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Abstract: Tire recycling and reuse in North America and worldwide have increased considerably,
intending to reduce the harmful effects of scrap tires on the environment. Accordingly, the use of
tire derived aggregates (TDA) as backfill material in civil engineering applications is on the rise at
an unprecedented rate. However, to use TDA in the construction industry, its strength and stiffness
parameters properties must be evaluated. One key factor that is known to influence the strength and
stiffness of backfill material is the particle size of the used material. Hence, in this paper, a series of
large-scale triaxial tests on five TDA samples with different maximum particle size, Dmax, of 19.05,
25.4, 38.1, 50.8 and 76.2 mm were conducted to investigate the effect of the particle size on the
obtained results. The tests were done under consolidated drained conditions using three confining
pressures of 50, 100, and 200 kPa. The results showed that the shear strength of TDA increase by
increasing the maximum particle size while the cohesion did not show a specific trend. Moreover,
the samples exhibited an increase in the secant elastic modulus by increasing the particle size.

Keywords: tire derived aggregates (TDA); large-scale triaxial tests; particle size; shear strength; stiffness

1. Introduction

Tire-derived aggregate (TDA) is a relatively new construction material. It has gained
acceptance over the last few decades as a backfill material for embankments and earth-
retaining structures due to its lightweight and outstanding geotechnical properties [1–17].
TDA has also been used around buried pipes to improve their performance [18–20] and
underneath shallow foundations [21]. For example, Mahgoub and El Naggar [18,19] found
that using TDA above buried pipes can reduce the pipes’ stresses by 40 to 60%. Like-
wise, using an underlying layer of TDA for shallow foundations results in a substantial
improvement in transferring the stresses and reducing the stress influence zone beneath
the foundation [21]. TDA was also used in dynamics and vibration control applications
(e.g., [22–25]). For instance, Moussa and El Naggar [25] found that TDA-infilled buried
trenches could substantially improve the buried infilled trenches’ effectiveness to mitigate
ground-borne vibrations. Geotechnical characterization is one of the main characteristics
essential for adopting the TDA in the construction industry. However, TDA particles are
considered relatively large compared to the standard testing equipment available. There-
fore, practitioners are forced to test smaller TDA particle sizes that are not representative of
the actual TDA sizes used in actual civil applications. Hence, the main focus of this work
is studying the effect of the particle size on the shear strength and stiffness parameters of
TDA using large-scale triaxial apparatus.

One of the earliest studies for the particle size effect was done by Kirkpatric [26] to
study the particle size effect on the shear strength parameters of sand and glass beads.
Five sand samples were tested, having increasing maximum particle size ranging between
0.39 mm and 2 mm. Besides, three glass beads samples with maximum particle sizes
ranging between 0.3 mm and 0.58 mm were also tested. This study showed that for the
sand samples, the shear resistance slightly decreased with increasing the particle size.
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However, the glass beads samples showed an increasing shear resistance with increasing
particle size. Likewise, Islam et al. [27] investigated the effect of particle size on the shear
strength parameters of sands. Eight samples were tested, having uniform particle sizes
ranging between 0.075 mm and 2.76 mm. Two samples with graded particle sizes (0.075 to
1.18 mm and 0.075 to 2.36 mm) were also tested. The tests were performed in a circular shear
box with a diameter of 50.8 mm under a constant shearing rate. The results showed that the
angle of internal friction increased from 35.54◦ up to 42.24◦ for the samples with uniform
particle sizes. For the two samples with graded particle sizes, the internal friction angle
increased from 41.18◦ to 41.83◦. Kim et al. [28] investigated the shear strength parameters of
3 coarse-grained soil samples having increasing maximum particle sizes; 4.75 mm, 7.9 mm
and 15.9 mm. The samples were tested in a large scale 300 mm square shear box. The tests
were performed under three applied normal pressures of 98, 196 and 294 kPa using a
constant shear rate of 1 mm/min. The results showed that the angle of internal friction
increased from 40.6◦ for the 4.75 mm sample up to 54◦ for the 15.9 mm sample. In the same
year, Wang et al. [29] studied the particle size effect on the shear strength of accumulation
soil. In this study, ten accumulated soil samples were tested, five in a 500 mm square direct
shear box and the other five in a triaxial testing machine having a 100 mm cell diameter
and 200 mm height. The samples had an increasing average particle size (D50) with a fixed
maximum particle size (Dmax). The shearing rate used in the study was 0.1 mm/min at
four confining pressures 100, 150, 200 and 250 kPa. Generally, the results showed that the
shear resistance increased with increasing the average particle size of the sample being
tested as the results from the direct shear tests indicated that the range of the angle of
internal friction of the accumulation soil was 33.5 to 54.6◦, while that reported from the
triaxial tests indicate was 37.2 to 50.7◦. Moreover, Vangla and Latha [30] investigated the
particle size effect on three sand samples. The tested samples were fine, medium and
coarse sand samples. The maximum particle size for the tested samples ranged between
0.425 mm and 4.75 mm. The tests were conducted using a large-scale direct shear test
with a 300 mm square shear box under three normal stresses of 21 kPa, 37 kPa, 58 kPa.
The results showed that the friction angle increased from 35.9◦ for the fine sand to 38.9◦

