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Abstract: In this paper, the applicability of mechanical tests for biomass pellet characterisation was 

investigated. Pellet durability, quasi-static (low strain rate), and dynamic (high strain rate) 

mechanical tests were applied to mixed wood, eucalyptus, sunflower, miscanthus, and steam 

exploded and microwaved pellets, and compared to their Hardgrove Grindability Index (HGI), and 

milling energies for knife and ring-roller mills. The dynamic mechanical response of biomass pellets 

was obtained using a novel application of the Split Hopkinson pressure bar. Similar mechanical 

properties were obtained for all pellets, apart from steam-exploded pellets, which were significantly 

higher. The quasi-static rigidity (Young’s modulus) was highest in the axial orientation and lowest 

in flexure. The dynamic mechanical strength and rigidity were highest in the diametral orientation. 

Pellet strength was found to be greater at high strain rates. The diametral Young’s Modulus was 

virtually identical at low and high strain rates for eucalyptus, mixed wood, sunflower, and 

microwave pellets, while the axial Young’s Modulus was lower at high strain rates. Correlations 

were derived between the milling energy in knife and ring roller mills for pellet durability, and 

quasi-static and dynamic pellet strength. Pellet durability and diametral quasi-static strain was 

correlated with HGI. In summary, pellet durability and mechanical tests at low and high strain rates 

can provide an indication of how a pellet will break down in a mill. 

Keywords: mechanical strength; biomass pellets; Split Hopkinson pressure bar; Instron mechanical 

tester; pellet durability; milling energy 

 

1. Introduction 

The safe and effective transportation and processing of biomass pellets is critical for bioenergy 

applications [1]. The integrity of the pellets during transport and fuel handling is key in ensuring a 

standardised product for processing [2], and it is essential that pellets do not degrade physically 

between manufacture and use. This minimises transport costs and reduces the risk of fires through 

dust explosions [3]. There have been numerous studies into the chemical properties of biomass [4]. 

However, studies on the compressive mechanical strength of commercially produced biomass pellets [5], 

and how this relates to bioenergy storage, transport, and milling processes [6,7], are more disparate. 

This study explores the applicability of durability, and quasi-static and dynamic mechanical strength 

tests for biomass pellets for bioenergy applications.  

Low pellet mechanical resistance leads to high dust emissions; system blockages; and an 

increased risk of fire and explosions during pellet handling, storage, and transport [3]. Pellet 

durability is a standard test that measures the resistance of densified fuels to shocks and/or abrasion 
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as a consequence of handling and transportation processes [8]. Minimum pellet durability 

requirements are detailed in BS EN ISO 17225-2 [9] and BS EN ISO 17225-6 [10]. Pellet durability is 

related to the effectiveness of densification [11], and can be affected by the pre-pelleting factors, such 

as feedstock characteristics [12,13], age and storage conditions of the raw material [14], moisture 

content [15,16], and processing conditions (binders, feedstock mixes, temperatures, or die pressures) 

[1,17,18]. Additionally, storage [5,6,19] and handling frequency [17] impacts durability. Pre-treatments, 

such as steam explosion, have been shown to improve wood pellet density, durability, and impact 

resistance [7,20]. Pellet durability has been shown to correlate to lab milling energy for a laboratory 

scale knife mill [21]. However, no other studies have explored this correlation. 

The quasi-static mechanical strength of pellets is the compressive strength of pellets at low to 

moderate strain rates (10−4–100 s−1) [22]. The compressive strength of biomass pellets has been assessed 

using a wide range of compressive resistance tests, including the universal materials testing machine 

[23]. However, repeatable results are difficult to obtain because of the heterogeneous nature of 

biomass. Compressive strength is known to depend on the material composition, densification 

process, and final physical properties of the pellet [24–26]. Most compressive strength studies have 

been conducted on pellets produced in single pellet dies [16,24,26–31] or laboratory pilot scale 

systems [32–34], with only a few studies on commercially produced pellets [5–7,35]. Smaller pellet 

particle size [30,32] and torrefaction [31,35] are known to improve the mechanical strength of pellets, 

while long-term storage has been shown to reduce mechanical strength [5,6]. Larsson et al. [34] found 

that compressive strength cannot be considered as a reliable indirect measure for ISO 17831-1:2015 

standard fuel pellet durability [8]. Shang et al. [7] found a correlation between diametral compressive 

strength and milling energy in a commercial coffee grinder for torrefied Scots pine pellets. Yet to date, 

no studies have related the mechanical properties of different species of biomass pellets and milling 

energy. 

