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Abstract. In recent years, the demand for wood pellets has
increased worldwide. Moreover, its production is rising and the
number of facilities to store them is increasing as well. Since this
product is usually stored in agricultural silos, the loads generated
inside them depend on its mechanical properties. Therefore, the
purpose of this research was the determination of some mechani-
cal properties such as the angle of internal friction, the apparent
cohesion, the dilatancy angle, the grain-wall friction coefficient, or
the specific weight of wood pellets subjected to different moisture
contents. The main findings of this study were that no correla-
tion was found between the moisture content of the wood pellet
samples and any of the following parameters: the angle of inter-
nal friction, the effective angle of internal friction, the apparent
cohesion, the dilatancy angle, or the grain-wall friction coeffi-
cient within the moisture range used in this study. Furthermore,
the angle of internal friction ranged from 35.7° to 41.4°. Finally,
there was a correlation between the apparent specific weight and
the moisture content of the sample. These data may be useful to
design suitable, efficient, and cost-effective facilities and infra-
structure for the handling and storage of biomass products.
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1. INTRODUCTION

As greenhouse gas emissions continue growing, many
countries are committed to reduce them. In fact, they are
expected to roughly stabilise between 2025 and 2030, even
projecting a declining path before 2030 (International Energy
Agency, 2025). Furthermore, many experts considered that
peaking before 2025 might have been possible but hinged on
the acceleration of the energy transition and curbing the sup-
ply and demand for fossil fuel (United Nations Environment
Programme, 2024). For these reasons, wood pellets are con-
sidered a viable alternative to fossil fuels as nations strive
to reduce their carbon footprints. At a global level, nowa-
days the United States of America is the most important
producer of wood pellets in the Economic Commission for
Europe (ECE) region, whereas Europe and Asia are the most
important consumers of this product. The wood pellet mar-
ket industry is experiencing a surge in demand because of
the shift towards renewable energy sources, and the forecast
is that it will continue growing during the period 2025-2035.
Although in the case of the European Union (EU) the con-
sumption of wood pellets declined in 2023 and 2024 (United
Nations Economic Commission for Europe (UNECE),
2025), the forecast for next years is that the demand for
wood pellets will grow, although the EU production will
not follow that trend due to the limited sustainable supply of
woody biomass. Because of this, EU imports are projected
to recover although the Deforestation-free Supply Chain
Regulation (EUDR) could become a trade barrier in that
sense (Flach and Bolla, 2025).
© 2026 Authors. Published by Institute of Agrophysics, Polish
Academy of Sciences. This is an open access article licensed
under the Creative Commons Attribution 4.0 License (CC BY 4.0)
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If the trend described above comes true, more storage
facilities for wood pellets would be needed in the medium
and long term. Stelte (2012) identified the major problems
that may arise when large amounts of biomass are handled.
They are mainly related to dust formation, off-gassing,
self-heating, and biological hazards. In fact, different prob-
lems may occur during handling and storage, depending
on biomass origin, size, shape, composition, and moisture
content.

Since mechanical forces may appear during pellet trans-
portation, they can lead to fractures and breakage of the
pellets resulting in fines and dust. Although pellet produ-
cers must follow the standards (EN ISO 17225-1, 2022) to
achieve high strength and abrasion resistance, this problem
cannot be eliminated completely, especially in large scale
applications such as heat and power plants, because they
usually do not follow these standards (Stelte, 2012).

Mechanical properties of different granular agricultural
materials, such as the angle of internal friction, the apparent
cohesion, the bulk density, Young’s modulus, or the friction
coefficient, among others, have been studied for years since
the loads generated inside agricultural silos strongly depend
on these properties. Most studies have been mainly focused
on dry materials under environmental conditions (Lebégue
and Boudakian, 1989; Lopes Neto et al., 2016; Molenda
and Horabik, 2005; Ramirez et al., 2010; Thompson et al.,
1988). However, some studies have been conducted with
materials subjected to different moisture contents (Bhise
et al., 2014; Davies and El-Okene, 2009; 1zli et al., 2009;
Kruszelnicka et al., 2022a; Tabatabaeefar, 2003).

These parameters are needed in both traditional silo
design methods (Janssen, 1895; Reimbert and Reimbert,
1987) and numerical methods. Among the latter, many
studies have been conducted using the finite element meth-
od (Doerich and Rotter, 2011; Gao et al., 2018; Hilal et
al., 2022; Jofriet et al., 1977; Mohammad et al., 2023),
while the application of discrete element models is increas-
ing more recently (Kobytka et al., 2019; Liu et al., 2017,
Markauskas et al., 2015; Molenda et al., 2011; Wiacek
et al., 2023), and even a combination of both approaches
(Bagherzadeh Kh. et al., 2011; Rotter et al., 1998; Sarnavi
et al., 2013; Zheng et al., 2017). The application of these
new techniques requires the determination of new param-
eters (Chen et al., 2020; Gallego et al., 2020; Gierz et al.,
2022; Kruszelnicka et al., 2022b; Sarnavi et al., 2013),
helping to understand the behaviour of different materials
when they are stored inside silos under static or dynamic
conditions (Bagherzadeh Kh. er al., 2011; Gallego et al.,
2025; Kruszelnicka et al., 2024; Liu et al., 2017; Weinhart
etal.,2016).

Several studies have highlighted the importance and
influence of moisture content on these parameters, as well
as its impact on the loads and type of flow generated inside
silos during storage and discharge. Among the effects that
changes in moisture content can cause, it is worth noting,
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for example, variations in the bulk density of granular agri-
cultural materials depending on the grain depth inside silos
(Cheng et al., 2017; Gao et al., 2018; Ramaj et al., 2024).
Furthermore, their physical and mechanical properties may
undergo significant changes (Carman, 1996; Chandio ef al.,
2021; Gierz et al., 2022; Kibar and Oztiirk, 2008; Zhu ez
al., 2023). Meanwhile, the flow behaviour of the material
can also be affected when the moisture content varies
(Ganesan et al., 2008; Lu et al., 2023). Different patterns of
wall pressure and stress on cylindrical silos can be observed
(Kibar, 2017) or the strength characteristics or failure mode
of the material may also be affected (Horabik et al., 2021;
Richefeu et al., 2006; Smith and Litster, 2012).
Considering the information provided above, the aim of
this work was to determine some mechanical properties of
wood pellets when subjected to different moisture contents.
Some of these parameters have been previously reported
by other authors and therefore they will be compared with
their findings. In other cases, new data will be provided to
the literature. All these parameters can be useful for the
optimisation of handling and storage structures.

2. MATERIALS AND METHODS

The Geotechnical Laboratory in the Centro Universitario
de Plasencia (University of Extremadura) was the place
where the authors performed all the tests reported in this
work. The material used was wood pellet, which cor-
responded to natural wood (100%). It was provided by
the company Coterram, located in the province of Ledn
(Spain). The main characteristics of this material were as
follows: diameter = 6 + 1 mm, length =3.15 <L <40 mm,
fines <0.5%, net calorific value >4.6 kWh kg™, ash < 0.7%,
moisture < 10%, bulk density = 600 < DB < 750 kg m”>,
mechanical durability > 98%.

The material properties determined in this research
were the angle of internal friction (¢), the effective angle
of internal friction (), the apparent cohesion (C), the dila-
tancy angle (), the grain-wall friction coefficient (u), the
effective grain-wall friction coefficient (u.,), and the appa-
rent specific weight (y,,).

As the tests developed here were described in previous
works in a general manner (Moya ef al., 2024, 2022; Moya-
Ignacio et al., 2024), only the specific information related
to the tests conducted with wood pellets will be provided
here.

2.1. Sample wetting

Sample wetting was possible with the help of the cli-
matic chamber available at the laboratory. The parameters
that must be fixed for the different tests conducted were
temperature (°C) and relative humidity (%).

The Standard (UNE-EN ISO 17225-1, 2022) considers
five different categories of wood pellets depending on
the moisture content, ranging from < 5% up to < 15%,
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expressing this moisture as a percentage by mass, as
received, although a percentage lower than 10% (w.b.)
is recommended (ENplus, 2023; UNE-EN ISO 17225-2,
2021). This parameter is important for reasons of storage
safety and transport efficiency, since high moisture content
(>15%) can cause spoilage during storage, while very low
moisture content (<3%) can cause increased pellet crum-
bling (Tumuluru, 2016).

