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Abstract: The number of scrap tires discarded worldwide is increasing annually. Stockpiling these
tires is not a viable option due to environmental concerns and space limitations. Landfilling is
likewise unacceptable and is not permitted in many areas. Recycling these tires is the best alternative.
Shredding scrap tires to create a product known as tire-derived aggregate (TDA) is one of the most
environmentally friendly methods of recycling scrap tires. In the past few decades, TDA and TDA-
soil mixtures have been used increasingly in civil engineering projects. Nevertheless, only limited
research has so far been conducted on TDA and TDA mixed with soil. In addition, the majority of
past research has focused on TDA particles that do not have steel wires and are small in size. In the
present research, triaxial tests were performed on various mixtures of TDA with sand or gravel. Each
sample was subjected to three different confining pressures. The results of the tests are presented and
discussed, and empirical equations are proposed to match the laboratory results.
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1. Introduction

The rapidly growing world population combined with a sharp increase in car usage
has led to a surge in the number of discarded scrap tires. Each year, approximately 2 billion
tires are discarded worldwide, including approximately 300 million in North America [1–3].
Stockpiling scrap tires is not a viable option since stockpiles can be a fire hazard and can
serve as a breeding ground for mosquitos and rodents [4–6]. Likewise, for environmental
reasons, disposing of scrap tires in landfills is not permitted in many areas. The recycling
of scrap tires is a widely used environmentally friendly alternative to stockpiling and
landfilling. The use of scrap tires in civil engineering projects has become increasingly
widespread [1]. For use in civil engineering projects, scrap tires are usually shredded to
create a tire-derived aggregate (TDA) product. Due to its versatile properties, TDA has
diverse applications, ranging from the use as a fill and embankment material to enhance the
soil beneath highways and other infrastructure used as a backfill over and around pipes and
culverts [7–24]. Furthermore, TDA and TDA-soil mixtures have also been used in various
dynamic loading applications to mitigate and control vibrations (e.g., [25–31]). Despite the
recent increase in the use of TDA in civil engineering projects, research conducted on TDA
has mainly been limited to small TDA particles or TDA without steel wires. In addition,
only very limited information is available concerning the geotechnical properties of TDA
mixed with soils.

It is crucial for engineers to know the physical properties of the materials they use in
their designs. Many researchers have attempted to evaluate the properties of TDA mixed
with soil by using conventional geotechnical tests, i.e., direct shear and triaxial tests. Foose
et al. [32] performed a series of large-scale direct shear tests on mixtures of sand and tire
shreds, with tire shred contents of 10% and 30% by volume. In the experiment, they used
tire shreds with three different particle sizes: <50 mm, 50 mm to 100 mm, and 100 mm to
150 mm. They also experimented with the orientation of tire shreds in the sample. They
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obtained a maximum internal friction angle of 67◦ for a mixture containing 30% tire shreds
with a larger particle size. To measure changes in the cohesion and internal friction angle
of cohesive clayey soil mixed with increasing percentages of tire chips, Cetin et al. [33]
conducted direct shear tests on various mixtures of tire chips and clayey soil. They used
tire chips with two relatively small particle sizes: <0.425 mm and 2 mm to 4.75 mm, and
reported on the geotechnical properties of mixtures with a percentage of tire chips ranging
from 10% to 50%. Reddy et al. [34] utilized a large-scale square shear box apparatus to
determine the optimum mixing ratio of sand and tire chips. All the tire chips used had
dimensions of 20 mm by 10 mm, and the percentage of tire chips in the mixtures ranged
from 10% to 70% by mass. The researchers concluded that the optimum mixing ratio of the
tire chips with sand was in the range of 30% to 40%. To study the effects of TDA particle
size on TDA-sand mixtures, El Naggar et al. [35] conducted a series of direct shear tests on
TDA-sand mixtures, with TDA particle sizes ranging from 0.5 mm to 48 mm. They reported
that mixtures with larger TDA particles exhibited greater shear strength and stiffness.

