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Abstract: The loads generated inside agricultural silos under static and dynamic conditions depend
on the mechanical properties of the materials stored inside them. Silo calculation methodologies are
based on these mechanical properties. Although it is known that moisture content greatly influences
the values reached by these mechanical properties, only a few studies have been conducted to
determine them. The present work determines the angle of internal friction, the apparent cohesion,
the dilatancy angle and the apparent specific weight of wheat when subjected to different moisture
contents. Direct shear and oedometer assay devices were used. In addition, a climatic chamber was
used to moisten the wheat samples used in this work. From the different assays conducted, it could
be observed that the values of the angle of internal friction, the apparent cohesion and the apparent
specific weight were like those found in the literature. However, no values of the dilatancy angle of
wheat as influenced by moisture content were previously reported. The values obtained here for this
parameter are within the range of those specified for dry wheat samples. Finally, higher apparent
specific weight values were observed as moisture content increased up to 13.4%, then decreasing at a
moisture content of 15.5%. This was not expected according to the results stated by some authors,
although others reported a similar tendency. The values here provided can be used in silo load
calculations involving numerical methods for modeling technological processes.

Keywords: agricultural silos; numerical methods; mechanical properties; wheat; angle of internal
friction; specific weight; apparent cohesion; moisture content

1. Introduction

The loads generated inside agricultural silos can be calculated using both classical
and numerical methodologies. Classical theories are suitable for determining these loads
under static conditions, with the Janssen formula [1] being the world’s most widely used.
However, numerical methods began to be applied to silo calculations in the 1970s [2], and
since then, they have experienced a great surge, especially during the 21st century, thanks
to advances in computing [3–12]. With these techniques, it is possible to accurately predict
dynamic loads occurring during both the filling and the emptying of silos, in addition to
modeling the static conditions. In any case, with all of these methodologies, it is necessary
to consider different mechanical properties of the materials stored inside agricultural silos,
such as the angle of internal friction, the apparent cohesion, the friction coefficient, the bulk
density or the Young’s modulus, among others. Values and studies of these parameters can
be found within the literature for both granular and powdered materials [13–26]. These
data refer to dry samples, i.e., materials with an ambient humidity. Nevertheless, it has
been well known for a long time that these material properties, the loads as well as the
type of flow that they generate inside silos, are greatly influenced by moisture content, as
shown in some works [13,27–37].
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Notwithstanding the above, to date, there are not many works reported in the literature
focused on the study of the influence of humidity when intermediate liquid contents are
considered. They mainly refer to the pendular state but rarely to the funicular state [38–40].
Under humidity effects, capillary forces appear when water molecules are placed between
the grains. Under these circumstances, both the cohesion and the friction of the material
are affected [32,41,42]. The amount of liquid present in the granular medium allows for
the establishment of capillary bridges between the grains, and it determines the pendular,
funicular or capillary states. These liquid bridges and/or capillary bridges can be created or
destroyed as a material passes from a dry state to a wet one, or vice versa. This affects the
shear strength, the friction between particles, the lubricating role of water or the cohesive
behavior of the material, among other factors [40,43–48].

The aim of the present work was to provide values of the following mechanical
properties: the angle of internal friction, the apparent cohesion, the apparent specific
weight and the dilatancy angle. The material tested was wheat (Triticum) subjected to
different moisture contents. The results add to those already reported in the literature for
the first three and provide the first information of this kind for the fourth. In addition, these
values could be useful for studying the mechanical behavior of wheat when its moisture
content is varied.

2. Materials and Methods

The assays conducted were all performed at the Geotechnical Laboratory of the Centro
Universitario de Plasencia (University of Extremadura). The material used in this work
was wheat (Leonesa Astur de Piensos, S.A. (LESA), León, Spain).

The properties determined for this material were as follows: the angle of internal
friction (ϕ), the apparent cohesion (C), the dilatancy angle (ψ) and the apparent specific
weight (γ).

A description of the different assays carried out to determine the values or these
parameters has been provided in detail elsewhere [21,22]. However, information regarding
particular conditions is provided below.