For the reasons outlined above, six different combina-
tions of temperature and relative humidity were chosen
for this study, so that the samples would reach six diffe-
rent levels of humidity. A minimum temperature of 20°C
was selected. For this temperature, four different rela-
tive humidity levels were chosen (35, 45, 55, and 65%).
Additionally, the wood pellet sample was subjected to
a temperature of 25°C and a relative humidity of 50%.
Finally, a temperature of 55°C and 25% relative humidity
was applied to the sample. The wood pellet samples were
placed on a 20x40 cm stainless steel tray, without any
covering. This ensured that all the pellets in the sample,
which did not form a very high pile within the tray, could be
exposed uniformly to the selected temperature and humi-
dity conditions inside the climatic chamber. The tests could
start once these temperature and humidity conditions had
been maintained for at least 72 h in order to ensure that the
sample was uniformly moist, as commented.

2.2. Oven drying

Oven drying was used in this research to determine the
moisture content of the different samples tested. The drying
temperature ranged between 105 and 110°C. The tests were
carried out in accordance with the standard (UNE-EN ISO
17892-1, 2015). An electronic balance accurate to 0.01 g
was used to weigh the different samples every 24 h. The
tests were completed once a constant weight was reached.

2.3. Direct shear test

The parameters determined with these tests were the
angle of internal friction, effective angle of internal friction,
apparent cohesion, and dilatancy angle. These tests adhered
to the specifications established in part 10 of the standard
(UNE-EN ISO 17892-10, 2018).

The main characteristics of this equipment, as well as
the way in which the collected data is processed to obtain
the corresponding results, have been described in previous
studies (Moya et al., 2024, 2022). In this research, a circu-
lar shear cell with a diameter of 10 cm was used, as shown
in Fig. 1.

Normal stresses of 13, 25, 62, 125, 250, and 374 kPa
were applied. A speed of 4 mm/min was selected for all
tests performed, in accordance with that used in previous
studies (Moya et al., 2024; Moya-Ignacio et al., 2024).
Given that the total horizontal displacement allowed by the
direct shear device is 20 mm, the test duration was 5 min,
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Fig. 1. Circular shear cell 10 cm in diameter used in this research
for the direct shear tests carried out with samples of wood pellets.

which helped to minimise moisture loss in the wood pellet
samples. Three replications were carried out at each of the
normal stresses applied to the sample.

Before the tests began, both half-boxes were aligned
vertically by inserting through bolts. However, immediate-
ly before the test began, these bolts were removed to allow
the lower half-box to move freely relative to the upper one
as the carriage on which the two half-boxes were mounted
was pushed at the speed selected to produce the direct shear
through the wood pellet sample. Throughout the entire
travel of the carriage, which was 20 mm, as previously
commented, there was no control over the manner in which
one half-box moved relative to the other, allowing the sam-
ple to deform freely.

According to Eurocode 1 Part4 (UNE-EN-1991-4:2011/
AC, 2013), the ratio between the sample size and the grain
size should not be less than 40. Obviously, when testing
wood pellets with the shear box used in this work, this ratio
is far from that value. However, the interest of the results
provided here outweighs the need to comply with this crite-
rion, especially considering the limitations of the apparatus
used, the impossibility of acquiring a larger device, and the
direct shear tests carried out by other authors (Hértl and
Ooi, 2011) which reduce the above limit to 5, similar to the
ratio obtained in this research.

A modified shear box was used to determine the coef-
ficient of grain-wall friction as well as the coefficient of
effective grain-wall friction. As the shear box consists of
two halves, the lower half was fitted with a sliding steel
mould, whilst the upper half was filled with the wood pel-
let sample. This arrangement allowed the friction between
the sliding steel surface and the wood pellet sample to be
simulated during the test. In these tests, the applied normal
stresses and the test velocity used were the same as those
selected for the normal direct shear tests. Again, three rep-
licates were carried out per wood pellet sample.
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2.4. Tests for the determination of the apparent specific
weight

An oedometer device was used for the determination of
the apparent specific weight of the samples. The different
oedometer tests were carried out using the three automa-
tic oedometers available in the geotechnical laboratory in
Plasencia.

The oedometric equipment was described in a previous
work (Moya et al., 2022). For this reason, only the specif-
ic characteristics of the tests conducted will be provided
below. The tests were carried out in accordance with the
standard (UNE-EN ISO 17892-5, 2017). Loading and
unloading cycles were applied with normal stresses of §,
16, 32, 64, 128, and 256 kPa. In this way, each loading
step was doubled once primary consolidation was reached,
while during the unloading cycle the applied load was
reduced by half. Rapid oedometer tests were performed. In
this way, each loading or unloading step could take place
once primary consolidation did not reach 0.1 mm for 3 h,
which reduced the duration of the tests and thus minimised
moisture loss from the sample.

In this test, an oedometric cell of known volume was
used, so that the sample of wood pellets was weighed
before being placed inside the cell, thus determining its
initial apparent specific weight. In this way, as the test
progresses, the height of the sample can be determined as
it is compressed or decompressed, depending on whether
the loading or unloading cycle is being performed, thus
determining its apparent specific weight. A more detailed
explanation can be found in a previous work (Moya ef al.,
2024).

2.5. Statistical analysis

A statistical analysis was carried out to determine possi-
ble relationships between moisture content and the selected
parameters. For each level of normal stress, Pearson’s cor-
relation coefficient and the corresponding p-value from
simple linear regression models were calculated to assess
the relationship between moisture content and the parameter
of interest. Furthermore, linear regression models including
an interaction term between moisture content and normal
stress were fitted to evaluate their combined effect on shear
stress and apparent specific weight. Statistical significance
was assessed at the 95% confidence level. Statistical analy-
ses were performed using Microsoft Excel 365, IBM SPSS
Statistic v. 22 and R v. 4.6.0. Partial dependence plots were
generated with the pdp package.

3. RESULTS
3.1. Moisture content

The wood pellet samples were placed inside the climatic
chamber available in the laboratory and subjected to dif-
ferent combinations of temperature and relative humidity.
Specifically, the different combinations of temperature and
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Table 1. Moisture content, expressed as dry basis (d.b.), of the
wood pellet samples from the different combinations of tempera-
ture and relative humidity

Climatic chamber conditions

Moisture content (d.b.)
Relative

Temperature (%)
(°0) humidity (%)

20 35 6.7
20 45 8.4
20 55 10.0
20 65 12.0
25 50 8.4
55 25 5.0

relative humidity selected, and their corresponding mois-
ture contents expressed on a dry basis (d.b.) and obtained
from weighing carried out after oven drying at a tempera-
ture ranging between 105 and 110°C, are shown in Table 1.

The range of values shown above varies between 5.0 and
12.0%, which is within the recommended range (ENplus,
2023; UNE-EN ISO 17225-2, 2021) and that selected in
other studies (Masche ef al., 2023; Molenda and Horabik,
2005; Wu et al., 2011).

It should be noted that not all of these combinations
could be applied in every test carried out in this study.
Therefore, for each type of the test conducted, the corre-
sponding moisture contents listed in the table above will be
indicated. In addition, the results obtained from the oedo-
meter tests under ambient conditions have been included.
These tests were already carried out in previous studies
(Moya et al., 2022) and did not require the use of a climatic
chamber, as these results had never been published before,
and they refer to a moisture content of 6.4%. Hence, it was
not necessary to carry out further tests by preparing the
sample in the climatic chamber at a temperature of 20°C
and a relative humidity of 35% to obtain a moisture con-
tent of 6.7%, as this moisture content is very similar to that
achieved under ambient conditions.

3.2. Direct shear tests

3.2.1. Angle of internal friction, effective angle
of internal friction, and apparent cohesion

Based on the direct shear tests performed, stress-strain
curves were obtained for the wood pellets at different nor-
mal stresses applied. Figure 2a, b show the curves obtained
with moisture contents of 5.0 and 12.0%, respectively.
These graphs show the mean value obtained for the shear
stress at each horizontal displacement value and its corre-
sponding standard deviation. The latter is represented by
vertical bars.

The Fig. 2 demonstrate how the material’s behaviour
varies, depending on its moisture content. Thus, for a mois-
ture content of 5.0%, similar curves were obtained for the
lower normal stresses applied (13 and 25 kPa), whilst the
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Fig. 2. Stress-strain curves and their corresponding standard deviation for wood pellets depending on the normal stress applied in the
different direct shear tests carried out at a moisture content of: a) 5.0, and b) 12% d.b.
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Fig. 3. Regression lines obtained from the Mohr-Coulomb strength envelopes as a function of the normal stress applied and for the

different moisture contents tested (M.C. — moisture content).

curves obtained with the higher normal stresses differed
markedly, depending on the stress state reached under the
different normal stresses. For the intermediate moisture
contents applied (8.4 and 6.7%, respectively), the graphs
obtained were similar to that shown in Fig. 2a, with the
curves corresponding to the different shear stresses applied
being quite far apart from one another. However, for
a moisture content of 12.0%, the curves obtained at nor-
mal pressures of 13 and 25 kPa showed a similar trend.
Thus, both curves lay below that corresponding to a normal
pressure of 62 kPa. Nevertheless, at high values of horizon-
tal displacement an increase in shear stress was observed,
reaching values even higher than those obtained with the
normal stress, which was unexpected given that the stress
state was lower.