The dynamic mechanical strength of a material is a measure of its strength at high strain rates 

(102–104 s−1) [36]. The tests aim to determine the material properties under hammer-blowing 

conditions, which are similar to those experienced with comminution systems [37]. A controlled 

method of analysing these mechanical properties is through a Spilt Hopkinson pressure bar (SHPB) 

[38]. The SHPB test has been used to analyse the forces within mills [39], and analyse the strength of 

cellulosic materials [40]. Ultrafast load cells (UFLC) have been used to analyse the fracture of single 

particles under impact loading [39,41], but these tests involve point loads rather than uniformly 

distributed loads. To date, the dynamic mechanical strength of biomass pellets has yet to be explored 

in literature. This paper presents an assessment of pellet durability, quasi-static mechanical strength, 

and a novel analysis of the dynamic mechanical strength of several varieties of biomass pellets. The 

paper establishes potential correlations between mechanical properties and milling energies and 

evaluates the appropriateness of the tests for characterising biomass pellets during storage, transport, 

and comminution. 

2. Materials and Methods 

2.1. Materials 

Six commercially sourced biomass pellets were evaluated. Portuguese mixed wood pellets 

(mainly pine (Pinus) with eucalyptus (Eucalyptus grandis)) and Russian sunflower husk (Helianthus 

annus L.) pellets were provided by EDF Energy plc (London, UK). South African eucalyptus 

(Eucalyptus grandis) pellets, miscanthus (Miscanthus x giganteus) pellets and American steam exploded 

white wood chip pellets were provided by E.ON UK plc (Coventry, UK). Microwave torrefied white 

wood pellets were sourced from a commercial supplier [42]. No information was available on the 

processing history of the pellets. 

2.2. Pellet Mechanical Durability 

Pellet mechanical durability of the biomass pellets was evaluated in accordance with BS EN ISO 

17831-1 [8]. A test portion (mE) of 500 ± 0.1 g was placed in a tumbling box device, and then tumbled 
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at 50 ± 2 RPM for 500 rotations. The sample was then passed manually through a 3.15 mm diameter 

sieve suitable for manual screening in accordance with BS ISO 3310-2:2013 [43]. After sieving, the 

sample remaining on the sieve was weighed (mA). The test was performed in duplicate. The 

mechanical durability of pellets (DU) was calculated as follows: 

𝐷𝑈 =
𝑚𝐴

𝑚𝐸

× 100 (1) 

2.3. Biomass Milling Energy 

The pellets were subjected to a range of milling trails in several different types of laboratory 

scale mills [44]. Three different mills were used as part of this study: a Hardgrove mill, knife mill, 

and ring-roller mill. The mills were off-the-shelf unmodified laboratory mills, except for the ring-

roller mill, which was a bespoke one-off laboratory test mill. Details of the milling tests can be found 

in previous publications by the authors [21,44]. The microwave pellets were not tested for Hardgrove 

Grindability Index (HGI) and durability, as they were not available at the time of testing. The 

statistical significance of the correlations between milling energy, durability, and mechanical strength 

tests were obtained in Minitab 17.1 (State College, PA, USA). The particle size range of the biomass 

particles (prior to densification) was obtained using a particle disintegration test (BS EN 16126:2012) 

[45], and details of this method can be found elsewhere [44]. Particle size distributions were 

determined by sieving the milled product in accordance with BS EN 15149-2:2010 [44,46]. 