2.1. Climatic Chamber

Wheat samples were subjected to different moisture contents and temperatures by
means of a climatic chamber available at the laboratory. A touch screen placed at the upper
right side of the device allowed us to select different values for the temperature and the
relative humidity within the device. The range of temperatures ranged from +5 ◦C to 60 ◦C,
whereas the relative humidity ranged from 15% to 95%. For the temperature, the stability
ranged from ±0.2 to ±2 ◦C, whereas the uniformity ranged from ±1% to ±5%. In the case
of the relative humidity, the stability ranged from ±1% to ±5%, whereas the uniformity
ranged from ±1% to ±5%. In this work, five different combinations of temperature and
relative humidity were established for the wheat sample placed within it. The minimum
temperature selected was 20 ◦C. For this temperature, relative humidities of 35, 45, 65
and 90% were selected, whereas for the highest temperature tested (55 ◦C), a relative
humidity of 25% was chosen. Wheat samples were subjected to each of these combinations
of temperature and relative humidity for a minimum of 72 h to achieve homogeneity of
moisture content in the samples used before beginning the corresponding assays. Figure 1
shows the climatic chamber used in this work (Figure 1a) and the touch screen for selecting
the temperature and the relative humidity (Figure 1b).

2.2. Determination of the Moisture Content

Wheat samples were dried in an oven at 105–110 ◦C, adhering to Part 1 of Standard
UNE-EN ISO 17892 [49]. Each of them was weighed every 24 h until a constant weight was
reached. An electronic balance with a precision of 0.01 kg was used. Figure 2 shows the
electronic balances used for determining the moisture content of the samples (right) and
the weight of the oedometric cell (left). This last one had a precision of 0.1 kg.
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Figure 2. Electronic balances used in this work.

2.3. Direct Shear Assays

The assays conducted in this work adhered to the procedure established in Part 10
of Standard UNE-EN ISO 17892 [50]. The parameters determined with this device were
the angle of internal friction, the apparent cohesion and the dilatancy angle. The main
characteristics of the semi-automatic direct shear test device were reported in an earlier
work [23]. The stress was established by means of a 10:1 dead-weight beam loading system,
which allowed us to apply vertical confining pressures, as depicted in Figure 3a. In addition,
a touch screen, which can be observed at the right side of the direct shear device in Figure 3a
and is more detailed in Figure 3b, allowed us to set the speed selected for the assays. The
strain rate was precisely controlled from 0.00001 to 10 mm/min by an advanced stepper
motor drive system. The maximum shear displacement was 20 mm. The shear strength
of the sample was recorded by means of a load cell, whereas the vertical deformation and
the horizontal displacement were recorded with the help of two strain gauge transducers
with 100 mm travel. The data obtained from these assays (shear stress, vertical strain and
horizontal displacement) were collected with the help of software provided with the direct
shear device. This software allowed us to export them as “.xls” files and thus, using an
Excel spreadsheet for Microsoft 365, the different graphs and tables shown in Section 3



Agronomy 2024, 14, 347 4 of 16

could be obtained. In this research work, the normal stresses applied to the wheat samples
were 10, 20, 50, 100, 200 and 300 kPa. The assay speed was 0.4 mm/min. This speed was
high enough to prevent the sample from losing humidity while the test was performed. The
assay was replicated twice at each stress level. Figure 3 shows the direct shear device used
(Figure 3a) and the touch screen for selecting the speed of the assays conducted (Figure 3b):
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2.4. Oedometric Assays

The oedometric assays were performed according to the procedure described in Part 5
of Standard UNE-EN ISO 17892 [51]. The parameter determined with this device was the
apparent specific weight of the material. The main characteristics of this device were also
provided in an earlier work [23]. The assay modality carried out on this occasion was the
abbreviated one. It consisted of conducting an automatic increase or a decrease in the load
applied just when a maximum deformation of 0.1 mm was reached for three consecutive
hours. In that case, primary consolidation is assumed to have occurred. Faster assays could
be conducted this way compared to the traditional ones, considering that the samples had
specific humidity conditions. Normal stresses of 8, 16, 32, 64, 128 and 256 kPa were applied.
All assays were performed in triplicate.

