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Abstract
The presence and generation of fines and dust in the bulk of biomass pellets have inflicted several problems in the supply
chain during transportation and storage, and the breakage behavior of pellets has been scarcely studied so far. Fines and dust
are the consequences of impact and abrasive forces through the whole supply chain; however, the breakage happens at the
particle level. Therefore, to study the fines generation, first, the breakage behavior of individual pellets should be understood,
and then, the behavior of the bulk materials in operational conditions can be investigated. This paper aims to investigate the
breakage behavior of individual pellets under experimental compression tests and to introduce a calibrated numerical model
using discrete element method (DEM) in order to pave the way for further studies on pellet breakage. For that purpose,
seven different types of biomass pellets were studied experimentally, and then, a calibrated model was introduced via the
Timoshenko–Ehrenfest beam theory using DEM. Results show that the model could reasonably predict the breakage behavior
of pellets under uniaxial and diametrical compressions. The findings could help to develop a new design of the equipment for
transportation and handling of biomass pellets with the aim to reduce the amount of generating fines and dust.

Keywords Biomass pellet · Breakage behavior · Discrete element method · Compression tests · Timoshenko–Ehrenfest beam
theory

1 Introduction

The fragmentation of biomass pellets and the generation of
fines and dust during transport and storage have inflicted sev-
eral problems in handling steps and operational units [1].
Equipment fouling, increased risk of fire, dust inhalation
problems, and environmental issues are the consequences of
existing fines and dust inside the bulk materials [2]. Biomass
pellets are mostly transported on a large scale (ten thousand
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tons per hour) resulting in high-impact forces during trans-
portation and handling [3]. The potential of fines and dust
generation is highly linked to the mechanical strength of
materials. The mechanical strength of biomass pellets could
be measured individually or in bulk [4].

The individual mechanical strength assessment methods
are conducted either by compression or impact tests. In a
typical compression test, a single pellet is placed between two
anvils of a compression device that compress the pellet while
recording the force–displacement data. Then the stress–strain
curve and the modulus of elasticity are calculated from the
data. In a typical impact test, a single pellet is dropped from
a known height to a plate of known material and the number
of fines, and the number of pieces split from the original
pellet is recorded. The bulk strength is typically measured
using durability testers such as tumbling can, ligno tester,
and Holmen durability tester. These devices enable pellets
to collide with each other and with the walls to mimic the
transportation and handling conditions by use of an air stream
or rotating the device.
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Table 1 Production properties and the proximate analysis of pellets

Sample code Sample origin Torra temp (°C) Torra time (min) MCb (%) Ac (%) VMc (%) FCc (%)

TMW Torrefied mixed wood NA NA 9.3 18.4 69.5 12.1

RA Raw ash – – 4.6 0.5 79.3 20.2

TA250 Torrefied ash 250 30 5.7 0.5 72.5 27.0

TA265 Torrefied ash 265 30 5.8 1.0 68.6 30.4

RS Raw spruce – – 5.9 0.3 82.2 17.5

TS260 Torrefied spruce 260 30 5.4 0.3 74.5 25.2

TS280 Torrefied spruce 280 30 4.8 0.4 73.5 26.1

NA not available
aTorrefaction
bMoisture content on an as-received basis
cDry basis. A Ash content, VM volatile matter, FC fixed carbon

Research on handling and storage properties of biomass
pellets has been recently taken into consideration by some
researchers [5–9]. They highlighted the effect of transporta-
tion and handling systems on the number of generating fines.
Bradley [6] pointed out that the transfer chutes are the main
cause of the pellet breakage and fines generation during the
handling process. Ilic et al. [7] claimed there are up to 25
wt% fines particles smaller than 3.15 mm in the biomass pel-
let plants while the expected amount in the equipment design
process is around 5–8 wt%.