2.4. Quasi-Static Mechanical Strength of Pellets 

Quasi-static mechanical compression tests were used to ascertain the mechanical strength of the 

pellets for low strain rates. The biomass pellet diameters and lengths were measured according to BS 

EN ISO 17829:2015 [47], and conformed with the requirements of BS EN ISO 17225-2/6 [9,10]. The 

biomass pellet diameters were 8.4 ± 0.2 mm for mixed wood pellets, 8.4 ± 0.1 mm for eucalyptus 

pellets, 8.6 ± 0.4 mm for sunflower pellets, 6.3 ± 0.2 mm for miscanthus pellets, 5.9 ± 0.1 mm for steam 

exploded pellets, and 5.8 ± 0.1 mm for microwave pellets. The biomass pellet lengths were 21.1 ± 7.0 

mm for mixed wood pellets, 17.4 ± 4.8 mm for eucalyptus pellets, 14.2 ± 4.3 mm for sunflower pellets, 

19.7 ± 4.8 mm for miscanthus pellets, 18.2 ± 5.6 mm for steam exploded pellets, and 22.8 ± 5.5 mm for 

microwave pellets. For the three-point bend test, samples with a length greater than the span, L (10.2 

mm), were used. The pellets were tested in three orientations; axial, diametral, and flexure (Figure 1), 

on an Instron Mechanical 5969 testing system (Norwood, MA, USA). The strain rate was 1 mm/min 

with a 5 kN load cell for all tests, and the samples were tested in a similar approach to that adopted 

by Graham et al. [5,6]. For the axial tests, the ends of each pellet were first ground square using a 

bench grinder or sand paper. For the diametral compression tests, the pellets were placed on their 

sides and compressed laterally, while a three-point loading rig was used for the flexure tests. Ten 

pellets of each sample were tested in each orientation. 

 

Figure 1. Axial (a), diametral (b), and flexure (c) mechanical test configurations. 
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Several parameters were obtained from the test results. The proportional limit is defined as the 

highest point at which stress is directly proportional to strain (elastic limit), and is characterised by 

the proportional stress (σp) and elastic limit (ɛp). The ultimate strength (σs) of the pellet is defined as 

the stress at the point of failure, and ductility (ɛs) as the strain of the material at failure. The Young’s 

modulus (E) of the pellets was obtained from the gradient of the linear portion of the stress–strain 

curve. The compressive axial stress (σa) was found by using the following formula: 

𝜎𝑎 =
𝐹

𝜋𝑟2
 (2) 

where F is the applied force (kN) and r is the radius of the pellet (mm). The compressive axial strain 

εa was found by the following: 

𝜀𝑎 =
𝑙−𝑙𝑖

𝑙
=

∆𝑙

𝑙
 (3) 

where li is the compressed length (mm) of the pellet. The compressive diametral stress σd was found 

from the following: 

𝜎𝑑 =
𝐹

𝑟𝑙
 (4) 

where l is the length of the pellet (mm), and there is an assumed contact area of 50% of the diameter 

(d) or radius (r). The compressive diametral strain εb was found as follows: 

𝜀𝑑 =
𝑑 − 𝑑𝑖

𝑑
=

∆𝑑

𝑑
 (5) 

where di is the diameter (mm) of the pellet after compression. For wood specimens, the modulus of 

rupture (σf, denoted as flexure stress) reflects the maximum load-carrying capacity of a member in 

bending and is proportional to the maximum moment borne by the specimen. Flexure stress is an 

accepted criterion of wood strength, although it is not a true stress as the formula by which it is 

computed is valid only to the elastic limit [48], and gives the overall strength of a pellet. For the three-

point bend test, the flexure stress σf was found as follows: 

 𝜎𝑓 =
𝐹𝐿

𝜋𝑟3
  (6) 

where L is the distance between the support beams. The Flexure strain ɛf was obtained as follows: 

𝜀𝑓 =
6𝐷𝑑

𝐿2
 (7) 

where D is the deflection of the pellet under compression (mm). 

2.5. Dynamic Mechanical Strength of Pellets—Split Hopkinson Bar 

The Split Hopkinson pressure bar, also known as a Kolsky bar, is a dynamic stress–strain 

response characterisation tool for materials deforming at high strain rates (102 to 104 s−1) [36]. A SPHB 

consists of three major components, as shown in Figure 2; a loading device, bar components, and a 

data acquisition and recording system. The incident and transmission bars were acrylic bars with a 

Young’s modulus of 28,000 MPa, the mass of 0.65 kg, diameter of 25 mm, and length of 0.97 m. The 

striker was launched via a gas gun of compressed air in a pressure storage vessel into a long gun 

barrel, where it accelerated until it impacted the incident bar at constant speeds. The striking 

velocities were measured using a light bridge and were set by setting the pressure to 0.5 bar above 

ambient for all tests. 