for the coarse sand. As seen above, limited studies on the impact of particle size on
the shear strength parameters of different soils have been performed using triaxial tests.
Besides, available TDA triaxial testing data obtained with large-scale machines is limited
and not comprehensive. In addition, according to the authors’ knowledge, no research
was done to study the particle size effect on the shear strength and stiffness parameters of
TDA. Consequently, this paper investigates the effect of the TDA particle size on the shear
strength and stiffness parameters using large-scale triaxial apparatus.

2. Materials and Methods

The TDA samples tested in this research were shredded at Halifax C&D Recycling
Ltd., Halifax, Nova Scotia, Canada, using the conventional tires shredding method by
passing scrap tires through shredders in successive shredding cycles until reaching the
targeted particle size range (Figure 1). In this study, five TDA samples with different
maximum particle sizes, Dmax, of 19.05, 25.4, 38.1, 50.8 and 76.2 mm, were tested. The used
TDA samples are classified as Type A—TDA as per ASTM D6270-08 [31] with an average
aspect ratio of approximately 2, defined as the ratio between the length to the width of
the particle.

Any protruding steel wires from the TDA particles were removed entirely to protect
the triaxial membrane from puncturing. So, the shear strength parameters, especially the
cohesion resulting from these samples, are expected to be slightly conservative compared to
the actual TDA used in civil engineering applications. The samples were sieved following
the ASTM C136/C136M—14 procedures [32]. In this study, the TDA samples were having
a particle size range between 9.5 mm up to the maximum particle size (Dmax) existing in
each sample, as shown in the gradation curves in Figure 2. Besides, the samples were
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named according to their maximum particle sizes (Dmax). The compacted unit weight of
the tested samples was 6.6 ± 0.3 kN/m3.

Figure 1. TDA from Halifax C&D Recycling Ltd.

Figure 2. Gradation curves for the five samples.

The properties of the five samples are summarized in Table 1. The coefficient of
uniformity increases as the maximum particle size increases, which means that the sample
with larger particle sizes covers more particle size range than the samples with smaller
particle sizes.

Table 1. Characteristics of the TDA used in the research.

Characteristics Sample#1 Sample #2 Sample #3 Sample #4 Sample #5

D10 (mm) 9.8 10 12 13.1 13.2

D30 (mm) 12.4 13.2 16 19 25

D50 (mm) 14 16 25 29.5 33

D60 (mm) 15.5 17 27.5 33 39

Dmax (mm) 19.05 25.4 38.1 50.8 76.2

Size Range (mm) 9.5–19.05 9.5–25.4 9.5–38.1 9.5–50.8 9.5–76.2

Cu 1.58 1.70 2.29 2.52 2.95

Cc 1.01 1.02 0.78 0.84 1.21

USCS Classification Poorly
graded

Poorly
graded

Poorly
graded

Poorly
graded

Poorly
graded
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The coefficients of uniformity and curvature were calculated as per Holtz and Ko-
vacs [33] as following, respectively:

Cu = D60/D10 (1)

Cc = D2
30/(D10 × D60) (2)

3. Large-Scale Triaxial Apparatus

In total, 18 consolidated drained large-scale triaxial tests were performed to assess the
effect of the particle size on the shear strength and stiffness parameters of TDA. The samples
were tested using a large-scale triaxial cell 152 mm (6 inches) in diameter by 320 mm in
height, which is around 2.1 times the sample diameter and is in the range suggested by
ASTM D7181-11 [34]. The axial loading was applied using the Instron 8501 hydraulic
load frame (Norwood, MA, USA). A 1 mm/min shearing rate was used in this study
calculated in compliance with ASTM D7181-11 to allow the dissipation of any excess
pore water pressure. An external load cell was used to record the axial load. Moreover,
a linear variable displacement transducer (LVDT) was used to record the axial displacement.
Two GDS Advanced Pressure-Volume Controllers (ADVDPC) were used to record the
volume change of the sample and control the pressure during the shearing phase. The two
pressure-volume controllers were kept at the same height and calibrated before each test to
minimize the errors. Figure 3 shows the triaxial apparatus used in this research.