Direct shear tests can be performed more quickly and easily than triaxial tests. How-
ever, due to the limitations of direct shear tests, such as the predefined failure surface
and inadequate control over confinement and saturation, many researchers attempt to
determine the geotechnical properties of TDA-soil mixtures by using triaxial testing ap-
paratus. Masad et al. [36] evaluated the engineering properties of TDA-soil mixtures by
using triaxial testing apparatus with a sample diameter of 71.1 mm. In their experiment,
they used tire shreds with the steel removed, with a maximum particle size of 4.75 mm.
To examine the shear strength of tire chips mixed with sand, Lee et al. [37] carried out a
series of triaxial tests on sand mixed with tire chips with a maximum particle size of 30 mm
and no exposed steel belting. The mixtures were tested at confining pressures of 28 kPa,
97 kPa, and 193 kPa, and the results were compared with a numerical model. Youwai
and Bergado [38] performed a series of tests on shredded rubber tires mixed with sand by
using a triaxial apparatus and a sample diameter of 100 mm to study the effect of different
rubber-sand mixing ratios. They used shredded rubber tires with a maximum particle size
of 16 mm and reported peak internal friction angles ranging from 30◦ to 34◦. To study the
effect of the tire shred content and aspect ratio on the shear strength of mixtures of tire
shreds and sand, Zornberg et al. [39] conducted a total of 15 consolidated drained triaxial
tests. They used rectangular tire shreds with widths of 12.7 mm and 25.4 mm, and different
aspect ratios of 1, 2, and 4. They reported that although the percentage of tire shreds in the
samples had a significant influence on the sample shear strength, the effect of the aspect ra-
tio was negligible. Apart from the deterministic studies conducted on the behavior of TDA,
Strenk et al. [40] studied the stochastic variability of the material. This is an extension of the
research undertaken by Chwała [41] and Savvides and Papadrakakis [42] to investigate the
uncertainty in quantifying the shear strength parameters of cohesionless and cohesive soils,
respectively. Their findings suggest that the variability of the TDA strength parameters is
highly dependent on the normal stress range at which they are evaluated.

In the present study, a total of 33 consolidated drained triaxial tests were conducted
on mixtures of sand, gravel, and TDA. The sand and gravel were used to represent fine
and coarse aggregates, respectively. Tests were performed for each of the aggregates, with
different percentages of TDA by weight. The TDA particle size used was the same as that
utilized in many civil engineering applications, except that protruding parts of the steel
belt were removed. Effects of the TDA content on the sample shear strength, stiffness, and
volumetric strain are examined, and empirical equations are proposed to represent the
laboratory results. Finally, a guideline for the overbuild required to obtain a desired layer
thickness is presented for each of the mixtures.

2. Materials and Methods

The gravel, sand, and TDA used in this study were graded according to the ASTM
standard C136/C136M-14 [40]. The gravel used in the experiment complied with the Nova
Scotia Transportation and Public Works specification for type 1 gravel, with a curvature
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coefficient of Cc = 3.8 and a uniformity coefficient of Cu = 43.1. The sand used in the
experiment was poorly graded sand (SP) in accordance with ASTM D2487-11 [41], with a
curvature coefficient of Cc = 1 and a uniformity coefficient of Cu = 3.68. The TDA used in
the study complied with the ASTM standards for type A TDA. The type A TDA standards
specify not only that the scrap tires should be shredded to specific particle sizes, but also
that the final product should be free of contamination, wood fragments, and other fibrous
organic matter. In addition, according to the standards, the percentage of metal fragments
in the TDA that are not at least partially encased in rubber must be less than 1% [42]. During
the experiment, in order to protect the membrane enclosing the samples in the triaxial
apparatus, the metal wires protruding from the TDA particles were clipped and removed.
The particle size distributions of the TDA, gravel, and sand are presented in Figure 1a. The
TDA particle sizes ranged from 13 mm to 63 mm. The particle size distributions of the
TDA-gravel and TDA-sand mixtures are presented in Figure 1b,c, respectively. In Figure 1b,
it can be seen that all the TDA-gravel mixtures studied had similar gradation characteristics
due to the relatively small difference in the D50 values of the TDA and gravel. Thus, the
D50 of TDA-gravel mixtures, G1 to G4, ranged from 10 mm to 15 mm. However, as shown
in Figure 1c, the TDA-sand mixtures had a wider range of gradation characteristics, with
D50 ranging from 0.7 mm to 25 mm, because of the large difference in the D50 values of the
TDA and sand.