When comparing the results obtained at moisture con-
tents of 5.0 and 12.0%, it can be seen that the maximum
shear stress (329.47 kPa) was achieved at a normal stress

of 374 kPa and a moisture content of 12.0%, whereas the
maximum value achieved with the same normal stress and
a moisture content of 5.0% was 296.84 kPa. Therefore,
the maximum shear stress was 11% higher with the high-
est moisture content applied. Conversely, when analysing
the maximum value reached in the curves that provided
the lowest values of the shear stress with these moisture
contents, the lowest value (23.33 kPa) was achieved with
a moisture content of 5.0% and a normal stress of 13 kPa,
whilst this value was 58.94 kPa with a normal stress of
62 kPa and a moisture content of 12.0%. Therefore, the
minimum shear stress was 253% lower at 5% moisture
content compared to the minimum value achieved at the
highest moisture content (12.0%).

Using the Mohr-Coulomb strength envelopes, regres-
sion lines were obtained for the different moisture contents
and normal stresses applied to the wood pellet samples.
These lines are shown in Fig. 3.
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Table 2. Mean values and standard error of the angle of inter-
nal friction, effective angle of internal friction and the apparent
cohesion of the wood pellet sample for the four moisture contents
assayed

Effective

Moisture Angle of Apparent
. angle of .
content internal internal cohesion
o 1ot o
(%) (d.b.) friction (¢, °) friction (3, °) (C, kPa)
5.0 35.7+0.8 38.6+0.8 21.11+£3.92
6.7 41.4+0.8 44.0+£0.9 22.66 +4.70
8.4 39.8+0.7 414+0.6 1336 +4.18
12.0 404+1.2 42.1+£0.9 13.55+7.14

The previous figure shows the mathematical expression
corresponding to each line obtained for each of the mois-
ture contents applied in each case. These expressions made
it possible to determine the mean values and standard error
of the angle of internal friction, effective angle of internal
friction, and apparent cohesion. These values are shown in
Table 2.

Table 2 shows that the highest value for the angle of
internal friction (41.4°) was obtained at a moisture content
of 6.7%, whilst the lowest value for this parameter (35.7°)
was recorded at a moisture content of 5.0%. Therefore, the
maximum value achieved was 16% higher than the mini-
mum obtained. However, in the case of the effective angle
of internal friction, this difference was reduced to 14%
between the maximum (44.0°) and minimum (38.6°) values
recorded at moisture contents of 6.7 and 5.0%, respectively.
Finally, when considering the ratio between the effective
angle of internal friction and the angle of internal friction,
this relationship ranged from 4.0% for a moisture content
of 8.4 to 8.1% for a moisture content of 5.0%.

M. MOYA et al.

When analysing the relationship between the mois-
ture content of the sample and the values obtained for the
angle of internal friction, no general trend could be identi-
fied. This was because this value decreased at a moisture
content of 8.4% compared with that recorded at a moisture
content of 6.7%, and furthermore, the value obtained at the
maximum moisture content applied (12.0%) did not exceed
that achieved at 6.7%. As expected, the same conclusion
was reached in the case of the effective angle of internal
friction.

As regards the values obtained for apparent cohesion,
it should be noted that these were not particularly high
for moisture contents of 8.4 and 12.0%, whilst they were
slightly higher for moisture contents of 5.0 and 6.7%. For
this reason, no general trend could be identified for this
parameter as the moisture content increased. The high-
est value for this parameter (22.66 kPa) was obtained at
a moisture content of 6.7%. This value was 69.6% high-
er than the minimum (13.36 kPa), which was achieved at
a moisture content of 8.4%.

Given that both the angle of internal friction and the
apparent cohesion are determined from the regression
lines obtained by plotting shear stress against normal
stress, direct statistical comparisons were not considered
appropriate for these parameters. Therefore, an additional
analysis was performed on the original measurements. The
results revealed a significant interaction between normal
stress and moisture content on shear stress (p = 0.011), as
shown in Fig. 4.

The results obtained for these parameters were analysed
at low (13, 25 and 62 kPa) and high (125, 250 and 374 kPa)
normal pressures. The regression lines of the Mohr-
Coulomb strength envelopes are plotted in Fig. 5ab,c
showing the results obtained for moisture contents of 6.7,
12.0, and 8.4%, respectively. In these figures, M.C. means
moisture content.
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13 63
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350
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Fig. 4. Influence of moisture content and normal stress on shear stress, based on the fitted interaction model.
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Fig. 5. Regression lines of the Mohr-Coulomb strength envelopes at low (13, 25 and 62 kPa) and high (125, 250 and 374 kPa) normal

pressures at a moisture content of: a) 6.7, b) 12, and c) 8.4%.

These figures show three different behaviours of the
material tested at the four moisture contents applied. The
first (Fig. 5a) shows that the slope of the regression line
obtained at a moisture content of 6.7% and a low normal
stress is greater than that obtained at a high normal stress.
Furthermore, both curves intersect at a normal stress of
around 62 kPa. However, in the second figure (Fig. 5b),
the slope of the regression line obtained with a moisture
content of 12.0% and high normal stress is greater than that
obtained with low normal stress. In this case, both curves

intersect again at a normal stress slightly greater than
62 kPa. Finally, in the last figure (Fig. 5c¢), the slope corre-
sponding to the regression line with a moisture content of
8.4% and low normal stress is greater than that obtained
with high moisture content, but in this case they do not
intersect. Finally, although not shown in the previous fig-
ures, regression lines obtained with a moisture content of
5.0% were similar to those illustrated in Fig. 5a for a mois-
ture content of 6.7%. In all cases, given that the slopes of
the regression lines differed depending on the normal stress
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Table 3. Mean values and standard error of the angle of internal friction, effective angle of internal friction and apparent cohesion
of the wood pellet sample for the four moisture contents assayed, at low (13, 25 and 62 kPa) and high (125, 250 and 374 kPa) normal

stresses
. . - o Effective angle of internal friction Apparent cohesion
Moisture Angle of internal friction (¢, °) ©.% (C. kPa)
content - N N
(%) (d.b.) Low normal High normal Low normal High normal Low normal High normal
stress stress stress stress stress stress

5.0 46.1+2.2 326+14 50.1+£1.3 38.3+£0.9 7.42+3.13 43.34+9.00
6.7 489+1.2 404+2.0 548+1.3 43.8+0.8 13.01 £1.92 30.80 + 16.63
8.4 463+1.9 41.0+1.7 504 +1.1 41.2+0.6 8.47+£2.74 226+ 14.16
12.0 33.0+£39 41.5+3.1 479+29 42.0+ 1.1 21.46 +3.79 4.15+26.32

range considered (low or high), both the internal friction
angles and the corresponding apparent cohesions were also
different. From the various regression lines obtained, the
mean values and standard error for the angle of internal
friction, effective angle of internal friction, and apparent
cohesion were calculated for each of the moisture contents
applied at low and high normal stresses. Table 3 shows the
results obtained for these parameters.

The preceding table shows that the values of the angle
of internal friction obtained were higher at low normal
stresses than at high normal stresses, except when a mois-
ture content of 12.0% was applied. The highest value for
this parameter (48.9°) was achieved at a moisture content
of 6.7% under low normal stresses, whilst the lowest value
(32.6°) was obtained at a moisture content of 5.0% and at
high normal stresses. Therefore, the maximum value was
50% higher than the minimum. When analysing the values
obtained under low normal stresses, the highest value
(48.9°) achieved at a moisture content of 6.7 was 48% high-
er than the minimum (33°) achieved at a moisture content
of 12.0%. In the case of high normal stresses, this differ-
ence was 27% between the highest value obtained (41.5°)
when applying a moisture content of 12.0% and the low-
est value (32.6°) at a moisture content of 5.0%. Finally,
when considering only the values obtained at high normal
stresses, it was observed that the higher the moisture con-
tent applied, the higher the values obtained for the angle of
internal friction. However, when a similar analysis was car-
ried out using the values obtained at low normal stresses,
the maximum value was reached at a moisture content of
6.7% and, from that point onwards, decreased as the mois-
ture content increased.