Figure 3. The Triaxial testing setup.

The height of the shaft used in the triaxial apparatus was increased to accommodate
the excessive consolidation that occurs to the TDA samples due to the presence of large
voids between the TDA particles and also to allow reaching the targeted 20% strain level.
The connection between the piston and specimen cap was a rigid connection so that
the titling in the specimen cap will be minimal, as recommended by ASTM D7181-11.
Choosing a rigid connection between the shaft and the specimen cap is recommended
when testing a highly elastic material as TDA because TDA particles have very random
shapes that will be too tough to level the surface of the sample without cap tilting. This kind
of connection was modified after Baldi et al. [35] by permission from ASTM International,
and it was verified by some researchers as Lade [36].



Buildings 2021, 11, 76 5 of 15

4. Testing Scheme

This section may be divided by subheadings. It should provide a concise and precise
description of the experimental results, their interpretation, as well as the experimental
conclusions that can be drawn.

4.1. Sample Preparation Stage

The TDA samples were checked for any protruding steel wires to avoid the puncture
of the triaxial membrane. The specimens were compacted using a modified proctor ham-
mer. Extensive care was given to the membrane during compaction to avoid membrane
puncturing, and the compaction was done on five layers. According to ASTM D6270-08,
compaction energy higher than 60% of the standard proctor will not affect the compacted
unit weight of TDA significantly. So, compaction energy equal to, or slightly higher than,
60% of the standard proctor was applied to each sample. Researchers found that oven-dried
TDA has different physical properties, and adding water to the sample will not affect the
compacted unit weight. So, compaction was done on air-dried samples [1,8,25,37].

The sample preparation was done in the following steps. First, the split mould was
secured around the bottom and the top using hose clamps and a relatively thick Humboldt
membrane was stretched around the split mould. Then, a vacuum was applied between
the membrane and the compaction mould so the membrane will be stretched. After that,
the sample was divided into five portions and each portion was weighed and added to
the mould so that the compaction will be applied on five layers till reaching the targeted
compacted unit weight. Next, the surface was levelled, and a porous stone was added to
the top of the sample and the sample was inverted and centred over the base of the triaxial
covering the two water inlets. The specimen cap and a porous stone were added to the top
surface of the sample after levelling it as possible. In order to ensure the isolation between
the cell pressure and the backpressure, two hose clamps were tightly secured around the
specimen cap and the triaxial bottom plate. After that, the sample height and diameter
were measured three times to calculate the initial volume of the specimen. Then, the shaft
was connected to the specimen cap with grease on it to minimize the friction, and the
cylindrical triaxial cell was assembled and placed in the center of the load frame. Finally,
the loading frame was lowered to be barely touching the sample so that the uplift force,
during saturation, will not push the shaft upward.

4.2. Saturation Stage

The triaxial was filled up with water at a low pressure of 10 kPa, to circulate the water
through the entire triaxial cell and the two pressure-volume controllers while the drainage
was kept open so large air bubbles will stream out of the system. This flushing procedure
minimized the errors that may occur due to the compression of the air bubbles. At that
point, back pressure is applied to the sample, so the air voids inside the sample are loaded
up with water and entrapped air will be removed from the entire system.

The saturation process is a function of time and pressure. However, due to the high
permeability and drainage coefficient of TDA, the saturation phase is relatively simple and
fast compared to natural soils. The Skempton’s pore water pressure parameter (B) was
used to measure the degree of the sample saturation, and all the samples were saturated
until reaching a minimum (B) value of 0.98.