The sample to be tested was placed between the incident and transmission bar with a small 

amount of lubricant to hold the sample in place during the test. All samples had dimensions within 

the range used in the quasi-static tests (Section 2.4). Data were collected via strain gauges attached to 

the incident and transmission bar. The strain gauges used were Tokyo Sokki Kenkyujo Co. Ltd.  

FLA-6-11-3L strain gauges (Tokyo, Japan) with a gauge factor of 2.12% ± 1%. One strain gauge was 

located on the incident bar, and one was located on the transmission bar. The signals from the strain 
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gauges are conditioned via a quarter Wheatstone bridge with an internal dummy resistor. The signal 

is amplified using a signal amplifier, which is then recorded on a computer using the AD-logger data 

acquisition software (version 1.13, ADLINK, New Taipei, Taiwan) with a correction factor of 0.21 

from the oscilloscope calibration. The sampling frequency of the data acquisition software was 2 

MHz. The quarter Wheatstone bridge has an excitation voltage Vex of 2 V, and the signal amplifier has 

an amplification factor (AF) of 100. The strain ε is calculated as follows: 

𝜀 =
4𝑉𝑜𝑢𝑡

𝑉𝑒𝑥𝐺𝐹 𝐴𝐹
 (8) 

where Vout is the voltage measured by the strain gauge and GF is the gauge factor. 

 

Figure 2. Split Hopkinson pressure bar (SHPB) schematic arrangement. 

During the experiment, a stress wave is generated by the impact of the striker on the incident 

bar. These reflections build up the stress level in the specimen and compress the specimen. Part of 

the unloading wave is reflected back, and the rest transmits into the transition bar at the bar/specimen 

interface, while the specimen is unloaded. The incident and reflected pulses are measured by the 

strain gauge in the incident bar, and the transmitted pulse is measured by the strain gauges on the 

transmission bar. When stress waves propagate in a long rod, the mechanical energy of the stress 

wave takes the form of the strain energy though bar deformation and the kinetic energy of the bar 

motion. The average engineering strain rate (𝑒𝑠̇) in the specimen can be found as follows [36]: 

𝑒𝑠̇(𝑡) =  −2
𝐶𝑏

𝐿𝑠

𝜀𝑅(𝑡) (9) 

where Ls is the specimen length, ɛR is strain in the reflected pulse (measured by a strain gauges), and 

Cb is the elastic bar wave speed, which can be found from the following [36]: 

𝐶𝑏 =  √
𝐸𝑏

𝜌𝑏

 (10) 

where Eb is the Young’s modulus of the bar and 𝜌𝑏 is the density of the bar. The average engineering 

strain (es) in the specimen can be found by the following [36]: 

𝑒𝑠(𝑡) = 2
𝐶𝑏

𝐿𝑠

∫ 𝜀𝑅

𝑡

0

𝑑𝑡 (11) 

where t is the duration of the reflected pulse. The engineering stress (𝑠𝑠) in the specimen can be found 

by the following [36]: 

𝑠𝑠(𝑡) =
𝐴𝐵

𝐴𝑠

𝐸𝐵𝜀𝑇(𝑡) (12) 

where the strain in the transmitted pulse is ɛT (measured by strain gauges), AS is the cross-sectional 

area of the specimen, and AB is the cross-sectional area of the bar. From the equations for es and ss, a 

stress-strain curve is obtained at a strain rate defined by an average taken over 𝑒𝑠̇. Pellets were tested 
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in axial and diametral orientations in the SHPB test and 10 repeats were conducted per sample. The 

data were collected and then processed in Matlab® 2015a. The strain signal was differentiated to 

analyse the rate of change and inflection of strain rates in the experiment. Signal smoothing was 

conducted using the smoothn.m script by Garcia [49], which is an automated smoothing procedure 

for uniformly sampled data sets based on a penalised least squared method, which allows smoothing 

of the results in one or higher dimensions by means of the discrete cosine function. The results are 

presented as engineering strain, strain rate, and stress. 