As regards the values for the effective angle of inter-
nal friction, those obtained under low normal stresses were
higher than those obtained under high normal stresses for
all four moisture contents analysed. The highest value
(54.8°), obtained with low normal stresses and a moisture
content of 6.7%, was 43.1% higher than the minimum
(38.3°), which was recorded with high normal stresses and
a moisture content of 5.0%. When only low normal stress-

es were analysed, the maximum value (54.8°) was 14.4%
higher than the minimum (47.9°), with these values being
reached at moisture contents of 8.4 and 12.0%, respective-
ly. Furthermore, the same difference (14.4%) was recorded
between the maximum (43.8°) and minimum (38.3°) val-
ues when only high normal stresses were analysed, with
these values being attained at moisture contents of 6.7 and
5.0%, respectively. Finally, when analysing the relationship
between moisture content and the values of the effective
angle of internal friction, considering only low normal
stresses on the one hand and subsequently high normal
stresses on the other, no correlation could be detected in
either case.

With respect to apparent cohesion, the maximum and
minimum values were observed in the high normal stress
range. Thus, the maximum value (43.34 kPa) was record-
ed at a moisture content of 5.0%, whilst the minimum
(2.26 kPa) was recorded at a moisture content of 8.4%.
Consequently, the maximum value was approximately nine-
teen times greater than the minimum. When analysing the
low normal stress range, the maximum value (21.46 kPa)
was reached at a moisture content of 12.0%, whilst the
minimum (7.42 kPa) was reached at a moisture content of
5.0%. In this case, the difference between these values was
289%, i.e. the maximum value was approximately three
times greater than the minimum. In both the low and high
normal stress ranges, no general trend was observed, as
the increase in moisture content values did not cause an
increase or decrease in the apparent cohesion values.

Graphs similar to that shown in Fig. 4 were obtained
when analysing the relationship between shear stress and
normal stress and moisture content at low and high normal
stresses. In these cases, the interaction term remained sta-
tistically significant, with p-values of < 0.001 and 0.031,
respectively.

3.2.2. Dilatancy angle

Asexplained in the Materials and Methods section, direct
shear tests were used to determine the dilatancy angle. This
parameter was calculated from the values of vertical strain
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(&,) and horizontal displacement (&) recorded during the
direct shear test. Various graphs were obtained showing the
deformation curves and the corresponding error bars (stan-
dard deviation) for each of the moisture contents applied to
the wood pellet samples at different normal stresses. The
most representative of these are shown in Fig. 6a, b.
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These figures show the different trends observed as the
direct shear test is carried out. These curves correspond to
the average values obtained from the three replications per-
formed for each normal stress applied. Figure 6a, obtained
at a moisture content of 6.7%, represents the most logical
a priori distribution of the different curves as a function of
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Fig. 6. Deformation curves and error bars obtained for wood pellet samples at a moisture content of: a) 6.7 and b) 5.0%.
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Fig. 7. Stress-strain curves and their corresponding standard deviation for wood pellets depending on the normal stress applied in the
different direct shear tests carried out using a modified shear cell at a moisture content of 8.4% d.b.
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Fig. 8. Regression lines obtained from the Mohr-Coulomb strength envelopes as a function of the normal stress applied and for the dif-
ferent moisture contents tested in the direct shear tests carried out using a modified shear cell (M.C. — moisture content).

the normal stress applied. In this case, the greater the normal
stress, the smaller the expansion of the sample. In the tests
carried out at a moisture content of 8.4%, the behaviour
of the sample was similar to that described here. However,
this trend was not observed in all cases, as shown in Fig. 6b
for a moisture content of 5.0%. In this case, the curve cor-
responding to a normal stress of 125 kPa lay above that
obtained at a normal stress of 62 kPa. Furthermore, for
values below approximately 11 mm of horizontal displace-
ment, the curve corresponding to a normal stress of 25 kPa
lay above that of 13 kPa. For a moisture content of 12.0%,
the result was similar to that shown in Fig. 12. In this case,
the average vertical deformation obtained when applying
a normal stress of 62 kPa was greater than that obtained at
anormal stress of 25 kPa when the horizontal displacement
exceeded 15 mm. Table 4 lists the mean values and stan-
dard deviation obtained for the dilatancy angle, depending
on the normal stress and moisture content applied.

The table above shows that the maximum value (35.6°)
was reached when a moisture content of 12.0% and a nor-
mal stress of 13 kPa were applied, whilst the minimum

(1.1°) was recorded at the same moisture content (12.0%)
but under a normal stress of 250 kPa. As a general trend, the
dilatancy angle decreased as the normal stress increased,
although there were some exceptions, such as those record-
ed when a moisture content of 5.0% and a normal stress of
62 kPa were applied, as well as that observed with a mois-
ture content of 6.7% and a normal stress of 25 kPa and that
observed with a moisture content of 12.0% and a normal
stress of 250 kPa.

When analysing the influence of moisture content on
dilatancy angle values, a significant inverse correlation was
observed between the dilatancy angle and moisture content
at a normal stress of 250 kPa (T,cyson = -0.77, p = 0.005), as
well as a significant positive correlation at a normal stress
of 374 kPa (tpeyson = 0.62, p = 0.041). However, no signif-
icant interaction was observed between normal stress and
moisture content on the dilatancy angle (p = 0.582). It can
therefore be concluded that no general trend was observed
in this study, as the association between the dilatancy angle
and moisture content varied across the normal stress levels
examined. An irregular trend was observed in this regard

Table 4. Mean values and standard deviation of the dilatancy angle for wood pellets at each normal stress and moisture content

applied
Dilatancy angle (y, ©
Normal y angle (. ") Linear regression model
stress Moisture content (d.b.)
(kPa)
5.0% 6.7% 8.4% 12.0% Tpearson p-value
13 353+0.8 343+4.6 325+53 35.6+2.5 0.04 0.897
25 28.2+5.3 349+23 26.8+5.9 28.5+3.7 -0.12 0.727
62 28.5+5.7 29.9+24 21.8+1.9 23.2+2.8 -0.54 0.085
125 27.8+44 182+0.8 17.3+2.0 18.7+4.4 -0.56 0.072
250 11.7+1.7 16.7+2.1 5.0+5.1 1.1+1.8 -0.77 0.005
374 34+35 7.7+£0.8 49+29 10.1+3.4 0.62 0.041
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Table 5. Mean values and standard error of the grain-wall friction coefficient, coefficient of effective grain-wall friction and their
corresponding angles, of the wood pellet sample for the four moisture contents assayed using a slippery steel mould

Moisture content Coefficient of grain-wall

Grain-wall friction angle

Coefficient of effective
grain-wall

Effective grain-wall
friction angle

0, - 1 o
(%) (d.b.) friction (u) () friction (1) B )
5.0 0.53 £0.03 281+14 0.59 £ 0.02 30.5£ 1.0
6.7 0.59 +0.01 30.4+0.6 0.59 +0.01 30.6£ 0.4
8.4 0.51+0.02 27.0+0.8 0.53+0.01 27.8+0.5
12.0 0.60 +0.02 31.0+£0.9 0.63 +0.02 32.3+£0.7

and, consequently, it was not possible to link an increase
or decrease in the values of this parameter to an increase or
decrease in the moisture content applied.

Finally, when considering the difference between the
maximum and minimum values recorded for this param-
eter at each moisture content applied, it should be noted
that the greatest percentage drop (96.9%) was recorded
at a moisture content of 12.0%, as the maximum value
at this moisture content was 35.6° and the minimum 1.1°.
Meanwhile, the second largest percentage drop was record-
ed at a moisture content of 5.0% (90.1%), whilst the drop
observed at a moisture content of 8.4% was 84.9% and the
lowest (77.7%) was recorded at a moisture content of 6.7%,
with a maximum value of 34.9° and a minimum of 7.8°.

3.2.3. Grain-wall friction

The grain-wall friction coefficient, the corresponding
grain-wall friction angle, as well as the coefficient of
effective grain-wall friction and the corresponding effec-
tive grain-wall friction angle, were determined from
direct shear tests carried out using a modified shear cell,
as explained in the ‘Materials and Methods’ section. The
shape of the stress-strain curves obtained by applying the
different moisture contents selected in this study presented
a trend similar to that shown in Fig. 7 for a moisture con-
tent of 8.4%. This figure shows the mean value of the shear
stress at each horizontal displacement value and its corre-
sponding standard deviation, represented by vertical bars.

As can be seen in the figure above, in all cases the
curves corresponding to each of the shear stresses applied
were quite far apart from each other. In addition, for the
four moisture contents applied in the direct shear tests, the
higher the normal stress applied, the higher the shear stress.
Therefore, the curve that provided the highest values of the
shear stress corresponded to that obtained at a normal stress
of 374 kPa, whilst the curve that provided the lowest values
of this parameter was obtained at a normal stress of 13 kPa.