The apparent specific weight of the material could be obtained as follows: The amount
of sample placed within the oedometric cell was weighed right before beginning the assay.
As the cells used in these assays are standardized (75 mm in diameter and 20 mm in height),
their volume is known. Initially, the wheat sample occupied the entire volume of the
oedometric cell (V). Once the assay started, the normal pressure exerted on the cell (P)
compressed the grain sample, thus reducing the height that it occupied inside (H′). Once
the maximum vertical stress was applied to the sample, the loading cycle was finished
and the wheat sample occupied the minimum volume (V′), thus reaching its maximum
apparent specific weight. Then, the unloading cycle began, and as the vertical load was
progressively reduced, the material was less compressed, and the height occupied inside
the cell increased. The height of the sample within the corresponding oedometric cell
could be measured every time with the help of a displacement transducer. This way, the
volume occupied by the sample after each loading step could be calculated and so the
apparent specific weight of the material could be determined. Figure 4 shows the procedure
described:
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The data obtained from these assays (confining pressure and vertical strain) were
collected with the help of software provided with the automatic oedometric device. As
explained for direct shear assays, files generated with this software were inputted to an
Excel spreadsheet for Microsoft 365, thus obtaining the graphs and tables shown in the
Section 3.

3. Results
3.1. Moisture Content

Wheat samples were subjected to different combinations of temperature and relative
humidity within the climatic chamber. A small amount of the wheat sample was chosen to
determine its moisture content prior to beginning the assays. The moisture content of the
sample was determined by drying it in the oven, as described in the previous section. Thus,
the real moisture content of the sample could be determined. Table 1 shows the different
combinations of temperature and relative humidity and their corresponding real moisture
content expressed on a dry basis (d.b.).

Table 1. Combinations of temperature and relative humidity used in this work and their correspond-
ing real moisture content (d.b.) determined by drying the samples in an oven at 105–110 ◦C.

Climatic Chamber Conditions Moisture Content (d.b.)
(%)Temperature (◦C) Relative Humidity (%)

55 25 7.5
20 35 10
20 45 10.5
20 65 13.4
20 90 15.5

From the previous table, it can be seen that the moisture content of wheat sam-
ples ranged from 7.5 to 15.5%. This range of values is within that reported in other
works [13,31,52].

3.2. Direct Shear Assays
3.2.1. Angle of Internal Friction and Apparent Cohesion

Stress–strain curves showing the relationship between the shear stress and the hori-
zontal displacement at six different normal stresses (10, 20, 50, 100, 200 and 300 kPa) are
plotted for the two replications carried out at moisture contents of 15.5% (Figure 5) and
7.5% d.b. (Figure 6), respectively:
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As expected, the higher the normal stress applied, the higher the shear stress reached.
The peak value obtained for the lateral stress at a normal stress of 300 kPa and a moisture
content of 15.5% was 175 kPa, which was a 29% higher than that reached when a mois-
ture content of 7.5% was applied (136 kPa). However, lower differences (6.8 and 8.6%,
respectively) were observed when normal stresses of 200 and 100 kPa were applied at both
moisture contents. It should be noted that in this case, at lower applied normal stresses
(10, 20 and 50 kPa), the highest value obtained for the shear stress was higher at a lower
moisture content. This difference was 2.7%, 5.6% and 8.1% at 50, 20 and 10 kPa, respectively.
Nevertheless, this trend could not be confirmed at intermediate moisture contents (10, 10.5
and 13.4%, respectively), where at lower normal stresses, the lateral stress was higher as
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moisture content increased. Finally, the shape of the curves was similar to those shown in
Figure 4 for the samples assayed at moisture contents of 10, 10.5 and 13.4%, respectively.

The regression lines for the Mohr–Coulomb strength envelopes obtained in the assays
conducted at the different normal stresses and moisture contents considered are shown
in Figure 7. The slope of these lines provides the value of the angle of internal friction,
whereas the intersection with the ordinate axis provides that of the apparent cohesion.
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Figure 7. Regression lines for the Mohr–Coulomb strength envelopes obtained from direct shear
assays conducted at different moisture contents.

As it can be seen, the regression line formula corresponding to each of the moisture
contents applied to wheat samples is provided next to the legend of the previous figure.

Table 2 shows the mean ± standard deviation results obtained for the angle of internal
friction (ϕ) and the apparent cohesion (C) from the direct shear assays conducted with the
different moisture contents selected.

Table 2. Mean ± standard deviation for the angle of internal friction and the apparent cohesion the
different moisture contents assayed.