Buildings 2023, 13, x FOR PEER REVIEW  3  of  18 
 

2. Materials and Methods 

The gravel, sand, and TDA used in this study were graded according to the ASTM 

standard C136/C136M‐14 [40]. The gravel used in the experiment complied with the Nova 

Scotia Transportation and Public Works specification for type 1 gravel, with a curvature 

coefficient of Cc = 3.8 and a uniformity coefficient of Cu = 43.1. The sand used in the ex‐

periment was poorly graded sand (SP) in accordance with ASTM D2487‐11 [41], with a 

curvature coefficient of Cc = 1 and a uniformity coefficient of Cu = 3.68. The TDA used in 

the study complied with the ASTM standards for type A TDA. The type A TDA standards 

specify not only that the scrap tires should be shredded to specific particle sizes, but also 

that the final product should be free of contamination, wood fragments, and other fibrous 

organic matter. In addition, according to the standards, the percentage of metal fragments 

in  the TDA  that are not at  least partially encased  in rubber must be  less  than 1%  [42]. 

During the experiment,  in order to protect the membrane enclosing the samples  in the 

triaxial apparatus, the metal wires protruding from the TDA particles were clipped and 

removed. The particle size distributions of  the TDA, gravel, and sand are presented  in 

Figure 1a. The TDA particle sizes ranged from 13 mm to 63 mm. The particle size distri‐

butions of the TDA‐gravel and TDA‐sand mixtures are presented in Figure 1b,c, respec‐

tively. In Figure 1b, it can be seen that all the TDA‐gravel mixtures studied had similar 

gradation characteristics due  to  the  relatively  small difference  in  the 𝐷50values of  the 

TDA and gravel. Thus, the 𝐷ହ଴  of TDA‐gravel mixtures, G1 to G4, ranged from 10 mm to 

15 mm. However, as shown in Figure 1c, the TDA‐sand mixtures had a wider range of 

gradation characteristics, with 𝐷50ranging from 0.7 mm to 25 mm, because of the large 

difference in the 𝐷50values of the TDA and sand. 

 

Figure 1. Particle size distributions of the samples studied. 

2.1. Triaxial Test Apparatus 

A large‐scale triaxial testing apparatus was utilized to conduct the triaxial tests. The 

shaft of the apparatus that applies axial loading was extended to accommodate the addi‐

tional displacement  exhibited  by  samples with  a  higher percentage  of TDA.  Figure  2 

shows the triaxial apparatus used in the experiment. In all the tests, the samples had a 

diameter of 152 mm (6  inches) and a height of around 320 mm (12.6  inches). Thus, the 

height was approximately 2.1 times the diameter, which is within the range accepted by 

the ASTM D7181‐11 standard [43]. During the tests, an Instron 8501 hydraulic load frame 

Figure 1. Particle size distributions of the samples studied.

2.1. Triaxial Test Apparatus

A large-scale triaxial testing apparatus was utilized to conduct the triaxial tests. The
shaft of the apparatus that applies axial loading was extended to accommodate the ad-
ditional displacement exhibited by samples with a higher percentage of TDA. Figure 2
shows the triaxial apparatus used in the experiment. In all the tests, the samples had a
diameter of 152 mm (6 inches) and a height of around 320 mm (12.6 inches). Thus, the
height was approximately 2.1 times the diameter, which is within the range accepted by the
ASTM D7181-11 standard [43]. During the tests, an Instron 8501 hydraulic load frame was
used, and the sample loads and displacements were recorded at a frequency of 20 Hz. Two
GDS Advanced Pressure/Volume Controllers (ADVDPC) were used in the experiments to
control the pressure and to record the volume changes in the triaxial cell and the sample.
To ensure the accuracy of the ADVDPCs, both ADVDPCs were calibrated before each test,
and they were kept at the same height during the tests.
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Figure 2. The large-scale triaxial apparatus that was used in the experiments.

2.2. Sample Preparation

Before the samples were prepared, the optimum water content was obtained for gravel
and sand in accordance with ASTM D698-12 [44]. Figure 3 shows the results of the optimum
water content tests. To obtain these results, a compaction energy of 600 kJ/m3 was applied
by using a manual rammer. The same compaction energy was later used to compact the
samples that contained gravel or sand in five layers. For the sample containing pure TDA,
the manual rammer proved ineffective since the TDA bounced back with each blow. The
TDA samples were therefore compacted by tamping them with a steel rod. It has been
shown by Humphry and Manion [9], and more recently by Kowalska [45], that introducing
water to samples of pure TDA has an insignificant effect on the dry density of the samples.
Thus, the samples containing 100% TDA were kept dry during compaction.
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the y-axis).