When comparing the maximum values obtained for
the shear stress at the different moisture contents applied,
the highest value (226.88 kPa) was achieved at a moisture
content of 12.0%, whilst the minimum (183.17 kPa) was
provided at a moisture content of 8.4%. Therefore, the
difference between these highest and lowest values was

23.9%. Conversely, the maximum values within the curves
that provided the minimum values of the shear stress (as
commented above, in all cases it happened when a normal
stress of 13 kPa was applied), were analysed as well. The
maximum value (15.22 kPa) was achieved at a moisture
content of 12.0%, whilst the minimum (8.01 kPa) was
recorded when a moisture content of 6.7% was applied.
Therefore, the highest value was 90% greater than the mini-
mum in this case.

Figure 8 shows the regression lines obtained from the
corresponding Mohr-Coulomb strength envelopes:

As with the results provided for the standard direct
shear tests, the previous figure shows the mathematical
expressions used to represent each curve obtained for each
of the moisture contents applied. Based on these expres-
sions, the mean values and standard error of the grain-wall
friction coefficient, the coefficient of effective grain-wall
friction, and their corresponding angles were calculated, as
shown in Table 5.

From this table, it can be seen that the highest value
for the grain-wall friction coefficient (0.60) was recorded
at a moisture content of 12.0%, whilst the lowest value for
this parameter (0.51) was obtained at a moisture content
of 8.4%. Therefore, the highest value was 18% greater
than the minimum. In addition, no general trend could be
observed between the values of the grain-to-wall friction
coefficient and the moisture content of the sample. In this
case, the p-value obtained was 0.136, revealing that the
combined influence of normal stress and moisture content
on shear stress was not statistically significant. However,
in the case of the coefficient of effective gran-wall friction,
the maximum value (0.63), obtained at a moisture content
of 12.0%, was 18.9% greater than the minimum (0.53)
obtained at a moisture content of 8.4%. The values of both
coefficients were also expressed in degrees, so that they can
be analysed later by comparing them with those reported in
the literature.

The most significant results obtained when consid-
ering low (13, 25, and 62 kPa) and high (125, 250, and
374 kPa) normal stresses at the different moisture contents
applied are shown below. The regression lines of the Mohr-
Coulomb strength envelopes for moisture contents of 8.4
and 12.0% are plotted in Fig. 9a and 9b, respectively.
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Fig. 9. Regression lines obtained from the Mohr-Coulomb strength envelopes at low (13, 25 and 62 kPa) and high (125, 250 and 374 kPa)
normal stresses at a moisture content of: a) 8.4 and b) 12.0% using a modified shear box (M.C. — moisture content).

The preceding figures show two distinct behaviours
of the material under analysis, depending on the different
moisture contents applied to the wood pellet samples in
this study. Thus, in Fig. 9a, for a moisture content of 8.4%,
the slope of the regression line obtained with low normal
stresses is greater than that obtained with high normal
stresses. Furthermore, both lines intersect at around 90 kPa.
The opposite case is illustrated in Fig. 9b, where the slope
of the regression line obtained with high normal stresses
is greater than that corresponding to low normal stress-
es. In this case, both lines intersect at a very low normal
stress value, around 20 kPa. Meanwhile, the result obtained
with a moisture content of 5.0% is similar to that shown in
Fig. 9a, although in this case the point of intersection
occurs at a higher normal stress, around 160 kPa, whereas
the graph obtained with a moisture content of 6.7% is quite
similar to that shown in Fig. 9b, but both lines intersect at
a lower normal stress, very close to 0 kPa.

Table 6 lists the mean values and standard error obtained
for the grain-wall friction coefficient, the coefficient of
effective grain-wall friction, and their corresponding angles
expressed in degrees at low and high normal stresses and
for the various moisture contents applied to the wood pellet
samples.

In this table, the values obtained for the grain-wall fric-
tion coefficient ranged from 0.42 to 0.69. The former was
achieved under high normal stresses at a moisture content
of 5.0%, whilst the latter was recorded under low normal
stresses at the same moisture content (5.0%). Therefore,
the maximum value was 64% greater than the minimum.
When analysing the difference between the maximum and
minimum values obtained with high normal stresses, the
maximum value (0.60 at a moisture content of 12.0%) was
43% higher than the minimum (0.42 at a moisture content
of 5.0%), whereas this difference was 35% between the
maximum (0.69 at 5.0% moisture content) and the mini-
mum (0.51 at 12.0% moisture content) when only low
normal stresses were considered. The statistical analysis
showed that p-values associated with the interaction term
were 0.170 at low normal stresses and 0.071 at high normal
stresses. Therefore, for neither high nor low normal stresses
was there any general trend that would allow a correlation
to be detected between the grain-wall friction value and the
moisture content applied.

Asregards the values of the coefficient of effective grain-
wall friction, the maximum value (0.77) was achieved at
a moisture content of 5.0% and low normal stresses, whilst
the minimum (0.52) was recorded at a moisture content of
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Table 6. Mean values and standard error of the grain-wall friction coefficient (u), the coefficient of effective grain-wall friction (u.),
and their corresponding values in degrees (¢, and ¢,,.; respectively) for the four moisture contents assayed at low (13, 25, 62 kPa) and

high (125, 250 and 374 kPa) using a slippery steel mould

Grain-wall friction

Effective grain-wall friction

]\g(());iz:te Low normal High normal Low normal High normal
(%) (d.b.) stress stress stress stress
u 9 () u . () Her Prer () Her Puer ()
Mean 0.69 34.7 0.42 22.6 0.77 37.7 0.58 30.3
>0 St. dev. 0.06 32 0.06 32 0.05 1.6 0.03 1.4
Mean 0.53 28.1 0.58 30.0 0.60 30.8 0.59 30.6
o7 St. dev. 0.04 1.7 0.03 1.5 0.02 1.0 0.01 0.5
Mean 0.59 30.4 0.49 26.1 0.62 31.7 0.52 27.7
54 St. dev. 0.03 1.5 0.04 2.0 0.02 0.8 0.02 0.7
Mean 0.51 272 0.60 309 0.74 36.5 0.63 322
120 St. dev. 0.07 3.9 0.04 2.5 0.07 2.5 0.02 0.9

8.4% and high normal stresses. Therefore, the former was
48.1% higher than the latter. Furthermore, the analysis of
the values obtained under high normal stresses showed that
the difference between the maximum value (0.63), obtained
at a moisture content of 12.0%, and the minimum (0.52),
obtained at a moisture content of 8.4%, was 21.2%. In the
case of the low normal stresses, this difference was 28.3%
between the maximum (0.77) and minimum (0.60) values
obtained with moisture contents of 5.0 and 6.7%, respec-
tively. Once again, no general trend could be detected for
either high or low normal stresses that correlated the values
of the coefficient of effective grain-wall friction with the
moisture content.

3.2.4. Dilatancy angle using a modified shear cell

Direct shear tests carried out using the modified shear
cell also made it possible to determine the dilatancy angle
resulting from the interaction between the wood pellet par-
ticles and the slippery steel mould used. The deformation
curves obtained in this test mode showed two different
trends. The first corresponded to a situation in which, under
most of the normal stresses applied, a large proportion of
the various curves lay on the positive y-axis, exhibiting a
positive dilation. This behaviour was observed at mois-
ture contents of 5.0 and 12.0%. Conversely, when the two
remaining moisture contents were applied, the correspond-
ing curves all lay below the x-axis although for most of the
normal stresses applied the specimen also exhibited posi-
tive dilation. Figure 10a, b illustrate these behaviours for
moisture contents of 12.0 and 6.7%, respectively.

In both Fig. 10a, b, the curves corresponding to normal
stresses of 250 and 374 kPa lie below the x-axis; how-
ever, in the latter, the curve obtained for a normal stress of

250 kPa lies well below that obtained at 374 kPa, which
was unexpected. Furthermore, in both cases, the curves
obtained at a normal stress of 25 kPa were situated above
that corresponding to 13 kPa at high values of horizontal
displacement (around 17-18 mm).

From these figures, the dilatancy angle values were
obtained. Table 7 lists the mean values and standard devi-
ation of this parameter as a function of the normal stresses
and moisture contents applied in each case.

This table shows that the dilatancy angle values obtain-
ed in the direct shear tests using a modified shear box ranged
from 22.3 to 0.6°. The former was obtained at a mois-
ture content of 12.0% and a normal stress of 13 kPa, whilst
the latter was achieved when moisture contents of 8.4 and
12.0% were applied under a normal stress of 374 kPa. In
most cases, the higher the normal stress applied, the low-
er the dilatancy angle obtained for all moisture contents
tested, although there were some exceptions, such as those
observed at a normal stress of 25 kPa and moisture contents
of 5.0 and 6.7%, as well as those recorded at a moisture
content of 8.4% at normal stresses of 25 and 125 kPa, or
that recorded at a normal stress of 25 kPa for a moisture
content of 12.0%.