Recently, the use of numerical methods to predict the bulk
flow materials has attracted attention [10]. Discrete element
method (DEM) is proven as a powerful tool with the capa-
bilities of monitoring the behavior of individual particles
inside a system resulting in understanding the bulk mate-
rial behavior. Recently, researchers applied DEM to study
the flow properties of cylindrical pellets [11], mixing and
transportation of wood pellets [12], and durability charac-
teristics of biomass pellets [13]; however, fragmentation of
biomass pellets have been scarcely investigated by modeling
and simulations. A recent study addresses the modeling of
deformation and breakage behavior of biofuels wood pellets
[14] using the finite element method (FEM). However, due
to the inherent nature of FEM, the particle–particle contacts
which are crucial in breakage behavior and fines generation
is missing in the model.

The objective of this paper is first to characterize the indi-
vidual pellet strength of different types of biomass under
uniaxial and diametrical compressions and second, to present
a calibrated DEM model capable of predicting biomass
breakage patterns during compression tests capable of track-
ing the behavior of each individual particle. Themodel can be
used for future research on pellet fragmentation, equipment
design, and to set new standards for transportation, storage,
and handling of biomass pellets.

2 Materials

Two different non-torrefied and five different torrefied
biomass pellets were used in this study. The origin, ulti-
mate, and proximate analysis of the samples are given in
Table 1. The moisture content and ash content of the tor-
refied mixed wood pellets were determined according to EN
standard 14774-2 [15] and EN standard 14775 [16], respec-
tively. The volatilematter of torrefiedmixedwoodpelletswas
measured using the method described in [17]. The proximate
analysis of the rest of the samples was taken from [18]. The
amount of fixed carbon was calculated by the difference of
one hundred to the summation of ash, moisture, and volatile
matters. There is no detailed information about the densifi-
cation processes of the pellets; however, it is known that all
Ash wood pellets and all Spruce wood pellets were densified
in similar densification processes.

3 Methods

3.1 Experimental

3.1.1 Pellet density

The pellet densities were measured based on the volume
and the mass of individual pellets. In order to get the most
accurate volume, pellets were polished in both ends using
sandpaper. Then the pellet length and diameter were mea-
sured according to the EN standard 16127 [19]. Mass of
each pellet was measured using a laboratory balance with
readability down to 0.001 g. The pellet density measurement
was repeated five times per sample; then, the mean values
and the standard deviations were reported.
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Fig. 1 Unconfined uniaxial (a) and diametrical (b) compression tests
adapted from [20]

3.1.2 Compression tests

The biomass pellet strength under compression is mostly
measured in two different configurations including the
unconfined uniaxial and diametrical compressions (Fig. 1)
[20]. The diametrical compression test is also known as
Brazilian tensile strength. All the experiments in this study
were carried out using an Instron compression device (Instron
5500R) using a 10 kN load cell. Pellets were placed on
the lower plate of the device, which gradually compressed
upward with a compression rate of 1 mm min− 1.

For the uniaxial tests, each pellet was polished in both
ends using sandpaper in order to vertically stand on the plate
and to ensure that the compressive force applies evenly to
both end surfaces of the pellet. For diametrical compres-
sions, pellets were placed on the lower plate lengthwise. The
force–displacement data were recorded for each test from the
beginning until a 20% drop in the force value after failure.
The stress and strain values were calculated using Eqs. (1)
and (2) for uniaxial compression and Eqs. (3) and (4) for
diametrical compressions, respectively.

σa � F

πr2
(1)

εa � l0 − l

l0
(2)

σd � F

rl0
(3)

εd � d0 − d

d0
(4)

where F is the force, r is the pellet radius, l0 and d0 are the
initial pellet length and diameter, and l and d are the pellet
length and diameter at the corresponding time, respectively.

Fig. 2 Two particles interacting with each other in DEM

In addition, Young’s modulus (E p) derived from the linear
part of the stress–strain curve is reported.

