably higher
than the axial strain at peak strength in pure sand specimens.
Also, the post-peak shear strength loss in the tests shown in
Fig. 4 is smaller than the post-peak shear strength loss in
pure sand specimens. Lastly, the peak shear strength ob-
tained with specimens prepared at a tire shred content of
30% is approximately the same for relative density values of
55% (series 4 in Fig. 7) and 75% (series 7 in Fig. 7), all
other variables maintained constant. Indeed, the entire
stress–strain responses of series 4 and 7 are very similar.
The axial strain at peak shear strength is even higher (up to
15%) in series with a tire shred content of 30% than in series
with lower tire shred content values.

Specimens with high tire shred contents could not be pre-
pared at a sand matrix relative density of 75% using either
vibratory or pluviation methods. Consequently, the effect of
sand matrix relative density on the behaviour of specimens
with high tire shred contents cannot be compared directly.
Nonetheless, the behaviour of specimens prepared with com-

paratively high tire shred contents (e.g., series 5 with χ =
60%, shown in Fig. 6) is significantly different from that of
specimens prepared with lower tire shred contents. Spe-
cifically, different from the dilatant behaviour shown by
specimens with lower tire shred contents, the volumetric be-
haviour of specimens in series 5 is fully contractive and the
peak shear strength could not be reached for axial strains of
up to 15%. A comparison between the responses of series 12
(Dr = 55%, χ = 38%, η = 4 in Fig. 6), in which the peak
shear strength is not well-defined, and series 4 (Dr = 55%,
χ = 30%, η = 4 in Fig. 7), in which the peak shear strength
can still be defined, seems to indicate that the behaviour of
tire shred – sand specimens changes from sand-like to tire-
shred-like at a tire shred content of approximately 35%.
Analysis of shear strength parameters discussed in the next
section supports this observation.

The effect of tire shred aspect ratio on the stress–strain re-
sponse of tire shred – sand mixtures can be analyzed by
comparing the behaviour of series 9, 8, 4, and 11, which
were performed using the same sand matrix relative density
(Dr = 55%) and the same tire shred content (χ = 30%) but
varying aspect ratios (η = 1, 2, 4, and 8, respectively). Fig-
ure 5 shows some of these responses (not all responses are
shown in Fig. 5 for clarity). Although boundary effects
might affect the results conducted with high tire shred aspect
ratios, comparison of the deviatoric stress–strain curves
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Fig. 2. Results of tests on Monterey No. 30 sand (series 1 and

2): (a) deviatoric stress–strain behaviour; (b) volumetric strain

behaviour.

Fig. 3. Results of tests on pure tire shreds (series 6): (a) devia-

toric stress–strain behaviour; (b) volumetric strain behaviour.



shows that aspect ratio has a negligible effect on the stress–
strain response up to axial strain values of approximately
5%. However, the aspect ratio affects the stress–strain re-
sponse and shear strength magnitude at comparatively high
axial strains. The effect of aspect ratio is more significant
beyond a certain aspect ratio value (e.g., in the range of η =
4 to η = 8). Although the effect of aspect ratio on the volu-
metric strain behaviour is negligible under comparatively
high confining pressures (e.g., at σ3 = 207 kPa in Fig. 5b),
increasing aspect ratios lead to a less pronounced behaviour
under comparatively low confining pressures.

Shear strength behaviour
Figure 8 presents the Mohr–Coulomb shear strength enve-

lopes obtained for pure sand specimens (at relative density
values Dr = 55% and 75%) and pure tire shred specimens.
As expected, the peak shear strength of sand increases with
increasing relative density and the cohesion intercept is neg-
ligible. Indeed, as shown in Fig. 9, an approximately linear
correlation can be established between the sand equivalent
friction angle and relative density.

The shear strength envelope of pure tire shreds is well
characterized by a linear envelope for the range of confining
pressures considered in this study (Table 1). The shear
strength parameters obtained for pure tire shreds (φ = 21.4°

and c = 22.8 kPa) are in good agreement with results
reported by previous investigators. Humphrey et al. (1993)
reported friction angles for pure tire shred specimens rang-
ing from 19° to 25° and cohesion intercepts ranging from
4.3 to 11.5 kPa, and Foose et al. (1996) reported friction an-
gles for pure tire shred specimens of approximately 30° and
cohesion intercepts of about 3 kPa. Although the cohesion
intercept obtained for pure tire shreds is not negligible, a
very good correlation factor was obtained when the shear
strength envelope was forced through the origin to define
the equivalent friction angle, φeq . Consequently, the φeq

value of 26.5° (Table 1) is used to describe the shear
strength of pure tire shreds in some comparisons made in
this investigation.