3. Results and Discussion 

3.1. Pellet Durability 

Mechanical durability is the standard ISO test for assessing the resistance of densified fuels 

towards shocks and/or abrasion because of handling and transportation processes. Unlike the  

quasi-static and dynamic mechanical strength tests, which are single pellet tests, it is a bulk material 

test. Apart from sunflower and mixed wood pellets, all samples conform with both ISO pellet 

specifications of 97.5% durability [9,10]. Figure 3 shows that a correlation exists between the 

ring-roller mill energy and pellet durability, which was previously noted in a knife mill [21]. Mixed 

wood pellets were an outlier for both tests because of mill choking [44]. Both mills showed a good fit 

(R2 > 0.92, R2 > 0.995 [21]), but more testing is required for other biomass varieties to validate the 

result. These correlations have not been noted previously in literature. Figure 4 shows that this 

correlation also exists for HGI (R2 > 0.99), but only for pellets with a durability over 97.5%. This 

suggests that low durability will not only result in a pellet that is unsuitable for transport, but will 

also have poor comminution behaviour. Thus, mechanical durability can provide an indication of 

how well a pellet will break down in a mill, as well as its suitability for transportation and handling. 

 

Figure 3. Ring-roller mill energy versus pellet durability. The acceptable limits of durability according 

to BS EN ISO 17225-2/6 for wood and non-wood pellets are noted. (Milling n = 3, durability n = 2). 

Little was known about the densification process used to manufacture the pellets in this study 

beyond the pre-densified particle size distribution (Table 1) [44]. The microwave pellets did not 

disintegrate in the pellet disintegration test, and thus their pre-densified particle size distribution is 

unknown. Mixed wood and sunflower pellets had the largest particle size of all the pellets, with 

pre-densified 80th percentile particle size (d80) of 1373 and 1744 µm, respectively. Based on the 
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durability and milling results (Figures 3 and 4), it can be deduced that these pellets are composed of 

particles that are not only too large to form a durable pellet, but are also too large to be classified in 

mills. The recommended particle size for good pellet quality is 0.6 to 0.8 mm [50], with Franke and 

Ray [51] recommending a particle size of 0.5 to 0.7 mm for more durable pellets. Particles greater than 

1 mm will act as predetermined breaking points in pellets, but the increased cost of production of 

fine pellets results in pellets with average particle sizes in excess of 1 mm. Additionally, the present 

study found no correlation between pellet mechanical strength and durability, which was previously 

noted by Larsson et al. [34]. 

 

Figure 4. Pellet Hardgrove Grindability Index (HGI) values versus pellet durability. The acceptable 

limits of durability according to BS EN ISO 17225-2/6 for wood and non-wood pellets are noted (n = 2). 

Table 1. Pre-densified 80th percentile particle size (d80), durability, and milling energy data.  

HGI—Hardgrove Grindability Index. 

Sample 
Pre-Densified 

d80 (µm) 

Durability 

(%) 
HGI 

Ring-Roller 

Energy (kWh/t) 

Ring-Roller 

d80 (µm) 

Knife Mill 

Energy (kWh/t) 

Knife Mill 

d80 (µm) 

Eucalyptus Pellets 1215 98 22 16.4 ± 1.8 958 29.1 ± 0.9 1171 

Mixed Wood Pellets 1373 96 18 24.9 ± 7.0 1201 32.5 ± 0.5 1105 

Miscanthus Pellets 1251 98 18 12.8 ± 2.3 1377 27.4 ± 0.8 1069 

Sunflower Pellets 1744 93 20 7.9 ± 1.3 1523 19.3 ± 2.3 1145 

Steam Exploded Pellets 1196 99 29 17.1 ± 1.6 521 21.8 ± 1.9 1412 

Microwave Pellets – – – 12.1 ± 1.9 538 20.4 ± 2.7 1091 

3.2. Quasi-Static Mechanical Strength of Pellet 

The quasi-static compressive mechanical strength of commercially sourced biomass pellets has 

only been explored in a few studies, and results generally show a large variation due to the 

heterogeneous nature of biomass pellet composition [5,6]. In this study, two main failure modes were 

observed during the axial and diametral compression testing. Shear failure (Figure 5a,c) was 

observed for sunflower pellets, and steam exploded and microwave pellets. Secondly, delamination 