3.2 Numerical method

The discrete element method (DEM) is proven as a pow-
erful numerical method for modeling the granular material
flow regimes [21–24], bulkmaterial characterization [25, 26],
breakage models [27–31], etc. In DEM, individual inter-
actions of the particles are monitored contact by contact
and the particle motion is modeled particle by particle [32].
Therefore, the properties of the particles are individually
determined using the equations of motion, Eqs. (5) and (6),
while the objective is to represent the macroscopic behavior
of the bulk material.

mi
dυi
dt

�
∑(

Fn
i j + Ft

i j

)
+ mi g (5)

Ii
dωi

dt
�

∑(
Ri × Ft

i j − τ ri j

)
(6)

where mi , υi , ωi , and Ii , are the mass, translational veloc-
ity, rotational velocity, and moment of inertia of particle
i , respectively. g is the gravity vector and Fn

i j and Ft
i j are

the normal and tangential forces caused by the interaction
between particles i and j at time-step t . τ ri j is the torque
between particles i and j and Ri is the vector connecting the
center of particle i to the location where Ft

i j is applied as
shown in Fig. 2.
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Fig. 3 Schematic of a bond in
the Timoshenko beam theory
model. Each bond shares six
degrees of freedom at each end

The material breakage in DEM could be modeled using
various models such as the particle replacement method
(PRM), bonded particle method (BPM) [33], and fast-
breakage model [34]. Recently, the so-called Timoshenko
beam theory (also called Timoshenko–Ehrenfest beam the-
ory [35]) model based on Timoshenko–Ehrenfest’s theory
[36] was developed and validated by Brown [37] using
EDEM® software provided by DEM Solutions Ltd., Edin-
burgh, Scotland, UK. The model is called the Edinburgh
bonded particle model (EBPM) [37]. The main advantage
of the EBPMmodel is the model capabilities of representing
the normal, shear, bending, and torsion movements in a bond
that has not been implemented in any other breakage model
in DEM.

Plant-based biomass consists of lignocellulosic materials
such as cellulose, hemicellulose, and lignin. In densifica-
tion processes, lignin or supplementary binding agents act
as a glue to bond the celluloses and hemicellulose particles.
In order to numerically investigate the breakage behavior
of densified biomass materials, a model containing particle
bonding is required. In DEM, the lignocellulosic material
could be represented by individual particles while the bind-
ing agents can be represented using bonds or beams.

3.2.1 Implementation of Timoshenko–Ehrenfest theory
in DEM

The EBPM consists of two different contact models: Tim-
oshenko–Ehrenfest beam theory and Hertz–Mindlin model.
The former applies for bonded contacts and the latter applies
for the non-bonded contacts. The model considers a cylin-
drical beam between the centers of every two neighboring
particles at a user-defined time-step and bonds them in such
a way that each bond breaks only if the applied force exceeds
the maximum strength in compression, tension, or shear
direction. Generally, each bond shares 6 degrees of free-
dom in each end, which allows compression, tension, and
shear forces and torques as illustrated in Fig. 3. The domain
of the neighboring particles is determined using a contact
radius multiplier (CRM) which could be any number above

Fig. 4 Illustration of two spheres and their virtual radii in DEM

1. This number multiplies the particle radius and creates a
virtual radius so that the model creates a bond between every
two particles if their virtual radii overlap as shown in Fig. 4.
Only one bond can exist between every two particles, and
once a bond breaks it will never regenerate. The existence of
the bonds is checked at each time-step, and once there is no
bond anymore between every two neighboring particles the
contact between them follows the Hertz–Mindlinmodel. The
Hertz–Mindlin contact model is widely used in the literature
due to its accurate calculations and computational efficiency
[38, 39]. Detailed information about the Hertz–Mindlin con-
tact model can be found elsewhere [39].

The calculation of the force and momentum for bonded
particles is based on the Timoshenko beam theory and is
calculated at each time-step according to Eq. (7):

{ΔF} � [K ].{Δu} (7)

where ΔF is the force vector and Δu is the displacement
vector and [K] is the stiffness matrix as shown in Eqs. (8) to
(10):

{ΔF} � {
ΔFαxΔFαyΔFαzΔMαxΔMαyΔMαz

ΔFβxΔFβyΔFβzΔMβxΔMβyΔMβz
}T (8)
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{Δu} � {
ΔdαxΔdαyΔdαzΔθαxΔθαyΔθαz

ΔdβxΔdβyΔdβzΔθβxΔθβyΔθβz
}T (9)