The effect of the tire shred content (χ) on the shear
strength of tire shred mixtures is illustrated in Fig. 10a,
which shows the shear strength envelopes of six series with
the same aspect ratio (η = 4) and the same sand matrix rela-
tive density (Dr = 55%) but varying tire shred contents (χ =
5, 10, 30, 38.3, 60, and 100%). The shear strength envelopes
for pure sand (using Dr = 55%) and for pure tire shreds (us-
ing η = 4) are also included in Fig. 10a as a reference. The
results indicate that shear strength increases with increasing
tire shred content, reaches a maximum for a tire shred con-
tent in the vicinity of 35%, and then decreases for tire shred
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Fig. 4. Results of tests on tire shred – sand mixtures with χ < 30%: (a) deviatoric stress–strain behaviour for Dr = 55%; (b) volumetric

strain behaviour for Dr = 55%; (c) deviatoric stress–strain behaviour for Dr > 55%; (d) volumetric strain behaviour for Dr > 55%.



contents beyond this value. Among the series shown in
Fig. 10a, series 12 with χ = 38.3% shows the highest shear
strength for the entire range of normal stresses.

These results suggest that soil reinforcement mechanisms
take place within the tire shred – soil composite, i.e., tensile
forces develop within the tire shreds, leading to increased
overall shear strength of the mixture. Shear among individ-
ual tire shreds begins to govern the shear strength of the
mixture at high tire shred contents, however, leading to
lower overall shear strength values. These strength results
indicate that the use of tire shreds within soils should be
considered not only as an alternative for beneficial reuse of
large quantities of tires, but also as an approach to enhance
the mechanical properties of backfill materials.

Figure 10b shows the effect of tire shred content on strain
at failure for the six series with the same aspect ratio (η = 4)
and the same sand matrix relative density (Dr = 55%). The
strains at failure obtained for pure sand (using Dr = 55%)
and for pure tire shreds (using η = 4) are also included in
Fig. 10b for reference. The results show an increasing axial
strain at failure with increasing tire shred content and with
increasing confining stress. Since no clear peak was ob-
tained for series 5 and 6 (χ = 60% and 100%, respectively),
the axial strain at failure shown in Fig. 10b does not corre-
spond to the axial strain at peak (i.e., failure was defined as

the shear stress at 15% axial strain). The axial strains at
failure for tire shred – sand specimens are higher than those
obtained for pure sand specimens at the same relative den-
sity.

The strains at failure obtained in tire-shred-reinforced
specimens are higher than those typically obtained for com-
pacted soils used in earth structures. Consequently, a com-
parison of the shear stress mobilized at the same axial strain
level (e.g., 5%) may provide additional information relevant
to the design of earth structures. Figure 11 shows the effect
of tire shred content on the shear stress mobilized at an axial
strain of 5% (τ5%) for the six series with the same aspect ra-
tio (η = 4) and the same sand matrix relative density (Dr =
55%). The mobilized shear stress values are presented as a
function of the normal stress acting along the corresponding
potential failure plane to facilitate comparison with the shear
strength envelopes presented in Fig. 10a. For comparatively
low normal stress values (e.g., below 100 kPa), the effect of
tire shred content on τ5% (Fig. 11) shows a similar trend to
that observed for the shear strength (Fig. 10a). That is, the
mobilized shear stress increases with increasing tire shred
content, reaches a maximum for a tire shred content in the
vicinity of 35%, and then decreases for tire shred contents
beyond this value. Among the series shown in Fig. 11, series
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Fig. 5. Results of tests on tire shred – sand mixtures with χ =

30% (Dr = 55%): (a) deviatoric stress–strain behaviour; (b) volu-

metric strain behaviour.

Fig. 6. Results of tests on tire shred – sand mixtures with χ >

30% (Dr = 55%): (a) deviatoric stress–strain behaviour; (b) volu-

metric strain behaviour.