4.3. Consolidation Stage

The consolidation stage is achieved by increasing the confining pressure while keeping
the pore pressure of the sample constant, and it is also considered to be relatively fast.
Three confining pressures were used in the research: 50, 100 and 200 kPa. The volume
of water driven out of the sample during the consolidation stage was measured using a
plastic graduated measuring cylinder, and it was observed that a significant contraction
occurred to the samples during the consolidation stage, so the height of the shaft had to be
increased to reach the desirable strain level.
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4.4. Shearing Stage

To measure the shearing rate, the volumetric change was plotted against the logarithm
of the time elapsed. However, the high permeability of TDA resulted in a shearing rate
higher than the rate that could be controlled by our volume pressure controllers. So, a lower
rate of 1 mm/min was used for all the samples.

In the initial tests, a 30% strain level was achieved. However, the samples were
subjected to a severe potential of membrane puncturing, so a 20% strain level was chosen
for the tests, which is sufficient since the TDA is an elastic material with no peak in its
stress-strain curve, and according to ASTM D7181-11, in the absence of maximum stress,
the deviatoric stress at 15% should be considered as the maximum stress.

Usually, TDA experiences a linear bulging after 10% strain due to the tilting of the
specimen cap. However, using a fixed connection between the specimen cap and the shaft
resulted in a right circular cylinder deformation as shown in Figure 4.

Figure 4. The sample deformation at 20% Strain.

4.5. Corrections

Triaxial tests have several sources of errors that need to be corrected for in order to have
more accurate results. Correction for the cross-sectional area during the consolidation and
shearing phases is considered the primary source of errors in triaxial tests. Several researchers
studied the cross-sectional area correction factor, were they recommended different correction
equations to get the effective cross-sectional area as summarized in Table 2.
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Table 2. Cross-sectional area correction equations reported by different researchers.

Study Area Correction Equation Deformation Shape

La Rochelle et al. [38] A = Ao(1− εv)/(1− εa) Right Circular Cylinder

La Rochelle et al. [38] A = Ao ×
[
−0.25 +

√
(25− 20εa − 5εa2)/4(1− εa)

]2 parabolic

Garga and Zhang [39] dmax = dc
4

[{
30 (1−εv)

(1−εa)

}
− 5

] 1
2 − 1 parabolic

where: A = corrected area of the specimen, Ao = initial area of the specimen, εv = volumetric strain of sample and εa = axial strain of sample.

However, in this research, an advanced MATLAB 2020b model was done to get an
exponential equation for the volumetric change from which the effective cross-sectional
area and the volumetric strain were calculated. These correction factors were applied to
the results before evaluating the shear strength parameters.

5. Results

A total of 18 triaxial tests were conducted under consolidated drained conditions using
three confining pressures; 50, 100, 200 kPa to resemble the stress levels expected in backfills,
embankments and behind retaining walls. A total of five samples were tested, having an
increasing maximum particle size (Dmax) ranging between 19.05–76.2 mm. All the samples
had a diameter of 150 mm and a height of 320 mm.

5.1. Consistency and Repeatability of the Tests

The random nature of TDA raises some doubts regarding the repeatability and accu-
racy of the driven tests. So, the 25.4 mm sample was duplicated under the three confining
pressures to validate the repeatability and accuracy of the results. Figure 5 shows that the
deviatoric stress-strain curves of the duplicated tests are in strong agreement, which proves
the consistency and the accuracy of the results. The volumetric strain for the duplicated
tests also showed an agreement between the results, as shown in Figure 6. The difference
between the curves is minimal, which could be neglected and will not significantly affect
the shear strength parameters.

Figure 5. Deviatoric stress vs. strain curves for the duplicated tests for the 25.4 mm sample.
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Figure 6. Volumetric strain vs. strain % curves for the duplicated tests for the 25.4 mm sample.

5.2. Stress-Strain Curves

Figure 7 shows that all the samples exhibited a bilinear stress-strain behaviour with
a close initial stiffness for the 19.05, 25.4 and 38.1 mm samples and a higher stiffness
for the 50.8 and 76.2 mm samples. The samples undergo an initial steep increase in the
deviatoric stress up to 2% strain, followed by a linearly increasing deviatoric stress up to
20% strain level. The deviatoric stress-strain curves of this study are in agreement with the
previous studies conducted by Masad et al. [40], Lee et al. [13], Youwai and Bergado [41],
and Zornberg [42]. These researchers reported fairly linear deviatoric stress-strain curves.
The slight difference in the results between this study and the previous studies may be
attributed to: (1) The different maximum particle size used. (2) Different samples with
different gradation curves. (3) Different TDA composition depending on the TDA source
(4) Most importantly, the random nature of TDA. −

Figure 7. Deviatoric stress-strain curves for the five samples.