K �

⎡

⎢⎢⎣

K1 −K2 −K1 −K2

K2 K3 −K2 K4

−K1 K2 K1 K2

K2 K4 −K2 K3

⎤

⎥⎥⎦ (10)

where

[K1] �

⎡

⎢⎢⎣

EbAb
Lb

0 0
0 12k

L2
b(1+�)

0

0 0 12k
L2
b(1+�)

⎤

⎥⎥⎦ (11)

[K2] �
⎡

⎢⎣
0 0 0
0 0 −6k

Lb(1+�)
0 6k

Lb(1+�) 0

⎤

⎥⎦ (12)

[K3] �
⎡

⎢⎣

k
(1+vb)

0 0

0 k(4+�)
(1+�) 0

0 0 k(4+�)
(1+�)

⎤

⎥⎦ (13)

[K4] �
⎡

⎢⎣

−k
(1+vb)

0 0

0 k(2−�)
(1+�) 0

0 0 k(2−�)
(1+�)

⎤

⎥⎦ (14)

where Eb, vb, Ab, Lb, �, are the bond Young’s modulus,
Poisson ratio, bond’s cross section area, bond length, and the
Timoshenko bond coefficient, respectively, and k is calcu-
lated from Eq. (15).

k � Eb Ib
Lb

(15)

where Ib is the second moment of area of the bond and is
calculated from Eq. (16).

Ib � r4bπ

4
(16)

The radius of every bond is equal to the radius of the
smaller sphere’s radius. Every bond is assigned a compres-
sive (σC ), tensile (σT), and shear stress (τ ) limitwhich defines
the maximum stress a bond can withstand before failure. The
stress limits are calculated by Eqs. (17) to (19):

σC � SC · ((ςC · N ) + 1) (17)

σT � ST · ((ςT · N ) + 1) (18)

τ � SS · ((ςS · N ) + 1) (19)

where SC , ST, and SS are the user-defined mean bond com-
pressive, tensile, and shear strengths, respectively. ςC , ςT,
and ςS are the coefficient of variations of compressive, ten-
sile, and shear strengths, respectively, which are defined by
user and can be any number from zero to one. N is a ran-
dom number derived from a normal distribution with a mean
of zero and a standard deviation of one. Therefore, in a
multi-sphere packing, depending on the value of the coef-
ficient of variations of the bond strength (Eqs. (17)–(19)), a
value between zero and twice the mean bond strength can be
assigned for each bond stress limit.

3.2.2 Generation of pellet packing

Rigid spherical particles are considered in the model for sim-
plicity, whichmeans that the individual spherical particles do
not crush or degrade. However, the bondsmay break and sep-
arate the particles. The pellet configurations were created in
GiD software [40] using multi-sphere particles. All the pack-
ing were created using the “Radius Expansion” algorithm
with a delta radius factor of 0.2 and minimum and maximum
radius factor of 0.7 and 1.3, respectively, with maximum 900
iterations. To investigate the effect of pellet packing resolu-
tion on the breakage behavior, different pellet configurations
with a varying number of spheres and different radii were
created using GiD software. The particle size distributions
of the packing are shown in Fig. 5. All the created cylin-
drical pellets were 6 mm in diameter and 20 mm in length,
while both ends were kept evenly smooth. Five different pel-
let configurations including 961, 2202, 3134, 5689, and 7965
spheres were created. There were threemain assumptions for
the selection of these configurations:

Fig. 5 Cumulative mass-based distribution of the spheres used in dif-
ferent pellet packing

123



Computational Particle Mechanics

• Maximum sphere radius equal to 0.5 mm with various
spheres radii in order to represent similar particle size
distribution of biomass materials before the densification
process.

• Maximum 8000 spheres in a configuration due to limita-
tions in the computational time.

• No overlap between particles in order to allow particles to
move freely when they face forces.