(Figure 5b,d) was observed for mixed wood and eucalyptus pellets. Miscanthus pellets showed both 

failure modes, especially in diametral compression tests where a delamination would result in a shear 

failure across the cross-section of the pellet. The failure mode observed during the quasi-static test 

was mainly that of ductile materials, with a progressive loading and gradual collapse (Supplemental 

Figure S1). Only steam exploded pellets showed a more brittle fracture mode, with the sudden 

collapse in axial and flexure modes. Microwave pellets also experience a more brittle fracture during 
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the flexure test. Biomass pellet bonding relies on the strength of the bonds between the particles, and 

not the particles themselves. Pellet bonds are influenced by pellet processing methods, moisture 

content, and the quantity of extractives such as fatty acids and waxes [16]. Higher extractive contents 

has been shown to reduce pellet strength, as these substances form on the wood particle surface and 

prevent bonding between particles [24]. Delamination of the particles during the compression tests 

indicates that the bonding between the particle surfaces is weak, which could be linked to the 

extractive contents of the raw biomass. 

 

Figure 5. (a) Axial failure by shear (sunflower pellets), (b) axial failure by delamination (mixed wood 

pellets), (c) diametral failure by shear (sunflower pellets), and (d) diametral failure by delamination 

(mixed wood pellets). 

The quasi-static mechanical properties of the pellets are summarised in Table 2. Proportional 

stress, elastic strain, and the Young’s modulus describe the properties up to their elastic limit (straight 

line) on the stress–strain curves, while ultimate stress and ductility describe the properties of the 

pellets at the point of failure. Ten pellets were used in each test, but the high standard deviation in 

Table 2 suggests that more runs are required to increase the accuracy of the test. Up to the elastic 

limit, the proportional stress of the samples does not vary significantly between orientations. Steam 

exploded pellets has identical proportional stress values in diametral and axial orientations (16.7 MPa), 

and only slightly lower in flexure (16.0 MPa), and similar trends were observed for miscanthus and 

sunflower pellets. However, microwave, eucalyptus, and mixed wood pellets showed diametral 

proportional stress that was almost twice the stress observed in axial and flexure orientations.  
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Table 2. Mean and standard deviation (SD) of proportional stress limit σP, elastic strain εp, Young’s 

modulus E, ultimate strength (σS), and ductility εs, for biomass pellets tested in axial, flexure, and 

diametral orientations at low strain rates. Standard deviation (SD) is for 10 repeats of each sample. 

Sample 

Proportional 

Stress Limit σP 

(MPa) 

Elastic Strain 

εp (%) 
Young’s Modulus E (MPa) 

Ultimate 

Strength σS 

(MPa) 

Ductility εs (%) 