According to what was observed in standard direct
shear tests, the p-value obtained for the interaction term
was (0.348, indicating that no significant interaction was
observed between normal stress and moisture content
on the dilatancy angle when the shear box was modi-
fied. Likewise, no significant correlations were observed
between the moisture content and the dilatancy angle at any
normal stress level.
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Fig. 10. Deformation curves and error bars obtained for wood pellets from direct shear tests using a modified shear box and at a mois-

ture content of: a) 12.0 and b) 6.7%.

When analysing the differences between the maximum
and minimum values obtained for this parameter at each of
the moisture contents tested, it was observed that the great-
est percentage drop (97.3%) was recorded at a moisture
content of 12.0%, followed by that obtained at a moisture
content of 8.4% (95.0%), whilst this percentage decrease
was 90.2% at a moisture content of 6.7% and the lowest
(82.1%) was recorded at a moisture content of 6.7%.

Finally, when comparing the maximum values obtained
for this parameter at each of the moisture contents analysed
with the maximum values recorded in standard direct shear
tests for the same moisture contents, it was found that the
latter were higher than the former. These differences ranged
between 59.6%, for a moisture content of 12.0 to 401% for
a moisture content of 6.7%.

3.3. Oedometer tests

Oedometer tests were carried out to analyse the influ-
ence of moisture content and applied normal stress on the
apparent specific weight of the wood pellet samples. To this
end, the apparent specific weight was first plotted on the

ordinate axis, whilst the applied normal stress was plotted
on the abscissa axis. Figure 11 shows the various curves
obtained, which illustrate the variation of the apparent spe-
cific weight as a function of the applied normal stress for
the moisture contents analysed.

The table above shows that, as expected, the higher
the normal stress applied, the greater the apparent specific
weight. Furthermore, the general trend observed was that
the higher the moisture content of the wood pellet samples,
the greater the apparent specific weight. The only excep-
tion to this trend was the curve obtained for a moisture
content of 6.4%, which exceeded that corresponding to
a moisture content of 8.4% when a normal stress of
256 kPa was applied during the loading cycle and through-
out the unloading cycle.

Similarly, the apparent specific weight can be plot-
ted against moisture content for different applied normal
stresses. Figure 12 shows the relationship between these
two parameters. In this case, only the loading cycle was
taken into account.
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Table 7. Mean values and standard deviation of the dilatancy angle at each normal stress and moisture content applied in the direct
shear tests conducted using a modified shear cell

Dilatancy angle (y, °)

Normal stress Linear regression model
(kPa) Moisture content (d.b.)
5.0% 6.7% 8.4% 12.0% Tpearson p-value
13 20.1+3.3 8.4+£8.8 12.0+4.7 223+ 1.4 0.29 0.365
25 204+2.5 8.7+0.1 43+24 212+22 0.16 0.619
62 13.2+6.2 44+0.8 6.9+3.0 99+2.1 -0.08 0.800
125 11.1+4.5 4.1+24 13+1.5 10.7+£1.0 0.08 0.816
250 3.1£1.8 1.7£1.6 24+1.6 3.7+£0.6 0.26 0.419
374 20+1.6 1.5+1.1 0.6+09 0.6+04 -0.49 0.107
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Fig. 11. Variation in apparent specific weight as a function of the applied normal stress for the moisture contents analysed.
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Fig. 13. Variation in apparent specific weight as a function of moisture content for different applied normal stresses, based on the fitted

interaction model.

Table 8. Mean values and standard deviation of the apparent specific weight at each normal stress and moisture content applied in

the oedometer tests conducted

Apparent specific weight y,, (kN m™)

Normal Linear regression model
stress Moisture content (d.b.)
(kPa)
5.0% 6.4% 8.4% 10.0% 12.0% Tpearson p-value
0 7.58 £0.00 7.57+0.01 7.61+0.01 7.61+0.01 7.61+0.01 0.78 <0.001
8 7.61 £0.02 7.62 +£0.04 7.65+0.01 7.65+0.01 7.88 £0.03 0.82 <0.001
16 7.63 +£0.02 7.67 +£0.05 7.72 £ 0.02 7.72 £0.02 8.06 = 0.05 0.83 <0.001
32 7.68 £0.03 7.75 +0.06 7.79 +£0.05 7.80+0.01 8.14+£0.04 0.84 <0.001
64 7.77 £ 0.04 7.85+0.08 7.87 +£0.07 7.91+0.03 8.26 £ 0.06 0.83 <0.001
128 7.87+0.01 7.99+0.10 7.99+0.11 8.06 +0.05 8.44+£0.08 0.83 <0.001
256 8.11+£0.01 8.23+0.10 8.17+0.15 8.30 £ 0.08 8.75+0.18 0.77 0.001
128 8.06 +0.03 8.20+0.12 8.15+0.16 8.27+0.08 8.72+0.18 0.77 0.001
64 8.02+0.03 8.19+0.11 8.11+£0.16 8.24 £0.07 8.69+£0.18 0.77 0.001
32 7.98 £ 0.02 8.16+0.11 8.08 £0.15 8.21+0.07 8.66 £0.17 0.78 0.001
16 7.94 +0.02 8.13+0.11 8.05+0.15 8.19+0.07 8.63+0.16 0.78 <0.001
8 7.91+0.01 8.11+0.11 8.02+0.15 8.16+0.07 8.60 +0.15 0.79 <0.001

Figure 13 illustrates the combined influence of moisture
content and normal stress on the apparent specific weight.

Finally, Table 8 provides the mean values and stan-
dard deviation obtained for the apparent specific weight,
depending on the applied normal stress and moisture con-
tent of the sample.

The analysis of the above data revealed that the greatest
difference in apparent specific weight between the maxi-
mum and minimum values obtained within the specified
range for each moisture content, under the various normal
stresses applied, was 15.0% at a moisture content of 12.0%.
This was followed by the value recorded at a moisture
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content of 10.0% (9.1%), whilst those obtained at mois-
ture contents of 6.4, 8.4, and 5.0 were 8.7, 7.4, and 7.0%,
respectively. Finally, the greatest difference between the
various values provided in the table was 15.6%, correspon-
ding to the difference between the maximum value of this
parameter (8.75 kN m™), which was achieved at a moisture
content of 12.0% and a normal stress of 256 kPa, and the
minimum (7.57 kN m”), which corresponded to a mois-
ture content of 6.4% and a normal stress of 0 kPa. The
p-values obtained indicated that, during the loading cycle
(0 to 256 kPa), the combined effect of moisture content and
normal stress on apparent specific weight was statistically
significant (p < 0.001), whereas this combined effect during
the unloading cycle (256 to 0 kPa) was not significant
(p = 0.920). Nevertheless, significant positive correlations
between moisture content and apparent specific weight
were observed at all normal stress levels during both load-
ing and unloading cycles.

4. DISCUSSION
4.1. Moisture content

The range of values selected in this study for wood pel-
let samples regarding moisture content was within that used
in other studies related to this material (Hartley and Wood,
2008; Lee et al., 2020; Masche et al., 2023; Sadeq et al.,
2023a; Wu et al., 2011). Therefore, whenever possible, the
results presented here will be compared with those reported
in other studies.

Although the aim of this study was not to analyse in
depth the influence of moisture content on the dimensions
and geometry of individual wood pellet particles, these
changes became evident as the moisture content increased.
Thus, an increase of up to 3.5% in length was observed at
the highest moisture level applied, whilst this percentage
rose to 55% for the diameter. These results are consistent
with those obtained by other authors (Sadeq et al., 2023b),
who observed that radial swelling is significantly greater
than swelling in the longitudinal direction, whilst the varia-
tion in length was smaller than that reported in other studies
(Dhamodaran and Afzal, 2012). Furthermore, other studies
have examined the effects of the humidification process on
individual wood pellets. Among these effects, those related
to changes in the durability, volumetric swelling, and densi-
ty of pellets are particularly noteworthy (Deng et al., 2019;
Lee et al., 2021).