3.2.3 Calibration procedure

The aim of the numerical part was to simulate the compres-
sion tests of individual biomass pellets. Here, the model is
calibrated only for the torrefied mixed wood pellets. The
model was calibrated considering three key performance
indicators (KPI) namely the stress at failure (σ ), strain at
failure (ε), and Modulus of Elasticity (Ep) for both uniaxial
and diametrical compressions of torrefied mixed wood pel-
lets. Due to heterogeneity in the real pellet structure [41],
different stress–strain curves are obtained. In the calibration
procedure, themean of the stress, strain, andmodulus of elas-
ticity from the experimental results were taken into account.
The first step was to screen the most influential parameters.
For that, a series of simulations on different input parame-
ters that are listed in Table 2 were carried out. The particle
and bond Young’s modulus, the bond strength parameters,
and CRM were found to be the most influential parameters.
This is consistent with the other literature findings as the
system is quasi-static [37]. Therefore, the particle–particle
and particle–geometry parameters were found to be of less
importance and the values used were chosen to represent a
static condition.

Parker [42] characterized different properties of various
types of wood species. According to him, Young’s modulus
of wood lumbers is in the range of 5.5 to 11GPa. Considering
the densification process of wood pellets, which makes the
materials stiffer than raw wood, Young’s modulus of 15 GPa
for the sphereswas considered in this study. There is no infor-
mation about the maximum stress limits and the modulus
of elasticity of the biomass bonds in the literature. How-
ever, the bond properties were calibrated to acquire the same
stress–strain taking into consideration that most breakage
mechanisms should be tensile [43].

3.2.4 Model inputs

The compression tests in the numerical method were exe-
cuted using two parallel plates,which positioned on two sides
of the pellet for each compression test as shown in Fig. 6. The
compression rate of the plates was set to 10 mm s− 1 because
lower compression rates were computationally impossible
[44]. The model input parameters are shown in Table 2. Sim-
ilar inputs are considered for the entire five pellet packing;

Table 2 Model input parameters

Parameter Symbol Value Unit

Particle inputs

Young’s modulus Ep 15 GPa

Poisson’s ratio νp 0.25 –

Particle–particle static friction μs, p−p 0.5 –

Particle–particle rolling friction μr, p−p 0.5 –

Particle–particle restitution
coefficient

CR, p 0.5 –

CRM – Variable –

Geometry inputs

Density ρw 7850 kg.m− 3

Young’s modulus Ew 7.6 GPa

Particle–geometry inputs

Particle–geometry static friction μs, p−w 1 –

Particle–geometry rolling friction μr, p−w 0 –

Particle–geometry restitution
Coefficient

CR, w 0.0001 –

Bond parameters inputs

Young’s modulus Eb 0.55 GPa

Poisson’s ratio νb 0.3 –

Radius multiplier – 1 –

Mean compressive strength SC 70 MPa

Mean tensile strength ST 35 MPa

Mean shear strength SS 15 MPa

Compressive strength coefficient of
variation

ςC 0.8 –

Tensile strength coefficient of
variation

ςT 0.8 –

Shear strength coefficient of variation ςS 0.8 –

however, as the particle radius distributions vary, the parti-
cle densities are selected differently as given in Table 3. In
EDEM,material density is defined as the density of the parti-
cles. In order for simulated pellets to represent the real pellet
mass, density for each configuration should be calculated
based on the number of spheres and the porosity between
them. Here, the goal of the numerical part was to model the
breakage behavior of torrefied mixed wood. Therefore, the
total mass of each pellet configuration with 6 mm diameter
and 20 mm length and density of 1304 kg m− 3 should be
0.737 g.

It should be noted that the gravity was not considered in
the simulations.

The simulation time-step determines the minimum
required time for a stable collision to happen. As the
model contains two different contact models, i.e., the Tim-
oshenko–Ehrenfest beam theory and the Hertz–Mindlin, the
selected time-step should be the minimum required amongst
the two contact models to ensure a stable simulation. The
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Fig. 6 Simulated pellets under uniaxial and diametrical compressions
(yellow lines between the spheres show the bonds)

time-step for the Hertz–Mindlin contact model can be calcu-
lated as [44]:

Δt HMcrit �
πrp

(
ρp
G p

)0.5

(0.1631υp + 0.8766)
(20)

where ρp is the particle density,Gp is the particle shear mod-
ulus, υp is the Poisson’s ratio, and rp is the smallest particle
radius. The shear modulus can be obtained from Eq. (21)
using Young’s modulus and the Poisson’s ratio.