In this study, 33 specimens were prepared with 11 different compositions: four TDA-
gravel mixtures with different percentages of TDA by weight, four TDA-sand mixtures
with different percentages of TDA by weight, and three reference cases with pure TDA,
pure gravel, and pure sand. In the experiment, specimens with each composition were
tested at three different confining pressures. Table 1 shows the composition and average
dry density of the specimens tested.
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Table 1. Composition of specimens tested.

Composition Gravel (%)
by Weight

Sand (%) by
Weight

TDA (%) by
Weight

Dry Density
(kg/m3)

Cohesion
(kPa)

Friction
Angle (◦) E50 * (MPa)

TDA 0 0 100 710 23.5 25.5 4.9
Gravel 100 0 0 2108 - 49 110

G1 95 0 5 1815 62 41 33.9
G2 90 0 10 1749 68 42 31.4
G3 80 0 20 1593 51 42 12.9
G4 70 0 30 1483 109 36 7.1

Sand 0 100 0 1717 - 39 54.2
S1 0 95 5 1705 15.4 39 42.4
S2 0 90 10 1683 29.7 38 40.3
S3 0 70 30 1569 32.3 39 16.7
S4 0 50 50 1261 36 40 4.9

* Secant modulus at 100 kPa confinement.

Before mixing the TDA with gravel or sand, water was added to obtain the optimum
water content of the gravel or sand, but the TDA was kept dry. Although ASTM D6270-08
permits both oven and air drying of TDA, the authors observed a change in the physical
characteristics of oven-dried TDA and hence used only air drying. The mixtures were
prepared and mixed outside the triaxial mould and were then added to the mould and
compacted in layers. During this process, no segregation of the TDA particles and soil was
observed in the mixtures. TDA-gravel mixtures with up to 30% TDA were considered. In
TDA-gravel mixtures with a TDA percentage exceeding 30%, there were problems with
the consistency of the mixture, and segregation of the particles was noticeable. In the
TDA-sand mixtures, a TDA percentage of about 50% was found to be possible. All the
TDA particles used in the experiment were checked for protruding steel wire. When steel
wire was found, only the parts of the steel not covered by rubber were clipped to protect
the triaxial membrane. In the experiment, a membrane with a thickness of 0.635 mm
(0.025 inches) was used, to improve the membrane resistance to being punctured by TDA.
In addition, during compaction of the samples, special attention was paid to orienting the
TDA particles to prevent the sharper edges of the particles from contacting the membrane.

2.3. Testing Procedure

In this study, 33 consolidated drained triaxial (CD) tests were performed. Each of the
eleven different specimen compositions was tested at three confining pressures: 50 kPa,
100 kPa, and 200 kPa. These confining pressures were chosen to resemble the stress levels
that may be encountered in a variety of scenarios, such as shallow and deep foundations,
embankments, and retaining walls. Prior to the tests, the dimensions of each specimen
were measured and recorded.

During the saturation stage, the triaxial chamber was filled with water, and the water
was permitted to flow in all the pipes, while the drainage valve was opened to ensure that
there were no trapped air bubbles in any of the lines. The chamber pressure was kept below
25 kPa to prevent prestressing of the specimen. The water movement from the bottom
of the sample to the top cap was slow enough to prevent sample swelling. The last step
in the saturation phase involved performing the pore water pressure parameter B-test.
After the drainage valve was closed, a chamber pressure of 35 kPa was implemented and
the backpressure was recorded. This process was repeated several times, and the B-value
was calculated each time in accordance with ASTM D3999-11 [46]. All specimens tested
achieved a B-value of 0.96 or higher. Because of the high permeability of the specimens,
the saturation stage was relatively simple and fast. During the consolidation stage, the
volume change and deformation of each specimen were recorded at specific time intervals,
in accordance with the ASTM standard, to calculate the rate of axial loading. Samples with
higher percentages of TDA exhibited a faster rate of volume change, possibly due to their
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higher void ratios. Table 2 shows the percentage volume change of each sample at different
confining pressures.

Table 2. Volume change of samples during the consolidation stage.