4.2. Direct shear tests

4.2.1. Angle of internal friction, effective angle
of internal friction, and apparent cohesion

With regard to the direct shear tests carried out, the
shape of the stress-strain curves obtained were smooth
in shape and similar to those observed for other granular
(Moya et al., 2022; Przywara et al., 2023; Stasiak et al.,
2015) or powdered (Ramirez et al., 2010) materials.
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The results obtained for the internal friction angle were
similar to those found in other studies (Moya et al., 2022;
Wu et al., 2011) or those found for moist wood powder
(Barletta and Poletto, 2013) or sawdust (Miccio et al.,
2013). However, the minimum value obtained here (35.7°)
was around 7% higher than the maximum reported for for-
est woodchips (Stasiak et al., 2018), 18% higher than the
maximum reported for pine pellets with a Jenike shear tes-
ter (Stasiak et al., 2019), or 5 and 32% higher than those
found for woodchips and sawdust, respectively (Stasiak et
al., 2015).

When analysing the results obtained for the angle of
internal friction under low (13, 25, and 64 kPa) and high
(125, 250, and 374 kPa) normal stresses, these were in
line with those published for the same material by other
authors (Wu et al., 2011), as well as those corresponding
to woodchips (Stasiak et al., 2018, 2015), woody biomass
powders (Barletta and Poletto, 2013), or sawdust and olive
husk (Miccio et al., 2013), whilst the minimum (32.6°) was
7.9% higher than the maximum recorded for pine biomass
(Stasiak et al., 2019).

Since pellets are densified products, the material they
are made of is not particularly important; consequent-
ly, similar values for the angle of internal friction can be
obtained in different studies using similar devices (Stasiak
etal.,2019).

As regards the values of the effective angle of internal
friction, the range of values obtained here was within that
found by other authors for wood pellets (Wu et al., 2011)
or other materials, such as sawdust or olive husk (Miccio
et al., 2013), whilst the minimum value obtained (38.6°)
was in line with those provided for forest woodchips using
a Jenike shear tester (Stasiak et al., 2018, 2015). However,
it was around 13.5% higher than that obtained for saw-
dust (Stasiak ef al., 2015), 5.5% higher than the maximum
reported for pine biomass (Stasiak et al., 2019), or 15.6%
and 20% lower than those found for woody biomass pow-
der (Barletta and Poletto, 2013) and dry sawdust (Miccio et
al., 2011), respectively.

Regarding the results obtained for the effective angle
of internal friction under low and high normal stresses,
most of these values fell within the range reported by other
researchers for wood pellets (Wu ef al., 2011) or for other
biomass products, such as woodchips (Stasiak et al., 2018,
2015), woody biomass powders (Barletta and Poletto,
2013), sawdust (Miccio et al., 2013, 2011), or olive husk
(Miccio et al., 2013). In other cases, these values were
higher than those provided in other studies, e.g., they were
12.6% higher than those found for pine biomass (Stasiak et
al., 2019).

Neither for the angle of internal friction nor for the
effective angle of internal friction was any correlation
detected between these parameters and the moisture content
of the sample, which was consistent with findings in simi-
lar materials reported in other studies (Stasiak et al., 2019)
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but differed from the findings for other materials, such as
sawdust (Stasiak et al., 2015) or woodchips (Stasiak et al.,
2018). Nevertheless, the combined effect of normal stress
and moisture content on shear stress was significant, which
was consistent with other studies (Stasiak et al., 2019).

The causes of the relatively small differences found
between the values provided in this study and those found
in other studies may include the particle arrangement,
moisture content, bulk density, shear banding, particle
orientation within the shear box, particle shape, or consoli-
dation time (Molenda and Horabik, 2005).

Regarding apparent cohesion, the values obtained for
this parameter in the direct shear tests fell within the range
reported for the same material under ambient conditions
(Moya et al., 2022), as well as within the values reported
for woody biomass powders (Barletta and Poletto, 2013).
However, these values were higher than those reported
in other studies. Thus, the minimum value obtained here
(13.36 kPa) was 2.73 times higher than the maximum
(4.9 kPa) recorded for forest woodchips (Stasiak et al.,
2018), whilst it was approximately 84 times higher than
that recorded for sawdust (Miccio et al., 2013).

When analysing the values obtained for this parameter
under low or high normal stresses alone, similar conclu-
sions were reached when comparing them with the values
reported in the aforementioned studies, coinciding with
those provided for wood pellets under ambient conditions
(Moya et al., 2022) or with those for woody biomass pow-
ders (Barletta and Poletto, 2013). However, in this case, the
minimum values were 7.42 kPa for the low normal stress
range and 2.26 kPa for the high normal stress range, which
were 51% higher and in line with those provided, respec-
tively, for forest woodchips (Stasiak et al., 2018), whilst
they were 46 and 14 times higher, respectively, than those
for sawdust (Miccio et al., 2013).

As noted in the ‘Results’ section, the values obtained
for apparent cohesion were not influenced by moisture con-
tent, which is consistent with the findings reported in other
studies (Stasiak et al., 2019, 2018).

The differences in the values obtained for this parame-
ter could be due to the least squares adjustment carried out
since a linear Coulomb yield locus was assumed, according
to other studies (Barletta and Poletto, 2013; Schulze, 2021;
Wuetal, 2011).

Finally, it should be noted that the maximum normal
stress applied in these tests (374 kPa) was well above the
maximum typically reached in commercial silos, which is
around 120-150 kPa. The reason for this overloading is to
carry out tests that yield results under conditions similar to
those used in previous studies with other materials using
the circular shear cell (Moya et al., 2006), which involves
providing values for these parameters under extreme con-
ditions. Clearly, when the material was subjected to such
high loads, some slight fragmentation of the material was
observed, resulting in the formation of some smaller parti-
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cles and the fracture of larger ones. The amount of material
that may have been damaged was not quantified, but in
light of the results obtained, it can be stated that this did not
significantly distort them, as it has been verified that they
fall within the range of those published by other authors.

4.2.2. Dilatancy angle

Based on the direct shear tests carried out, the corre-
sponding deformation curves were plotted, which in turn
made it possible to determine the dilatancy angle values.
The literature review on granular materials, and more spe-
cifically on biomass products, did not yield any information
relevant to this study, except for a previous study conducted
by the authors on wood pellets under ambient conditions
(Moya et al., 2022). The deformation curves obtained were
similar to those found for granular agricultural materials
(Moya et al., 2013; Zeng et al., 2020).

As noted in the ‘Results’ section, the maximum val-
ue (35.6°) was slightly lower (2.2%) than the maximum
(36.4°) recorded for the same material under ambient con-
ditions (Moya et al., 2022). Although there were some
exceptions, the general trend was that the higher the normal
stress applied, the lower the dilatancy angle, in line with
findings in the literature regarding wood pellets (Moya et
al., 2022) and other granular agricultural materials (Moya
et al., 2013; Moya-Ignacio et al., 2024; Zeng et al., 2020;
Zeng and Wang, 2019). This is because the greater the
normal stress applied, the softer the material becomes.
Consequently, this softening makes the material easier to
compress, particularly in the presence of water, thereby
reducing dilatancy. Similar conclusions could be drawn
for this parameter when direct shear tests were carried out
using a modified shear box, although in this case a more
irregular behaviour was observed with regard to the depen-
dence of this parameter on the applied normal stress.

Finally, no correlation was observed between the dila-
tancy angle and the moisture content of the samples, as was
the case when the angle of internal friction and the effective
angle of internal friction were analysed.

4.2.3. Grain-wall friction

The direct shear tests using a modified shear box
allowed obtaining the coefficient of grain-wall friction, the
coefficient of effective grain-wall friction, and their cor-
responding angles, as noted in the ‘Results section’. The
results obtained showed that the minimum value for the
grain-wall friction coefficient was 0.51 (27.0°), which was
2.2% lower than the value provided for the same material
(0.52) under ambient conditions (Moya et al., 2022), 28.6%
greater than the maximum (21°) reported for wood pellets
using stainless steel, and 22.7% greater than the maximum
(22°) provided for mild steel (Wu et al., 2011), as well as
45% greater than that reported for wood pellet particles
(18.62°) in another study (Gallego et al., 2020). As regards
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the values of the coefficient of effective grain-wall friction,
these could not be compared with those of similar products
since no data have been reported in the literature.

With regard to the values of the grain-wall friction coef-
ficient obtained under low and high normal stresses, the
minimum value recorded under low normal stresses (0.51)
was similar to that provided for wood pellets under ambient
conditions (Moya et al., 2022), and the corresponding angle
(27.2°) was 29.5% and 23.6% higher than those reported
by other authors (Wu et al., 2011) for stainless steel and
mild steel, respectively, or 46.2% higher than that recorded
for wood pellet particles (Gallego et al., 2020). Similarly,
when considering only the values obtained for this param-
eter under high normal stresses, the minimum value (0.42)
was 17.6% lower than that recorded under ambient con-
ditions (Moya et al., 2022), whilst it was 7.6 and 2.7%
higher than those reported for stainless steel and mild steel,
respectively (Wu ef al., 2011) and 21.5% higher than that
reported for wood pellet particles (Gallego et al., 2020).
Again, as expected, no correlation was detected between
the grain-wall friction coefficients and the moisture content
for either low or high normal stresses.