Moisture Content
(%) (d.b.) Angle of Internal Friction (ϕ) Apparent Cohesion (C, kPa)

7.5 22.9◦ ± 0.6 10.98 ± 1.82
10.0 24.9◦ ± 0.5 10.37 ± 1.59
10.5 24.6◦ ± 0.6 12.50 ± 1.88
13.4 24.8◦ ± 0.3 9.62 ± 1.01
15.5 28.6◦ ± 0.5 6.47 ± 1.88

From the above table, it can be seen that a moisture content of 15.5% returned the
highest value for the angle of internal friction. Therefore, the greatest resistance to shear-
ing was reached at the highest moisture content tested. As for the apparent cohesion,
no great values were obtained in all cases, with this value decreasing as the moisture
content increased.

When comparing the regression lines for the Mohr–Coulomb strength envelopes
obtained at low (10, 20 and 50 kPa) and high normal stresses (100, 200 and 300 kPa), it could
be observed that both curves intersect at one point at moisture contents of 7.5, 10.0 and
13.4%, as shown in Figure 8. Nevertheless, no intersection could be observed at normal
stresses of 10.5 and 15.5%, as shown in Figure 9.
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Obviously, the differences observed between the Mohr–Coulomb strength envelopes
plotted in Figure 6 provided different values for the angle of internal friction and the
apparent cohesion depending on the range of normal stresses applied (low or high). Table 3
shows the mean ± standard deviation for the internal angle of friction and the apparent
cohesion at low and high normal stresses.

Table 3. Mean ± standard deviation for the internal angle of friction and the apparent cohesion the
different moisture contents tested (d.b.) for ranges of low (10, 20 and 50 kPa) and high (100, 200 and
300 kPa) normal stresses.

Moisture
Content
(%) (d.b.)

Angle of Internal Friction (ϕ) Apparent Cohesion (C, kPa)

Low Normal
Stresses

High Normal
Stresses

Low Normal
Stresses

High Normal
Stresses

7.5 28.2◦ ± 2.2 21.2◦ ± 1.1 6.81 ± 1.56 18.98 ± 4.88
10.0 29.0◦ ± 0.7 23.1◦ ± 0.8 6.66 ± 0.53 19.11 ± 3.76
10.5 22.9◦ ± 4.0 23.9◦ ± 1.4 12.83 ± 2.61 15.88 ± 6.26
13.4 29.0◦ ± 0.4 23.7◦ ± 0.4 6.37 ± 0.26 15.18 ± 1.81
15.5 29.2◦ ± 1.7 29.3◦ ± 1.4 6.71 ± 1.20 2.74 ± 7.06
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With respect to the results obtained at low normal stresses, the tests conducted with
the highest moisture content (15.5%) gave the greatest value for the internal angle of friction,
whereas those conducted at the lowest moisture content (7.5%) provided the lowest value
for this parameter. In any case, these values were of the same order at low normal stresses,
with a difference of 3% between the extreme values obtained, except at 10.5% moisture
content. The value obtained at 10.5% was significantly lower (21%) compared with that
obtained at a moisture content of 10.0%. When analyzing the values obtained for this
parameter when high normal stresses were applied, it could be observed that in general,
the higher the moisture content of the samples, the higher the corresponding values for the
internal angle of friction. Therefore, wheat samples offered greater resistance to shearing as
moisture content increased. The only exception was the value recorded at 13.4%, which
was similar to that obtained at a 10.5% moisture content.

As for the apparent cohesion values, those obtained at low normal stresses were lower
than those recorded at high normal stresses. The only exception was the value obtained
at high normal stresses at a moisture content of 15.5%, though in this case, the standard
deviation could not be neglected.