Mean SD Mean SD Mean SD Mean SD Mean SD 

Axial           

Eucalyptus Pellets 4.5 1.7 5.6 2.2 87 39 5.5 1.8 10.3 3.0 

Mixed Wood Pellets 3.9 0.8 3.4 0.6 115 24 4.1 0.8 5.4 2.0 

Miscanthus Pellets 6.0 1.8 5.9 1.1 106 43 6.6 2.1 8.4 1.5 

Sunflower Pellets 6.6 3.6 8.3 2.9 82 38 7.5 3.5 12.9 2.5 

Microwave Pellets 3.1 0.8 2.3 0.5 140 48 4.0 0.8 5.2 1.9 

Steam Exploded Pellets 16.7 4.4 2.1 0.6 871 331 19.8 3.9 3.1 0.8 

Diametral           

Eucalyptus Pellets 7.7 3.1 5.7 1.6 133 35 9.9 3.5 12.0 2.9 

Mixed Wood Pellets 7.9 2.9 6.5 1.5 120 25 9.5 3.5 13.8 3.5 

Miscanthus Pellets 6.6 3.0 8.5 2.5 90 50 7.4 3.2 15.4 4.9 

Sunflower Pellets 5.8 1.8 6.5 1.5 96 46 6.5 1.7 11.4 4.4 

Microwave Pellets 5.5 3.1 7.3 2.7 73 19 6.4 3.5 11.2 4.4 

Steam Exploded Pellets 16.7 2.8 3.6 2.8 468 71 18.4 3.2 5.5 1.2 

Flexure           

Eucalyptus Pellets 2.2 0.9 16.6 2.9 15.4 6.8 2.4 1.0 19.2 4.4 

Mixed Wood Pellets 2.3 1.3 16.9 3.4 15.2 7.5 2.7 1.3 26.0 10.1 

Miscanthus Pellets 2.6 1.0 10.5 2.9 31.6 17.8 3.0 1.1 13.4 4.0 

Sunflower Pellets 2.5 1.4 18.0 6.4 18.0 11.7 2.9 1.8 23.9 9.4 

Microwave Pellets 3.1 1.7 7.4 2.4 40.9 15.7 3.4 1.8 8.8 3.3 

Steam Exploded Pellets 16.0 3.8 6.7 1.2 277.9 56.3 16.4 3.9 6.9 1.1 

The elastic strain was lowest for axially orientated pellets and highest for flexure. This resulted 

in high Young’s modulus values in the axial orientation, especially for steam-exploded pellets (871 

MPa) compared with diametral (468 MPa) and flexure (278 MPa) orientations. The Young’s modulus 

represents a materials stiffness, and these results show that pellets show the highest rigidity in axial 

orientations under a uniformly distributed load, and poor rigidity when subjected to point loads 

(flexure). This is important for different processing conditions, as during storage and transport, loads 

will be uniformly distributed in axial and diametral orientations, but milling will involve more point 

loads. Thus, it is desirable to have higher Young’s modulus in axial and diametral orientations 

compared with flexure. Table 2 shows that at the point of failure, ultimate stress has not increased 

significantly beyond the proportional limit, but ductility (or strain at failure) has significantly 

increased. This suggests that the pellets are sustaining the load but collapsing before failure. In 

comparison to wood beams, biomass pellets have much lower values of Young’s modulus [48]. This 

is to be expected, as unlike timber, biomass pellets are heterogeneous particulate composites with no 

inherent structural components [52]. The strength of wood pellets made from untreated biomass 

arises from the thermal softening of lignin during the pelleting process [7]. This thermal softening of 

lignin polymer chains results in strong bonds upon cooling. The optimization of the pelleting process 

is essential to ensure that the strength of biomass pellets is such that pellets are durable during 

transport, but also relatively easy to disintegrate during milling. 

3.3. Correlations between Quasi-Static Mechanical Strength and Milling Energy 

In order to evaluate any potential relationships between the quasi-static mechanical properties 

of the biomass pellets and their previously obtained milling energies [44], correlations were explored 

for all parameters using Minitab 17.1. Only correlations with p-values below 0.05 were considered 

statistically significant. Based on this, no correlations were observed for axial or flexure mechanical 

properties and milling energy. However, several correlations were observed for diametral 

compressive mechanical properties. The first correlation was between biomass strain and HGI 

(Figure 6). With a p-value of 0.006, the relationship was statistically significant. The correlation 

between diametral compressive ductility (strain at failure) versus HGI (Figure 6) shows a strong 

negative correlation (−0.97) with no unusual residuals, and a strong data fit (R2 > 0.94). A similar but 
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weaker correlation was also observed between diametral compressive elastic strain and HGI  

(R2 > 0.82), and is shown in Supplementary Figure S2. The results suggest that ductility relates better 

to HGI for all pellet types than durability does, which only showed a correlation for samples with a 

durability above 97.5% (Figure 4). 

 

Figure 6. Biomass pellet diametral ductility versus HGI (HGI n = 2, ductility n = 10). 

Figure 7 shows that correlations also exist between milling energy in a ring-roller mill (Figure 7a) 

and knife mill (Figure 7b) against diametral ultimate stress for the biomass pellets. Similar 

correlations were obtained for the milling energy and diametral proportional stress for the pellets 

(Supplementary Figure S3). For both correlations, the steam exploded pellets were an extreme outlier, 

with much higher diametral stress values than the other pellets, and thus are not indicated in Figure 7. 