12 with χ = 38.3% shows the highest mobilized shear stress
for comparatively low normal stresses. For higher normal
stresses (e.g., 200 kPa), the mobilized shear stress is approx-
imately the same for the different tire shred contents. Conse-
quently, the improvement in shear strength induced by the
presence of tires should not be extrapolated as an overall

improvement in the material stiffness (i.e., as a higher mobi-
lized shear stress for strain levels below those corresponding
to failure), at least for high normal stresses. This emphasizes
the need to conduct deformability analyses, which account
for stress–strain parameters, in addition to limit equilibrium
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Fig. 7. Effect of sand matrix relative density on test results (χ =

30%, η = 4): (a) deviatoric stress–strain behaviour; (b) volumet-

ric strain behaviour.

Fig. 8. Shear strength envelopes for pure Monterey No. 30 sand

and pure tire shreds.

Fig. 9. Relationship between equivalent friction angle and rela-

tive density for pure Monterey No. 30 sand.

Fig. 10. Shear strength envelopes for series with varying tire

shred contents (Dr = 55%, η = 4): (a) shear strength envelopes;

(b) axial strain at failure.



analyses, which only account for the shear strength parame-
ters of tire shred – sand mixtures.

The influence of the sand matrix relative density on the
shear strength of tire shred – sand mixtures can be evaluated
by analyzing the results shown in Fig. 12. Comparison of
the shear strength envelopes obtained for series 4 and 7,
both with the same tire shred content (χ = 30%) and aspect
ratio (η = 4), indicates that an increase in the sand density
(from Dr = 55% to 75%) does not lead to significant in-
creases in the shear strength of tire shred – sand mixtures,
at least for tire shred contents in the vicinity of 30%. The
shear strength envelope for series 10 (χ = 20%, η = 4) also
aligns well with the results for series 4 and 7. These results
suggest that, for practical purposes, it may not be effective
to compact tire shred – soil mixtures to high densities.

Figure 13a shows the effect of aspect ratio on the shear
strength envelope of tire shred – sand mixtures by compar-
ing the results obtained for series 9, 8, 4, and 11, which
were performed using the same relative density (Dr = 55%)
and the same tire shred content (χ = 30%), but varying as-
pect ratios (η = 1, 2, 4, and 8). The results show that the
increasing aspect ratio leads to an increase in the shear
strength in tire shred – sand mixtures. The shear strength
envelopes are approximately parallel, indicating that the
increase is mainly related to the cohesive intercept. Fig-
ure 13b shows the effect of increasing tire shred aspect ratio
on the equivalent friction angle of tire shred – sand mixtures.
The most significant shear strength increase occurs when the
aspect ratio increases from 4 to 8, which is consistent with
the previous discussion regarding the deviatoric stress–strain
and volumetric strain behaviour shown in Fig. 5. This trend
is consistent with the reported increase in fibre-reinforced
shear strength with increasing fibre aspect ratio (Zornberg
2002).

The observed increase in shear strength of tire shred –
sand mixtures with increasing tire shred aspect ratio sug-
gests the presence of reinforcement mechanisms. That is, an
increasing aspect ratio leads to increasing pullout resistance
of individual tire shreds, which in turn leads to increasing
tensile forces within the tire shreds, ultimately resulting in
higher shear strength of the mixture. Although not observed

for the range of aspect ratios used in this experimental study,
the shear strength increase with an increase in the aspect
ratio is expected to reach a ceiling for large aspect ratios be-
cause of mixing difficulties. Given the important effect of
the aspect ratio on the shear strength of tire shred – sand
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Fig. 11. Shear stress mobilized at 5% axial strain for series with

varying tire shred contents (η = 4).

Fig. 12. Shear strength envelopes for specimens with varying

sand matrix relative density (η = 4).

Fig. 13. Influence of aspect ratio on shear strength (Dr = 55%,

χ = 30%): (a) shear strength envelopes; (b) relationship between

η and φeq.



mixtures, it may be economically attractive for companies
involved in recycling of waste tires to tailor their shredding
operations to produce tire shreds of comparatively large as-
pect ratios.