Gp � Ep

2(1 + υp)
(21)

For the bonded contact, the time-step is determined based
on the smallest particle mass (mpmin) and the largest bond
stiffness component (Kbmax ) [44].

�tbcri t � 2

√
mpmin

Kbmax
(22)

As shown in equations above, theminimumparticle radius
highly affects the minimum time-step. Consequently, the
time-step for the simulations depends on the pellet configu-
rations. The time-steps used in this studywere between 0.045
and 0.75 µs.

As mentioned in Sect. 3.2.3, CRMwas found as an impor-
tant variable affecting the results of simulation because it
directly affected the coordination number. The coordination
number is defined as the total number of initial bonds over the
total number of particles in the packing at time zero. In this

study, two approaches were considered for the coordination
numbers, a constant CRM and a constant coordination num-
ber for all the pellet configurations. For the first approach, a
CRMof 1.2was considered, and for the second approach, the
CRM was adjusted to reach different coordination numbers
between 3.49 and 4.72 for all the pellet configurations.

3.2.5 Data analysis

The simulations have been continued until 20% drop in the
forces on the compression plates after failure. Then, the
stress–strain curveswere drawn in the samemanner as for the
experiments. The force–displacements were achieved from
the simulations as follows. The total force at every time-step
was calculated as the mean value of the forces on the two
plates. This is because of the minor deviations in the forces
of the plates due to simulation errors. The displacement in
axial and diametrical compressions was calculated based on
the actual length or diameter of pellets at each time-step in
comparison with the initial pellet length or diameter, respec-
tively. To extract the exact pellet length or diameter at each
time-step, the maximum overlap between the particles and
plates were added to the distance of the plates. Then using
Eqs. (1) to (4), the stress–strain data were calculated for uni-
axial and diametrical compressions. The Young’s modulus
of each pellet was then calculated from the linear part of the
stress–strain curve.

4 Results and discussion

The results of the experimental compression tests, as well
as the pellet densities are shown in Table 4, and a typical
stress–strain curve for uniaxial and diametrical compressions
of torrefied mixed wood pellets is depicted in Fig. 7, as an
example. As the standard deviations show, there is a large
variation between the experimental results of the maximum
stress values even for one type of pellet in different test
repetitions. It was also observed that for some pellets, for
instance, TA265, the value of Young’s modulus differs sig-
nificantly in axial and diametrical directions. Although it was
not further studied in this work, it may be explained due to
the heterogeneity in the pellet structure such as differences
in porosity and the number and orientation of microcracks.

Table 3 Input parameters for
different pellet packing Number of sphere Min radius (mm) Max radius (mm) Porosity (%) Particle density (kg m− 3)

961 0.33 0.44 50.7 2645

2202 0.23 0.38 54.9 2890

3134 0.22 0.35 46.8 2450

5683 0.18 0.30 42.7 2580

7965 0.14 0.25 58.2 3121
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Table 4 Experimental results and the standard deviations

Sample code Uniaxial compression Diametrical compression Pellet density
(kg.m− 3)

Stress (MPa) Strain (−) Young’s modulus
(MPa)

Stress (MPa) Strain (−) Young’s modulus
(MPa)

TMW 16.62±6.35 0.06±0.01 324±86 15.40±4.4 0.06±0.02 324±82 1304±40

RA 32.34±12.48 0.09±0.03 425±157 23.56±4.4 0.07±0.02 421±72 1164±25

TA250 20.17±6.26 0.08±0.01 298±72 16.65±5.03 0.08±0.05 229±85 1069±29

TA265 18.83±4.25 0.06±0.01 357±63 14.14±0.94 0.06±0.02 160±75 1107±95

RS 15.77±2.35 0.18±0.05 105±26 14.77±5.34 0.09±0.03 195±19 1186±51

TS260 8.27±1.32 0.07±0.03 117±30 11.62±1.26 0.12±0.05 113±60 1119±56

TS280 8.31±1.35 0.08±0.04 130±61 11.00±1.88 0.08±0.03 179±53 1107±110

Fig. 7 Typical experimental
stress–strain curves for torrefied
mixed wood pellets
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Fig. 8 Pellets after experimental compression tests

Similar results were previously reported by other researchers
[41]. Nevertheless, a deeper look at the pellets after compres-
sion tests shows that they mostly fail in shear as shown in
Fig. 8.