TDA samples do not reach a peak in their deviatoric stress-strain curves, and this
phenomenon is clearly observed in Figure 7. However, ASTM D7181-11 recommended
considering the deviatoric stress at 15% to be the maximum stress when no peak is observed
in the stress-strain curve. Several practitioners used the deviatoric stress at 10% strain
as the maximum stress for TDA to evaluate the shear strength parameters. In this study,
shear strength parameters were calculated at both 10% and 15% strain levels. Mohr-
Coulomb failure criterion was used in evaluating the shear strength parameters for the five
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tested samples. The angle of internal friction and cohesion were evaluated as using the
following equation from Holtz and Kovacs [33].

τ = c′ + σ′ tanϕ′ (3)

where τ is the deviatoric stress at 10% and 15% strain levels, c′ is the effective cohesion,
which is the y-intercept, and ϕ′ is the effective angle of internal friction.

Table 3 shows that the angle of internal friction increased by increasing the maximum
particle size, Dmax. However, cohesion was almost constant within a range of 3.3 kPa
or less. Moreover, considering the deviatoric stress at 10% strain as the maximum stress
results in more conservative shear strength parameters.

Table 3. The shear strength parameters for the five samples.

Sample (Dmax)

Strain 10% Strain 15%

Angle of
Internal

Friction, ϕ′ (◦)

Cohesion, c′

(kPa)

Angle of
Internal

Friction, ϕ′ (◦)

Cohesion, c′

(kPa)

19.05 mm 17.8 21.6 21.3 30.5
25.4 mm 18.3 21.6 21.5 29.5
38.1 mm 18.6 19.4 22.3 28.7
50.8 mm 21.4 20.5 23.8 30.6
76.2 mm 21.8 23.4 25.6 32

To simplify the understanding of the results, the results were plotted in columns,
as shown below in Figure 8. The maximum difference in the angle of internal friction
and cohesion between the samples is 4◦ and 4 kPa, respectively, when considering the
maximum stress to be at 10% strain. While the maximum difference becomes 4.3◦ and
3.3 kPa, respectively, when considering the maximum stress to be at 15% strain. It can be
noted that up to a maximum D50 of 38.1 mm, the strength parameters were very close.

Figure 8. Angle of internal friction and cohesion for the five samples.

Figures 9 and 10 present the relations between the angle of internal friction and the
cohesion, at 10% strain, with the uniformity coefficient, Cu, of the tested TDA samples and
their maximum particle size, Dmax, respectively. It can be seen from the figures that the
relationships between those parameters and friction angle are linear and increase as the Cu
and Dmax increase. However, those parameters were found to have an insignificant effect
on the cohesion.
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Figure 9. Angle of internal friction and cohesion for the five samples vs. their uniformity coefficient.

Figure 10. Angle of internal friction and cohesion for the five samples vs. their maximum particle sizes.

5.3. Volumetric Strain

The deformation that happens for saturated nature soils is mainly due to the expulsion
of water from the samples voids, the reorientation of the soil particles and the deformation
of the soil particles, which is almost negligible [43]. However, highly elastic material as TDA
deforms for the following reasons: (1) Reorientation of the TDA particles, which is generally
irrecoverable when unloaded; (2) Compression of the TDA particles, unlike conventional
soils, and this is generally recoverable when unloaded. (3) Unlike conventional soils,
bending of TDA particles contributes to the majority of the compression that happens to
the TDA when loaded [44].

Figure 11a–c show the volumetric strain that occurred to the five samples under the
three confining pressures. The samples showed a steep volumetric contraction followed by
a steady decrease in the rate of volumetric change as the strain increases. The maximum
particle size (Dmax) did not show a correlation with the volumetric strain % as under the
50 kPa confining pressure, the volumetric strain % decreased by increasing the maximum
particle size. However, under the 100 and 200 kPa confining pressures, there was no
correlation between the maximum particle size and the confining pressures, as shown in
the following figures. Overall trends in volumetric responses are very similar under the
three confining pressures with a little decrease in the magnitude as the confining pressure
increase. The confining pressure showed an inversely proportional correlation with the
volumetric strain as the volumetric strain decreased when the confining pressure increased.
The samples showed a volumetric strain % between 10–12.5% under the 50 kPa confining
pressure. However, this range decreased to be 9–10.8% under 100 kPa confining pressure,
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and the range decreased more under the 200 kPa to be 7.5–9.25%. This behaviour could
be attributed due to the presence of fewer voids within the samples when the confining
pressure increases.