The schematic representation shown in Fig. 14 illustrates
the composite shear strength (friction angle) of tire shred –
sand mixtures for increasing tire shred contents (from 0% to
100%) and constant values of sand matrix relative density
and tire shred aspect ratio. According to this representation,
the composite shear strength involves the contribution of two
mechanisms: (i) internal shear mechanisms developed
among individual tire shreds and sand grains, and (ii) rein-
forcement mechanisms due to the tensile forces induced
within the tire shreds. Consistent with shear strength results
obtained for pure sand and pure tire shreds, the shear
strength of pure sand (χ = 0%) is higher than that of pure
tire shreds (χ = 100%). For intermediate tire shred contents,
the expected contribution by internal shear mechanisms is
the weighted average anticipated based on the pure soil and
pure tire shred shear strength (baseline shear strength in
Fig. 14). As schematically illustrated in Fig. 14, the contri-
bution of reinforcement mechanisms is expected to lead to
composite shear strength values above the baseline shear
strength line.

Figure 15 shows the composite shear strength for each
individual confining pressure used in the testing program
(i.e., σ3 = 48.3, 103.5, and 207.0 kPa) as a function of the
tire shred content. The tests shown in Fig. 15 were con-
ducted using specimens prepared with a relative density Dr =
55% and an aspect ratio η = 4. The experimental results
show a composite shear strength for tire shred – sand mix-
tures that is consistent with the schematic representation
shown in Fig. 14 (i.e., for a given tire shred content, the
composite shear strength is above the weighted average
shear strength). These results indicate that soil reinforcement
mechanisms take place within the tire shred – soil mixture.
Although there is some scatter in the trend, composite shear
strength curves were defined using second-order polynomi-
als with good correlation (R2 > 0.9). The contribution of
reinforcement mechanisms to the composite shear strength
(i.e., the difference between the composite shear strength

and the baseline shear strength) is more significant at low
confining pressures. The results obtained at high confining
pressures also show the contribution of reinforcement mech-
anisms, but the composite shear strength is below the shear
strength of pure sand for most tire shred contents. A more
significant contribution of tire shreds at low confining pres-
sures was also reported by Edil and Bosscher (1994).

Figure 16 consolidates the information provided in Fig. 15
for each confining pressure by presenting the equivalent fric-
tion angle as a function of tire shred content for tests per-
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Fig. 14. Schematic representation of the influence of tire shred

content on the shear strength of tire shred – sand mixtures for a

constant soil matrix relative density.

Fig. 15. Influence of tire shred content on shear strength for

varying confining pressures (η = 4, Dr = 55%): (a) σ3 =

48.3 kPa; (b) σ3 = 103.5 kPa; (c) σ3 = 207.0 kPa.



formed with a relative density Dr = 55% and an aspect ratio
η = 4. The composite shear strength in Fig. 15 shows a
maximum shear strength in the vicinity of χ = 35% (opti-
mum tire shred content), which is in agreement with the re-
sults presented in Fig. 10a and with data reported by Ahmed
and Lovell (1992). Not only is the composite shear strength
above the baseline shear strength, but it is also above the
shear strength of pure sand for tire shred contents up to ap-
proximately 55%. For tire shred content values beyond this
value, the composite shear strength decreases towards the
shear strength of pure tire shreds.

Figure 17 shows the composite shear strength for each
individual confining pressure (i.e., σ3 = 48.3, 103.5, and
207.0 kPa) for tests performed varying tire shred contents
and a relative density Dr = 75% and an aspect ratio η = 4.
The experimental results in Fig. 17 also show a composite
shear strength that is consistent with the schematic represen-
tation shown in Fig. 14, except for the tests performed at a
high confining pressure. Indeed, the results obtained for Dr =
75% show that the contribution of reinforcement mecha-
nisms to the composite shear strength is particularly signifi-
cant under low confining pressures, as is the case for the
tests where Dr = 55% (Fig. 15).

Figure 18 consolidates the information provided in Fig. 17
for each confining pressure by presenting the equivalent fric-
tion angle as a function of tire shred content for tests per-
formed with a relative density Dr = 75% and an aspect ratio
η = 4. Although shear strength gains are observed in relation
to the baseline shear strength, suggesting the contribution of
reinforcement mechanisms, the test results yield a φeq that is
below the friction angle of pure sand (see also Table 1).