Composition
Volume Change at Each Confining Pressure (%)

50 kPa 100 kPa 200 kPa

TDA 13.9 19.4 25
Gravel 1.6 2.3 2.7

G1 3.6 4 4.9
G2 3.9 4.2 5.6
G3 4.6 4.9 6.3
G4 7.1 8.7 10.4

Sand 1 1.5 2
S1 1.6 2.2 2.7
S2 3.5 4.3 5.1
S3 5.7 6.9 8.3
S4 7 9.1 11.2

The following equation represents the curve with the best fit to the values shown in
Table 2. The equation was calculated by using a 3D regression method and shows the
relation between the percentage volume change during the consolidation stage, the TDA
content of the sample, and the confining pressure applied. The R2 value of the equation is
0.9655 for TDA-gravel mixtures and 0.9904 for TDA-sand mixtures. Thus,

VP =
(

aw2 + bw + c
)

σe
d (1)

where VP is the percentage volume change, σ3 is the confining pressure of the sample
(measured in kPa), and w is the percentage of TDA by weight in the sample. The values for
a, b, c, and d are provided in Table 3.

Table 3. Values of a, b, c, and d in the volume change equation.

Composition Gravel Sand TDA

a 6.678 −5.131 0
b 3.425 6.238 0
c 0.8011 0.2927 3.12
d 0.267 0.3097 0.39

During the axial loading stage of the test, the values for the load, displacement,
and volume change of the sample were recorded. These values were used to adjust the
deviatoric stress reported in this study in accordance with the ASTM standard.

3. Results and Discussion
3.1. Volumetric Strain

As explained above, for each specimen composition, three tests were conducted at
different confining pressures. During the tests, volume changes of the samples were
recorded, which were subsequently used to calculate the volumetric strain of the samples.
Figure 4 shows the volumetric strain versus axial strain for pure samples of the gravel,
sand, and TDA used in this study at confining pressures of 50 kPa, 100 kPa, and 200 kPa.
In Figure 4a,b, it can be seen that the volumetric strain behavior of the natural aggregates,
gravel and sand, was initially contractive, followed by shear dilation. In contrast, the pure
TDA samples exhibited contractive behavior under all the confining pressures applied, as
shown in Figure 4c. Figure 5 shows the volumetric strain versus axial strain of the four
TDA-gravel mixtures at confining pressures of 50 kPa, 100 kPa, and 200 kPa. It can be
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seen that the volumetric strain of mixtures with lower percentages of TDA resembles the
volumetric strain of gravel. However, as the percentage of TDA increases, this resemblance
is less evident. In addition, in the samples with lower percentages of TDA, the influence of
the confining pressure on the volumetric strain is more noticeable, but as the percentage of
TDA increases, this influence diminishes. This can be seen particularly in the G4 samples,
with 30% TDA by weight as shown in Figure 5d. The volumetric strain of the TDA-sand
mixtures exhibits the same trend as that of the TDA-gravel mixtures. Figure 6 shows the
volumetric strain versus axial strain for the four TDA-sand mixtures at confining pressures
of 50 kPa, 100 kPa, and 200 kPa.
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3.2. Deviatoric Stress Versus Axial Strain

Deviatoric stress versus axial strain results are plotted in Figures 7 and 8 for the
TDA-gravel and TDA-sand mixtures, respectively. Figure 7 shows that adding TDA to
gravel does not increase the peak deviatoric stress of the mixture. For mixture G2, with
10% TDA by weight, especially at the lower confining pressures of 50 kPa and 100 kPa,
the maximum deviatoric stress is comparable to the deviatoric stress of pure gravel. This
could prove to be significant for many applications, since the dry density of G2 is 17%
lower than the dry density of pure gravel. In contrast, adding TDA to sand results in a
promising increase in the maximum deviatoric stress. This increase is more substantial at
the lower confining pressures of 50 kPa and 100 kPa, where mixture S3, with 30% TDA
by weight, exhibits the greatest increase. Since the dry density of S3 is 9% lower, as in
the case of gravel, this could prove advantageous for many civil engineering applications.
It is also noteworthy that adding as little as 10% TDA by weight to gravel can shift the
peak deviatoric stress to strains greater than 0.1; however, this effect is less noticeable for
sand. The S2 TDA-sand mixture, with 10% TDA by weight, shows a peak deviatoric stress
at strains less than or equal to 0.05. These differences in the behavior of gravel and sand
mixtures can be attributed to the different particle sizes of gravel and sand. Sand, with
a smaller particle size, can efficiently fill the voids in TDA-sand mixtures, which causes
the behavior of sand mixtures to be closer to that of pure sand, especially in mixtures with
lower percentages of TDA by weight. In contrast, the larger particle sizes of gravel result
in more voids in TDA-gravel mixtures, which explains why the behavior of TDA-gravel
mixtures resembles that of loose soil. Voids in TDA-gravel mixtures can be expected even
with very low percentages of TDA. The TDA-gravel mixture G1, with 5% TDA by weight,
had a dry density almost 14% lower than that of pure gravel. In contrast, the results for
TDA-sand mixture S1, with 5% TDA by weight, showed that adding 5% TDA to sand
reduced the dry density by less than 1%. In TDA-gravel mixtures as well as TDA-sand
mixtures, it was found that increasing the percentage of TDA results in a decrease in the
initial slope of the deviatoric stress curves. This affects stiffness characteristics, as discussed
later in this paper.
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In order to obtain an empirical equation that can predict the results of laboratory stud-
ies conducted on samples of TDA mixed with gravel or sand, regression analysis was used
to fit various curves to the deviatoric stress versus axial strain results found in this research.
The goal was to find one simple equation to fit all the results presented in this study, with a
high coefficient of determination (R2). The following equation, with two exponential terms,
was found to be the best match for the results while maintaining simplicity:
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σdev.(ε, σ3) = ε
(
(aσ3 + b)e f ε − (cσ3 + d)egε