3.2.2. Dilatancy Angle

Figure 10 shows the deformation curves obtained by direct shear assays at moisture
contents of 13.4% (Figure 10a) and 7.5% (Figure 10b) under the different normal stresses
applied (10, 20, 50, 100, 200 and 300 kPa). The vertical deformation (εV), needed for
determining the dilatancy angle, is plotted on the ordinate axis, whereas the horizontal
displacement (εH) is plotted on the abscissa. Each curve represents the mean values from
the two repetitions.
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The different repetitions for each moisture content provided similar results. Imme-
diately after beginning the assay, an initial compression of the samples took place as the
particles adjusted their positions. The shearing stress was reached once the resistance they
offered to shear was exceeded, then causing the displacement of the particles as they were
less imbricated. This displacement increased the height of the vessel they occupied inside
the shear box, depending on the normal stress applied in each case. Thus, for normal
stresses up to 200 kPa, it was easy to observe this behavior. However, at the highest normal
stress applied (300 kPa), it was not always possible to obtain a positive dilatancy since
the thrust of the sample was not able to overcome that vertical stress. As expected, the
vertical deformation values, and therefore the dilatancy angle values, were higher as when
the applied normal stresses decreased because the particles were freer to move. This is
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the reason why the difference in the vertical deformation recorded at 300 kPa and 10 kPa
is significant.

Table 4 shows the mean ± standard deviation for the dilatancy angles obtained under
the different normal stresses tested.

Table 4. Mean ± standard deviation for the dilatancy angle under the normal stresses assayed.

Normal Stress
(kPa)

Dilatancy Angle (Ψ)

Moisture Content (d.b.)

7.5% 10.0% 10.5% 13.4% 15.5%

10 14.2◦ ± 1.4 17.0◦ ± 2.2 14.8◦ ± 2.0 15.3◦ ± 1.2 12.4◦ ± 2.6
20 11.6◦ ± 1.1 15.9◦ ± 3.8 13.4◦ ± 1.6 13.2◦ ± 1.0 8.5◦ ± 0.1
50 6.5◦ ± 2.2 8.0◦ ± 5.7 7.3◦ ± 0.1 8.2◦ ± 5.4 8.5◦ ± 2.3
100 3.6◦ ± 2.1 5.5◦ ± 4.0 5.9◦ ± 0.2 3.6◦ ± 5.0 7.4◦ ± 0.6
200 7.0◦ ± 2.0 2.1◦ ± 2.9 0.1◦ ± 0.0 8.3◦± 2.1 3.9◦± 2.6
300 2.8◦ ± 0.8 4.7◦ ± 1.4 1.2◦ ± 1.5 0.8◦ ± 0.9 0.8◦ ± 1.0

At lower normal stresses (10, 20 and 50 kPa), the assays conducted at a moisture
content of 10.0% provided the highest dilatancy angles, with the maximum value (17.0◦)
recorded at 10 kPa. From these results, it was not possible to obtain a correlation between
the values of this parameter and the moisture content applied to the samples. For the
different moisture contents assayed, the dilatancy angle value fell as the normal stress
exerted increased, though some exceptions occurred, such as that obtained at 10.0% and
10.5% moisture contents (4.7◦ and 1.2◦, respectively) under a normal stress of 300 kPa, and
that recorded at a 13.4% moisture content at a normal stress of 200 kPa (8.3◦).

When analyzing the fall of the dilatancy angles, comparing the highest and the lowest
values recorded for each moisture content assayed, the greatest percentage change was
registered at a 10.5% moisture content (99%) between the minimum value (0.1◦) and the
maximum one (14.8◦). This percentage change was 95% at 13.4% and 15.5% moisture
contents, it achieved a value of 88% at a 10.0% moisture content and the smallest percentage
change (80%) was registered at a 7.5% moisture content (the minimum value was 2.8◦ and
the maximum was 14.2◦).

3.3. Oedometric Assays

Figure 11 shows the curves obtained from the oedometric assays carried out for
determining the change in apparent specific weight of the material when changing the
normal stress applied. As shown below, the normal stress applied (σ) is plotted on the
abscissa, whereas the apparent specific weight (γ) is plotted on the ordinate axis. In this
type of assay, the moisture contents applied to wheat samples were the same as those
selected for the direct shear tests, i.e., 7.5, 10.0, 10.5, 13.4% and 15.5% (d.b.), respectively.

The curves plotted on the previous figure correspond to the mean values obtained
from the three repetitions carried out with wheat samples at each of the moisture contents
applied. The general trend was that the higher the moisture content of the sample, the
higher the value of the apparent specific weight recorded, except for the assays conducted
at a moisture content of 15.5% since the corresponding curve is below that of 13.4%. As it
was expected, in all cases, the peak value obtained for this parameter was achieved at the
highest normal stress applied (256 kPa). Finally, during the unloading cycle, the slopes of
the curves are quite similar, with a slight and progressive fall in the values of this parameter
as the normal stress applied decreases, too. This trend was also followed but not as clearly
for the remaining cases with a moisture content of 15.5%.