Overall, the experimental results obtained in this study in-
dicate that earth structures under comparatively low confin-
ing pressures (e.g., low embankments or retaining walls,
cover systems in waste containment facilities) can benefit
significantly from the addition of tire shreds. For the materi-
als and test conditions considered in Fig. 16, the optimum
tire shred content (i.e., the tire shred content leading to the
highest composite shear strength) is on the order of 35%.
This represents a significant volume of tire shreds that could
be beneficially reused in engineered fills.

Conclusions

An experimental testing program involving pure tire
shred, pure sand, and tire shred – sand specimens was under-
taken to evaluate the optimum tire shred content and aspect
ratio to be used in tire shred – sand mixtures. Evaluation of
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Fig. 16. Influence of tire shred content on equivalent friction an-

gle (η = 4, Dr = 55%).

Fig. 17. Influence of tire shred content on shear strength for

varying confining pressures (η = 4, Dr = 75%): (a) σ3 =

48.3 kPa; (b) σ3 = 103.5 kPa; (c) σ3 = 207.0 kPa.



the experimental results obtained in this study led to the fol-
lowing conclusions:
(1) The triaxial test results of pure tire shred specimens

show an approximately linear deviatoric stress–strain
behaviour and a fully contractive volumetric strain be-
haviour. This response is significantly different from
that of pure Monterey No. 30 sand specimens, which
show a well-defined peak shear strength and dilatant be-
haviour for the relative densities used in this study.

(2) The influence of tire shred content on the stress–strain
and volumetric strain behaviour of tire shred – sand
specimens is significant. Specifically, although dilatant
behaviour is observed in specimens with tire shred con-
tents below approximately 35%, fully contractive behav-
iour is obtained in specimens with higher tire shred
contents. Also, the peak shear strength is not reached
for axial strains as high as 15% in specimens with high
tire shred content. The behaviour of tire shred – sand
mixtures changes from sand-like to tire-shred-like at a
tire shred content of approximately 35%.

(3) The influence of sand matrix relative density on the
stress–strain and volumetric strain behaviour of tire
shred – sand mixtures is highly dependent on the tire
shred content. Although the stress–strain behaviour of
pure sand specimens is highly affected by the sand ma-
trix relative density, the behaviour of tire shred – sand
specimens becomes less dependent on the sand matrix
relative density.

(4) The influence of tire shred aspect ratio on the stress–
strain and volumetric strain behaviour of tire shred –
sand specimens is negligible for axial strains below
approximately 5%. However, the aspect ratio affects the
stress–strain response at comparatively high axial
strains. Although the aspect ratio has a negligible effect
on the volumetric strain behaviour under comparatively
high confining pressures, increasing aspect ratios lead to
less dilatant behaviour under comparatively low confin-
ing pressures.

(5) The shear strength envelope of pure tire shreds was
found to be linear and presented a non-negligible cohe-
sion intercept. An equivalent friction angle of 26.5° for
pure tire shreds was defined by forcing a zero cohesion

intercept. The friction angle obtained for pure Monterey
No. 30 sand was higher than the equivalent friction an-
gle for pure tire shreds, at least for the sand matrix rela-
tive densities considered in this study.

(6) The shear strength of tire shred – sand mixtures is
affected by the tire shred content. The shear strength
increases with increasing tire shred content, reaches a
maximum for a tire shred content value in the vicinity
of 35%, and then decreases for tire shred contents be-
yond this value.

(7) An increased sand matrix relative density does not sig-
nificantly improve the shear strength of tire shred – sand
mixtures for a wide range of tire shred contents. Conse-
quently, for practical purposes, it may not be effective to
compact tire shred – soil mixtures to high densities.

(8) The shear strength of tire shred – sand mixtures in-
creases with increasing tire shred aspect ratio. This
increase in shear strength was particularly significant
when the aspect ratio was increased from 4 to 8. Conse-
quently, tire shredding operations should be tailored to
produce tire shreds with large aspect ratios.

(9) The contribution of reinforcement mechanisms to the
composite shear strength of mixtures is more significant
at low confining pressures. Although a contribution of
reinforcement mechanisms is also observed at higher
confining pressures, the composite shear strength is
often below that obtained for pure sand. Accordingly,
structures under comparatively low confining pressures
can particularly benefit from the addition of tire shreds.
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