)
(2)

where ε is the axial strain and σ3 is the confining pressure (measured in kPa). The values of
a, b, c, d, f , and g for each mixture can be determined by using the set of equations below
(Equations (3)–(14)).

For TDA-gravel mixtures:

a = 4370.64w3 − 3731.1w2 + 843.7w − 2.698 (3)

b = −14, 250, 688w3 + 8, 189, 137 − 1, 434, 942w + 81, 997 (4)

c = −74, 877w3 + 42, 152w2 − 6455w + 146 (5)

d = −1, 869, 599w3 + 970, 442w2 − 131, 612w − 866.2 (6)

f = 46, 132w3 − 24, 865w2 + 3772w − 180 (7)

g = −32, 010w3 + 17, 647w2 − 2716w + 88 (8)

For TDA-sand mixtures:

a = 6635w3 − 5514w2 + 947.7w + 54.73 (9)

b = −403, 287w3 + 76, 910w2 + 85, 326w − 5820 (10)

c = 10, 848w3 − 12, 148w2 + 4431w − 587.8 (11)

d = −2, 063, 723w3 + 1, 683, 432w2 − 315, 557w + 1118 (12)

f = 2295w3 − 1348w2 + 115.8w − 13.19 (13)

g = −7053w3 + 5605w2 − 929.4w − 29.34 (14)

where w is the ratio of the weight of the TDA to the weight of the sample (i.e., the TDA
content of the sample). Figures 9 and 10 compare the results obtained in the laboratory
with the results of Equation (2). As can be seen in the figures, there is strong agreement
between the results generated by the equation and the results obtained in the laboratory.
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3.3. Strength Parameters

Table 1 presents the cohesion and internal friction angle values for all the samples
tested in this research. In cases where the test did not yield a conclusive peak for the
deviatoric stress, in accordance with ASTM D7181-11, the stress at 15% strain was used
to calculate the cohesion and internal friction angle values. To select the most suitable
material for their designs, designers usually consider a combination of factors such as
availability, strength parameters, dry density, stiffness, and cost. Although pure TDA has a
lower strength and stiffness than pure sand or pure gravel, the lower density of TDA can
make pure TDA a better choice for some applications, e.g., use as a backfilling material
for embankments on soft soils. TDA-sand and TDA-gravel mixtures also share these
advantages. As the percentage of TDA increases in TDA-sand mixtures, the internal friction
angle remains constant, but the cohesion increases and the dry density decreases. These
properties make TDA-sand mixtures a better backfilling material in many applications.
The same cannot be said for mixtures of gravel and TDA. The internal friction angle of
pure gravel is greater than that of TDA-gravel mixtures. However, as shown in Figure 7,
in comparison to the G1 and G2 mixtures, pure gravel has a similar maximum deviatoric
stress at confining pressures of 50 kPa and 100 kPa, and a lower maximum deviatoric
stress at a confining pressure of 200 kPa. The lower dry density of the G1 and G2 mixtures,
combined with the comparable performance at lower confining pressures, makes them a
good alternative to pure gravel for shallow backfilling layers, which are often required.