The curves plotted in Figure 12 show the change in apparent specific weight with the
moisture content under the different normal stresses applied. The apparent specific weight
is plotted on the ordinate axis, whereas the moisture content is plotted on the abscissa.
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Figure 12. Variation in the apparent specific weight with the moisture content at different normal
stresses applied.

The higher the normal stress applied to the samples, the higher the values of the
apparent specific weight achieved. The shape of these curves is similar to that obtained in
Proctor compaction tests with soils to determine the maximum density that a particular
type of soil can be compacted to at an optimum water content.

Table 5 shows the mean ± standard deviation for the apparent specific weight values
obtained under the different normal stresses and moisture contents tested.

Table 5. Mean ± standard deviation for the apparent specific weight under the normal stresses assayed.

Normal Stress
(kPa)

Apparent Specific Weight (γ) (kN/m3)

Moisture Content

7.5% 10.0% 10.5% 13.4% 15.5%

0 7.36 ± 0.00 7.37 ± 0.00 7.35 ± 0.00 7.35 ± 0.00 7.36 ± 0.00
8 7.38 ± 0.00 7.41 ± 0.02 7.42 ± 0.02 7.50 ± 0.01 7.41 ± 0.01
16 7.39 ± 0.01 7.45 ± 0.02 7.46 ± 0.02 7.59 ± 0.02 7.46 ± 0.01
32 7.43 ± 0.01 7.51 ± 0.03 7.52 ± 0.02 7.70 ± 0.02 7.53 ± 0.00
64 7.47 ± 0.01 7.58 ± 0.04 7.58 ± 0.02 7.78 ± 0.02 7.62 ± 0.02

128 7.53 ± 0.02 7.66 ± 0.04 7.65 ± 0.02 7.88 ± 0.02 7.73 ± 0.05
256 7.61 ± 0.04 7.75 ± 0.06 7.75 ± 0.02 8.02 ± 0.04 7.81 ± 0.06
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Table 5. Cont.

Normal Stress
(kPa)

Apparent Specific Weight (γ) (kN/m3)

Moisture Content

7.5% 10.0% 10.5% 13.4% 15.5%

128 7.59 ± 0.03 7.75 ± 0.06 7.73 ± 0.02 8.01 ± 0.03 7.81 ± 0.06
64 7.58 ± 0.03 7.74 ± 0.06 7.72 ± 0.02 8.00 ± 0.02 7.81 ± 0.06
32 7.55 ± 0.01 7.72 ± 0.07 7.70 ± 0.02 7.99 ± 0.02 7.81 ± 0.06
16 7.55 ± 0.02 7.71 ± 0.07 7.69 ± 0.01 7.98 ± 0.01 7.80 ± 0.07
8 7.55 ± 0.02 7.70 ± 0.07 7.68 ± 0.01 7.98 ± 0.01 7.80 ± 0.07

Assays conducted at a moisture content of 13.4% provided the highest apparent
specific weight, with values always close to 8.0 kN/m3. At this humidity, the apparent
specific weight increased by some 9% at the highest normal stress compared to 0 kPa.
However, this percentage fluctuated around 6% at a moisture content of 15.5%, around 5%
at moisture contents of 10.0 and 10.5%, and around 3% at a moisture content of 7.5%.

4. Discussion
4.1. Moisture Content

The moisture contents selected in this work were within the range reported by other
authors [13,37,52,53]. Therefore, the results provided from the assays conducted can be
discussed with those found in the literature in cases where they exist.

4.2. Direct Shear Assays
4.2.1. Angle of Internal Friction and Apparent Cohesion

The shape of the curves obtained when the shear stress is plotted vs. the horizontal
displacement is like those reported in previous works for other granular agricultural
materials [20,23]. When comparing the results here obtained for the internal angle of
friction with those reported by Moya et al. [23] under ambient humidity (9.76% moisture
content) using the same material in both works, the minimum value recorded (22.9◦) at
a moisture content of 7.5% was 16% higher than that recorded in their work. In addition,
this minimum value was up to 36% higher than that reported when triaxial assays were
conducted at 10% axial deformation. However, the value provided for this parameter
at a 10.0% moisture content (24.9◦) was 3.7% higher than that recorded by these authors
from direct shear assays (24.0◦). In any case, the range of values overlap those reported
by some authors, with values from 5% to 12% smaller [13,14,22,54], to around 10% to 16%
higher [19–21]. Similar differences were found for the range of values obtained at low and
high normal stress levels.