Table 5 shows the stress–strain simulation results at fail-
ure for different pellet configurations with CRM equal to
1.2. The stress–strain curves are depicted in Fig. 9 together
with the experimental results. As it can be clearly seen, the
results of the simulations are consistent with the experimen-
tal results where different pellet packing results in different
values for the stress and strain at failure. The simulated pellet
containing 5683 spheres shows the highest stress at failure
for both uniaxial and diametrical compressions, while the
pellet with 7965 spheres shows the lowest values for both
compressions tests. The results reveal that there is a high
linear correlation between the coordination numbers and the
maximum stress at failure for all the simulated pellets. The
results of the second approach where CRMswere adjusted to
obtain uniform coordination numbers are shown in Fig. 10.
The higher the coordination number, the higher the number
of bonds in a system; thus, the higher the stress value at fail-
ure. Therefore, different material behavior can be reasonably
reached by manipulating the coordination number. Detailed
information on the strain–stress data for different coordina-
tion numbers are given in Online Resource 1.

Figure 11 shows maximum stress at failure versus poros-
ity for both axial and diametrical compressions. It is clearly
seen that the stress at failure depends highly on porosity for
axial compression; however, for diametrical compression, the
correlation is less evident. Looking at Fig. 10, the pellet con-
figuration made with 961 particles predicts the highest stress
at failure in diametrical compression amongst all pellet pack-
ing. This is different from the results of axial compression
where this packing is in the third order in terms of stress value
at failure amongst all packing. This is clearer in Fig. 11where
961 particles show the highest stress at failure. Figure 12
shows the stress at failure versus porosity for diametrical
compression excluding the results of 961 particles. From
Fig. 12, it is concluded that the stress at failure correlates
highly with porosity for diametrical compressions as well.
Therefore, the packing with 961 particle is an exception. The
possible cause of this high stress value is probably the parti-
cle size in the packing. It was previously reported that there
should be a sufficient number of particles along the width
of a specimen to achieve a calibration [45]. In the packing
with 961 particles, due to the bigger size of the particles in
comparison with the other packing, there is a low number of
particles in a row in the lengthwise direction, which affect
the results of compression test.

Comparing the experimental and numerical results in
Fig. 9, the experimental results show more ductile behav-
ior, progressive loading, and gradual collapse; however, the
simulated pellets showmore brittle behavior. In other words,
in the experiments, the initial stress build-up is very small
despite a relatively large displacement. There are at least two
reasons for that. Thefirst reason lies in the difference between
the compression rates. As mentioned before, in this study the
compression rate was 1 mm min− 1 in the experiments and
10mm s− 1 in the simulations. At high compression rates, the
materials show more rigid behavior [41], and therefore, the
stress curve increases more straight than progressive. Sec-
ond, this can be explained by the differences in the pellet
structures. As real pellets mostly contain surface or internal
cracks, the progressive loading is possibly due to the closures
of the cracks at the start of compression [46].

Table 5 Simulation results of
stress–strain at failure and
Young’s modulus for different
pellet configurations at CRM of
1.2

No. of
spheres in
packing

Uniaxial compression Diametrical compression

Maximum
stress
(MPa)

Strain at
Failure (−)

Young’s
modulus
(MPa)

Maximum
stress
(MPa)

Strain at
failure (−)

Young’s
modulus
(MPa)

961 15.46 0.07 236 14.99 0.06 330

2202 8.72 0.05 212 8.96 0.07 222

3134 19.21 0.08 253 14.06 0.06 307

5683 24.47 0.07 330 16.08 0.06 334

7965 5.02 0.03 201 5.01 0.05 154
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Fig. 9 stress–strain results for
the uniaxial and diametrical
compressions. Experimental
versus simulations at CRM of
1.2

Fig. 10 Stress at failure versus coordination numbers for all the packing
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Fig. 11 Stress at failure versus porosity for all the packing