Figure 11. Volumetric strain % for the samples under 50 kPa, 100 kPa, and 200 kPa confining pressures, respectively.

5.4. Stiffness

The particle size effect on the stiffness of the five samples was evaluated by calculating
the secant elastic modulus, E50, as reported in Figure 12. Generally, the elastic modulus
reported in this study is in agreement with the elastic modulus of tire rubber reported
by [6] that ranged between 730–2400 kPa. The secant elastic modulus was calculated using
the following equation from Holtz and Kovacs [33]:

E50 =
τ50

ε
(4)

where τ50 is half of the deviatoric stress at 10% and ε is the corresponding axial strain.
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Figure 12. The secant elastic modulus at 10% strain.

Figure 12 shows that the secant elastic modulus increases when the particle size
increases. In addition, the fact that the elastic modulus increases when the maximum
particle size increases is attributed to the less freedom the particles with larger size have
to reorient within the sample as the maximum particle size (Dmax) is increasing while the
triaxial cell diameter was kept constant. It could also be attributed to the presence of less
steel wires in the smaller particles, unlike the large particles, which usually contain much
higher steel wires content.

5.5. Stiffness Degradation of TDA

The stiffness behaviour of geomaterials under static loading could be classified ac-
cording to strain levels [45]. As shown in Figure 7, at all strains, the overall stiffness of
all specimens under the confining pressure of 200 kPa is higher than those under 100 kPa.
Likewise, the stiffness of all specimens under confining pressure of 100 kPa is higher than
those under 50 kPa. Figure 13 shows the stiffness degradation behaviour of TDA based on
the strain levels under the three considered confining pressures. Atkinson and Sallfors [45]
divided strain levels into three distinct groups, (i) very small strains, (ii) small strains,
and (iii) large strains. Very small strains could only be induced by geophysical means,
and the stress-strain relationships can not be reliably measured in the lab using mechanical
means at this strain level. Hence, it is assumed that the stress-strain behaviour is linear
elastic in the very small strain range [45]. For TDA, it can be seen from Figures 7 and 13
that upon reaching a strain level near 0.02%, the stress-strain behaviour becomes noticeably
nonlinear, and the secant modulus, Esec, begins to degrade nonlinearly with the increasing
strain. This strain zone is defined as the small strain zone and ends at a strain level of
about 0.3%. The onset of the large strain behaviour zone occurs at a strain level of about
0.3%. Also, it can be noticed from Figure 13 that at a strain level of about 1%, the secant
modulus of TDA becomes relatively small and loses 50 to 80% of its threshold. Under con-
fining pressures of 100 and 200 kPa, the TDA loses approximately 90% of its stiffness at a
5% strain.
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Figure 13. Stiffness degradation curves for TDA based on the strain levels.

6. Conclusions

To study the particle size effect on the TDA’s shear strength and stiffness parameters,
a series of large-scale triaxial tests were conducted on five different TDA samples with
maximum particle size (Dmax) ranging between 19.05–76.2 mm. Based on the results of this
study, it could be concluded that:

1. The effective angle of internal friction of TDA increases by increasing the maximum
particle size.

2. The effective angle of internal friction was also found to increase as the coefficient of
uniformity increases.

3. The cohesion of TDA did not show a defined correlation with the particle size as the
cohesion exhibited a slight decrease followed by an increase by increasing the particle
size. i.e., the interlocking cohesion of TDA is not significantly affected by the particle
size (the difference was less than 3.3 kPa at most). The same conclusion was reported
by El Naggar et al. [6] from direct shear tests on TDA.

4. The secant elastic modulus of TDA increases by increasing the maximum particle size
(Dmax) or the confining pressure.

5. At all strains, the overall stiffness of all specimens increases as the confining pres-
sure increase.

6. Upon reaching a strain level near 0.02%, in the small strain zone, the stress-strain
behaviour becomes noticeably nonlinear, and the secant modulus, Esec, begins to
degrade nonlinearly with the increasing strain up to a strain level of about 0.3%.

7. The onset of the large strain behaviour zone occurs at a strain level of about 0.3%.
At a strain level of about 1%, in the large strain zone, the secant modulus of TDA
becomes relatively small and loses 50 to 80% of its threshold.

8. At higher strain levels, 5% and more, under confining pressures of 100 and 200 kPa,
the TDA loses approximately 90% of its stiffness.
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