4.3. Oedometer tests

The range of values obtained for the apparent specif-
ic weight using the oedometer devices varied between
7.57 kN m”, when no normal stress was applied, and
8.75 kN m>, for a normal stress of 256 kPa. Therefore,
the minimum value was in line with the range suggest-
ed in other studies (Alakangas et al., 2007); it was 6.9%
higher than the minimum recorded for the same material
(7.08 kN m?®) under ambient conditions (Moya et al.,
2022) and around 43% higher than the minimum (5.20 and
5.28 kN m™) recorded for wood pellets (Obernberger and
Thek, 2004; Wu et al., 2011), respectively, whilst the max-
imum was 22.7, 36.7, and 34.8% higher than the maximum
(7.13, 6.40, and 6.28 kN m™) reported in the last three stud-
ies, respectively. These differences may have been due to
the equipment used to carry out these tests. In this study,
the authors used an oedometer cell 75 mm in diameter and
20 mm in height, whilst the authors of the other studies
used a standard Proctor mould 102 mm in diameter and
122 mm in height (Moya ef al., 2022), a graduated cylinder
(Obernberger and Thek, 2004), and a steel pan and a 11
steel can (Wu et al., 2011), respectively.

Based on the various tests carried out, it was observed
that, as a general trend, the higher the moisture content of
the sample, the higher the apparent specific weight at all
normal stress levels during both loading and unloading
cycles. However, there was an exception when a moisture
content of 6.4% was applied, as explained in the ‘Results’
section. This was consistent with the trends considered in
other studies (Wu et al., 2011), although it was the opposite
of what was observed in other studies involving different
types of biomass such as SRF poplar and corn stover (Gil
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et al., 2013) or pecan shells (Littlefield et al., 2011). The
arrangement of the wood pellet particles within the oedo-
metric cell, as well as their orientation in the presence of
water, may have influenced the results presented in this
study.

The behaviour of the material, both at rest, when stored,
and in motion, when flowing, depends to a large extent on
the mechanical properties analysed in this study (Chen et
al., 2023; Miccio et al., 2013). These properties depend
largely on certain factors, such as moisture content of the
material, temperature, relative humidity, etc. The properties
determined in this study are important because they could
provide information regarding the mechanical strength of
wood pellets. A decrease in mechanical strength can influ-
ence the generation of dust and fine particles (Gilvari et al.,
2020). Furthermore, these properties influence the stresses
and torques generated during the emptying of silos using
screw feeders. Determining the torques allows an estimate
of the material’s resistance to loads during storage and to
flow disruption during discharge (Stasiak et al., 2019).
Furthermore, these forces may arise during the discharge
of densified products from screw feeders into silos, or from
silos or trucks onto the ground, which determine the impact
resistance. In such cases, it is important to calculate the safe-
ty height in pellet production (Kaliyan and Vance Morey,
2009). Finally, the environmental conditions often vary and
affect pellets. Exposure to rain or changes in temperature
or relative humidity during the transportation and storage
of densified products, such as pellets, can affect both their
physical and mechanical properties (Kaliyan and Vance
Morey, 2009). Among these changes, bulk density may be
altered, which in turn affects other mechanical properties.
For this reason, it is essential to understand these factors in
order to design suitable, efficient, and cost-effective facili-
ties and infrastructure for the handling and storage of these
biomass materials.

Finally, by way of a concluding remark, it should be
noted that the direct shear tests were carried out using a
circular shear box 100 mm in diameter, as explained in the
‘Materials and Methods’ section. As indicated, the ratio
between the diameter of the shear cell and the maximum
particle size is far from that recommended in Eurocode 1,
Part 4 (UNE-EN-1991-4:2011/AC, 2013). Therefore, the
results provided in this study regarding the parameters
obtained from the tests carried out with this device are
subject to a scale effect. Thus, according to several studies
conducted on different soil types (Ahmad et al., 2025;
Cerato and Lutenegger, 2006; Li ef al., 2022; Wu et al.,
2008), higher friction angles and lower cohesion are
obtained at lower values of the ratio between particle size
and box size. Consequently, the angle of friction decreases
and cohesion increases as the size of the shear box is larger.
Various factors may influence this trend. Among these, it
is worth noting that interparticle locking may be reduced
when larger shear boxes are used, which decreases the
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measured friction angle (Li et al., 2022; Wu et al., 2008).
Furthermore, larger shear boxes have a wider shear plane,
which facilitates the rearrangement of larger particles and
dilation, which, in turn, can dissipate shear strength, reduc-
ing peak friction values (Cantor and Ovalle, 2025).

With regard to apparent cohesion, in large specimens
there may be more particles spanning the shear plane,
allowing the formation of localised bridging or interlocking
effects, which can simulate apparent cohesion in granular
materials. Furthermore, in larger boxes, boundary effects
may arise, such as those attributed to friction between
the material mass and the walls of the shear box, which
increases the measured cohesion (Deiminiat and Li, 2022).

It is also important to consider the influence of relative
density. Several studies (Ahmad et al., 2025; Cerato and
Lutenegger, 2006) have concluded that an increase in rela-
tive density increases the angle of friction. However, when
the density remains constant, the larger the box size, the
lower the friction angle. Therefore, when density influences
shear strength, scale effects are significant (Ahmad et al.,
2025).

With respect to the dilatancy angle, it has been shown
that, in the case of granular materials, this parameter
decreases significantly as the mean particle size, Dy,
increases (Amirpour Harehdasht et al., 2019; Harehdasht
et al., 2017). Furthermore, the larger the size of the shear
box used, the smaller the dilatancy angle obtained (Cui and
O’Sullivan, 2006) due to the same factors already discussed
above for parameters dependent on shear strength.

As for the grain-wall friction coefficient, the size of the
shear box used influences the value of the interface friction
angle obtained. In recent studies (Bauer and Ebrahimian,
2021), it was observed that the maximum mobilised inter-
face friction angle increases as the box length decreases.
Therefore, this parameter is slightly higher for the smaller
shear box. Furthermore, the scale effect may result in an
average interface friction angle lower than the prescribed
value.

For these reasons, the values provided in this study
should be regarded as merely indicative for the design of
silos, as the scale effect may lead to some discrepancies
between the calculated parameters and the actual values.

5. CONCLUSIONS

The values of the angle of internal friction ranged from
35.7° to 41.4°, which were similar to those reported in other
studies for wood pellets and to those found for moist wood
powder or sawdust, but higher than those reported for other
materials such as pine pellets or forest woodchips.

No correlation was found between the moisture content
of the sample and the parameters relating to the angle of
internal friction, the effective angle of internal friction, the
apparent cohesion, the dilatancy angle, or the grain-wall
friction coefficient. This result was consistent with those
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found in other studies involving similar materials, but dif-
fered from those observed with other materials, such as
sawdust or woodchips.

From the normal direct shear tests carried out, it was
observed that the combined effect of normal stress and
moisture content presented a significant interaction on
shear stress (p = 0.011).

The values obtained for the apparent cohesion ranged
from 13.36 to 22.66 kPa, which were in line with those
reported for wood pellets under ambient conditions and for
woody biomass powders, although they were higher than
those reported for other materials such as forest woodchips
or sawdust.

Based on the tests carried out in this study, it could be
observed that, as a general trend, the higher the normal
stress applied, the lower the dilatancy angle, which was in
line with other studies for wood pellets as well as for gran-
ular agricultural materials.

A correlation was detected between the moisture con-
tent of the sample and the apparent specific weight at all
normal stress levels, which was consistent with some stud-
ies carried out with wood pellets but differed from what
was observed with other different types of biomass, such as
SRF poplar, corn stover, or pecan-shells.

Although not quantified, the application of high normal
stresses in the direct shear tests caused slight fragmentation
of the material, resulting in the formation of some small-
er particles and the fracture of larger ones. In any case,
this did not significantly distort the results obtained in this
study, as they fall within the range of values reported by
other authors.

Changes in the dimensions and geometry of the wood
pellet particles were observed during the humidification
process. These changes became apparent as the moisture
content increased. Radial swelling was significantly greater
than swelling in the longitudinal direction, which is consis-
tent with findings in other studies.

The values provided in this study should be considered
merely indicative for silo design, as the scale effect may
lead to some discrepancies between the calculated parame-
ters and the actual values.

It is essential to understand the various parameters set
out in this study to design suitable, efficient, and cost-ef-
fective facilities and infrastructure for the handling and
storage of biomass products.
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