Fig. 12 Stress at failure versus
porosity excluding the packing
with 961 particles
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Fig. 13 Fractions of the total broken bonds at failure and the bond failure due to tension, compression, and shear

Looking at literature in the field of rock cutting, Kemeny
[43] claimed that although there is a complicated mechanism
behind the crack growth under compression, it can be approx-
imated by the crackwith a central load pointwhere the origins
of the point loads are small regions of tension that develop
in the same direction of the least principal stress. Consider-
ing his findings, the major bond breakage mechanism should
be tension in a compression test. Figure 13 shows the total
proportion of broken bonds at failure for every pellet config-
urations and share of each breakage mechanism at CRM of
1.2 and a coordination number of 4.19. As shown, the bond
breakage due to tension is themajor failuremechanism for all
the pellet configurations. Similar results were observed for
coordination numbers of 3.49 and 4.72. It should be noted
that the total number of broken bonds may not be similar to
the summation of the number of broken bonds due to com-
pression, tension, and shear because in some cases a single
bondmaybreak due tomultiplemechanisms at one time-step.

Online Resource 2 andOnline Resource 3 show the break-
age behavior of pellets after failure in simulations for CRM
of 1.2. Comparing the breakage behavior in the experiments
with those of the simulations, it is obvious that the breakage

behavior is the same where pellets fail mainly due to shear
albeit the main bond breakage failure mechanism is tension.
This could be observed for all the simulated pellets except
for the higher number of spheres, which increases the res-
olution and the notch formation. This is consistent with the
previous research on bonded particle models [29]. The other
difference between the uniaxial simulation results is the fail-
ure location in a pellet that is assumed to be related to the
initiation of the microcracks inside pellets, which is proba-
bly a result of porosity distribution in a packing. This is a
very complicated mechanism and requires further research.
Nevertheless, for the diametrical compressions, the breakage
happens at the top of the pellets for all the simulations. This
is consistent with the experimental results, which are shown
in Fig. 8.

It is worth mentioning that in this study, the amount and
size of the particles released from the pellets during com-
pression tests were not recorded, and therefore, that was
not compared with the simulation results. As different pel-
let packing include different sphere’s radius distributions,
some of the packing in this study may not represent the same
particle size distribution of the released fines and dust. This
requires more research to determine whether any of the used
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packing in this study could represent the breakage behavior
of different pellet types. Nonetheless, for using the calibrated
model in a bulk material, it is recommended to use a com-
bination of these packing in order to represent the breakage
behavior of different pellets.

Although the model was calibrated based on the experi-
mental results of the torrefied mixed wood pellets, our study
shows that the model could easily represent the breakage
behavior of other types of pellets by changing the coordina-
tion numbers and/or by re-calibrating the values of the bond
parameters.

5 Conclusions

Seven different types of biomass pellets were experimentally
studied for the breakage behavior under uniaxial and diamet-
rical compression tests. From the experimental results, it can
be concluded that various pellet types showdifferent stress–s-
train results due to different origins, pretreatment processes,
and densification processes. The differences in results were
also observed for pellets from the same type due to hetero-
geneity in the pellet structure. The heterogeneity might be
due to the differences in the particle size distribution of the
raw materials, heterogeneous porosity, existence of micro-
cracks, etc. However, the maximum stress at failure for the
tested pellets is in the range of 8.31 to 32.34 MPa.

The numerical results show that biomass pellets could be
modeled using a multi-spherical approach where a different
number of spheres can be applied to represent themechanical
strength of various types of biomass pellets. In our simula-
tions, it was observed that the higher the coordination number
and the lower the porosity, the higher the maximum stress at
failure.

The breakage behavior of biomass pellets under uniaxial
and diametrical compressions was successfully simulated for
torrefiedmixedwood pellets using discrete elementmethods.
The model was based on the Timoshenko–Ehrenfest beam
theory for bonded contacts and the Hertz–Mindlin theory for
non-bonded contacts. The calibrated model is able to predict
the stress–strain curves and the modulus of elasticity of the
biomass pellets. This can pave the way for future numeri-
cal studies for biomass pellet production, transportation, and
handling.
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