The differences might be attributed to differences in the moisture content, the arrange-
ment of the particles, the bulk density, the orientation of the particles within the shear box,
the formation of shear bands, the consolidation time (in some of those works cited, samples
were previously consolidated) and the shape of the particles [13].

As mentioned, the wheat sample used in this work was the same assayed as Moya
et al. [23] under ambient humidity. The values obtained for the apparent cohesion overlaps
the range of values reported by these authors. On the other hand, the values here provided
were notably higher than those reported in other works [13,19,20,22], considering that they
ranged between 6.47 and 12.50 kPa, which were not too high values. Similar differences
were found for the values obtained for this parameter at low normal stresses, whereas at
high normal stresses, the maximum value (19.11 kPa) increased the difference with respect
to those reported in the referred literature.

4.2.2. Dilatancy Angle

The range of dilatancy angle values are similar to those reported in the literature by
some authors [19–23,55,56]. It was not possible to find within the literature information
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related to the influence of moisture content on this parameter since all documents accessed
referred to dry samples, i.e., under ambient humidity. The general trend showed that the
dilatancy angle decreases as the normal stress increases, confirming the result stated by
Zeng et al. [56].

4.3. Oedometric Assays

The apparent specific weight values ranged from 7.35 to 8.02 kN/m3, which correlate
with those reported in numerous studies within the literature [14,15,17,20–23,37,57–59],
although our result is 3% smaller than that reported in other works [60,61] and 6% higher
than the minimum value provided in another one [13]. In this latter case, the values
provided by the authors varied between 6.94 and 7.73 kN/m3, depending on the moisture
content applied. In fact, that minimum value reported corresponded to a moisture content
of 15.0%, whereas the values corresponding to moisture contents of 10.0% and 12.5%
achieved 7.73 kN/m3 and 7.65 kN/m3, respectively, i.e., they were within the range of
values here recorded from the assays conducted.

Higher apparent specific weight values were obtained as moisture content increased
from 7.5 to 13.4%, then they decreased at a moisture content of 15.5%. This was not expected
according to the results reported in some studies [52,62–64], which stated that bulk density
decreased with an increase in moisture content. Moreover, some numerical models have
been developed to predict the decrease in bulk density as moisture content increased [53,65].
These studies consider that wheat is more compressible at higher moisture contents than
at lower moisture contents [66]. Despite this, some studies have reported values of bulk
density to be moisture-dependent, showing a similar tendency to that provided in this
work, with values increasing up to a moisture content of 13.3% and decreasing at higher
moisture contents [37], and with values at 17.5 and 20.0% moisture contents higher than
those obtained at a 15% moisture content [13]. Maybe the presence of water could affect
the orientation and the arrangement of the particles in the oedometer cells.

The values here provided, considering the influence of moisture content on some
mechanical properties of wheat, can be useful for wheat handling and storage. In addition,
since these properties of granular solids depend on many factors such as storage moisture,
temperature, relative humidity, etc., they play a significant role in their resulting storage
and flow behavior [36,67–76]. Therefore, similar studies should be conducted with other
granular materials to design appropriate, efficient and economic handling and storage
equipment and structures for bulk solids [67].

5. Conclusions

From the direct shear assays, it could be confirmed that the values of the internal
angle of friction correlated with those reported in the literature. Nevertheless, the apparent
cohesion values obtained here were not too high, although they were mostly higher than
those found in the literature.

The range of dilatancy angle values were within the ranges reported in the literature.
It could be confirmed that as a general trend, the values of this parameter decreased as the
normal stress applied increased.

In general, the apparent specific weight values recorded were similar or very close to
those reported in the literature. The values of this parameter increased up to a moisture
content of 13.4%, then decreased at higher moisture contents. This trend was inconsistent
with what was observed and modeled in other works, although it coincided with what was
published in some other works.

The values here provided for wheat can be useful to model and design appropriate,
efficient and economic handling and storage structures and equipment for bulk solids.
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