3.4. Stiffness

To compare the stiffness of the different mixtures studied, values of E50 (the secant
modulus) were calculated for each mixture, as shown in Figures 11 and 12. From these
figures it can be seen that adding TDA to gravel or sand decreases the secant modulus.
This decrease is more significant in TDA-gravel mixtures. For example, adding small
percentages of TDA to gravel has a great effect on the secant modulus, resulting in an
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average 65% decrease in the E50 with the addition of 5% TDA by weight. The effect is less
noticeable when the same percentage of TDA is added to sand, resulting in an average 18%
decrease in the E50 with the addition of 5% TDA by weight. This difference in the behavior
of the TDA-gravel and TDA-sand mixtures may be related to the different particle sizes
of gravel and sand. With a smaller particle size, sand can efficiently fill the voids in the
mixture, which makes the behavior of sand mixtures closer to that of pure sand. In contrast,
the larger particle size of gravel makes it difficult for gravel particles to fill the voids. This
is evident in the sharp decrease in dry density when TDA is added to gravel. The addition
of 5% TDA by weight to pure gravel decreases the dry density by almost 14%. In contrast,
if 5% TDA by weight is added to pure sand, the dry density is reduced by less than 1%. The
fact that additional empty voids can be filled during axial loading decreases the stiffness of
the samples.
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3.5. Overbuild Guidelines

The amount of overbuild required to achieve a desired layer thickness in the field was
calculated by using the laboratory results and is presented in the equation below. In this
calculation, the volume change occurring in a layer of TDA-soil mixture buried beneath the
surface was assumed to be equal to the volume change occurring during the consolidation
stage of the triaxial test. Hence:

Overbuild = (TDAmixturelayerthickness)×
(

VP
100 − VP

)
(15)
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where VP is the percentage volume change presented in Equation (1). Thus, for TDA-gravel
mixtures, the VP value in Equation (15) can be calculated by using:

VP = 4.928 − 25.04w + 0.07253σew + 96.8w2 (16)

Similarly, the VP value for TDA-sand mixtures can be calculated by using:

VP = 0.5737 + 25.72w + 0.05448σew − 30.27w2 (17)

Figures 13 and 14 show the percentage overbuild required to achieve a desired layer
thickness for each mixture. If the effective stress applied to the centre of the fill layer and the
percentage TDA by weight are known, the amount of overbuild required can be determined
from Figures 13 and 14 for TDA-gravel mixtures and TDA-sand mixtures, respectively.
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50% TDA by weight.

4. Conclusions

In this study, triaxial tests were performed on TDA-sand and TDA-gravel mixtures
containing different amounts of TDA. The sand and gravel in the TDA-soil mixtures
represented fine and coarse aggregates, respectively. The gravel used in this study complied
with the Nova Scotia Transportation and Public Works standard specification for type 1
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gravel. The sand used in the experiment was a poorly graded sand, in accordance with
ASTM D2487-11. The TDA used was type A TDA, in accordance with ASTM D6270-08.
Type A TDA is the size typically used in most civil engineering projects. Sample sets were
prepared with different percentages of TDA. Each sample set was tested at three different
confining pressures, and results for the volumetric strain and deviatoric stress versus axial
strain were obtained and depicted. In addition, the cohesion, internal friction angle, and
stiffness values for each sample set are presented. Finally, empirical equations are proposed
to match the laboratory results. The results presented in this paper confirm the versatility of
the TDA-sand and TDA-gravel mixtures to be used in various civil engineering applications,
especially when a lighter-weight backfilling material is required for embankments over
weak soils. Based on the results of the testing program, the following conclusions can
be drawn:

(1) As the percentage of TDA increases, the volumetric strain behavior of the mixtures
shifts from resembling soil to resembling TDA.

(2) As the percentage of TDA increases, the deviatoric stress versus axial strain curves of
the mixtures also shift from resembling soil to resembling TDA.

(3) The addition of a small percentage of TDA to sand results in a minimal change in the
dry density. In contrast, the addition of a small percentage of TDA to gravel results in
a sharp decrease in the dry density.

(4) Similarly, the addition of a small percentage of TDA to gravel has a more significant
effect on the strength parameters and stiffness than is the case when a small percentage
of TDA is added to the sand.
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