Steam explosion uses the introduction and release of high-pressure steam in a reactor in short periods 

of time to rapidly expand biomass material. This induces significant physical, chemical, and 

structural changes in the biomass, as well as makes lignin more available for binding during 

densification [1]. Steam explosion breaks the lignin down into moderately reactive low-molecular 

weight products while retaining their basic structure. In contrast, torrefaction is the slow heating of 

biomass in an inert environment up to a maximum temperature of 300 °C [20]. Torrefaction improves 

binding during densification by increasing the number of available lignin sites, breaking down the 

hemi-cellulose matrix, and forming fatty unsaturated structures. The results of this study indicate 

that the steam explosion process has fundamentally altered the nature of the biomass pellet structure 

compared with other non-thermally treated pellets and microwave pellets. This indicates that 

different torrefaction methods impact pellet strength differently because of the varying impact of the 

thermal pre-treatment process on the composition of the pellets. 

The positive correlation (0.91) between ring-roller mill energy and diametral ultimate strength 

had a p-value of 0.031, with R2 > 0.87. The same trends were noted for the knife mill and diametral 

ultimate strength correlations (0.94), with a p-value of 0.019 and R2 > 0.87. Figure 7 indicates that the 

diametral stress of a biomass pellet can be used as an indicator of how well that pellet will break 

down in the mill. It must be noted that the quasi-static mechanical test of biomass pellets does not 

provide an indication of biomass particle grindability However, as Figure 7a illustrates, there are 

significant error bars relating to biomass pellet mechanical strength, which has been observed in other 

studies [5]. Only a few studies to date have examined the mechanical properties of commercially 

produced biomass pellets [5–7,35]. Commercially produced pellets are more variable in size and 

composition compared with pellets produced in a single pellet die in a laboratory, and thus more 

variation in the results is to be expected. However, the benefit of the mechanical testing machine used 
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in this study is that it is a standard piece of equipment in mechanical engineering laboratories and 

test facilities, and thus can be readily used to assess biomass pellet mechanical strength. 

 

Figure 7. Ring-Roller (a) and knife mill (b) energy against biomass pellet diametral ultimate strength 

(milling energy n = 3, stress data n = 10). 

3.4. Dynamic Mechanical Strength of Biomass Pellets 

Quasi-static mechanical tests give the mechanical response of biomass pellets at low strain rates 

(10−4–100 s−1) [22]. However, the actual strain rates experienced during milling are significantly higher. 

The Split Hopkinson pressure bar (SHPB) test provides a method of measuring the dynamic response 

of biomass pellets at high strain rates. Using a high speed camera (iPhone 5s, 120 frames per second), 

the dynamic response of a mixed wood pellets in the diametral orientation was recorded (Figure 8). 

Initially, the pellet was suspended between the incident and transmission bars (Figure 8a). 

Subsequently, the incident bar was hit by the striker and compressed the specimen into the 

transmission bar (Figure 8b). Both bars and the specimen travel horizontally until the transmission 

bar hits the stop and reverses direction, and then collides with the incident bar (Figure 8c). The energy 

transfer causes the transmission bar to accelerate away from the bar, resulting in the specimen 

material being released in an explosion-like manner. At the end of the test (Figure 8d), the pellet has 
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completely disintegrated, and a small amount of pellet has been deposited on the contact faces of the 

bars. 

 

Figure 8. Video stills of SHPB test on mixed wood pellet in diametral orientation. Initial pellet position 

(a), initial impact (b), bars hitting the stop (c), final position of bars (d). 

The impact results in a signal being recorded by the strain gauges on the incident and 

transmission bars. Figure 9a shows that for the no sample condition, virtually all the impact energy 

is transferred to the transmission bar upon impact. However, when a biomass pellet is placed 

between the two acrylic bars, the energy transferred is significantly reduced (Figure 9b). When the 

compression wave in the incident bar propagates to the interface between the incident bar and 

specimen, part of the wave is reflected back, and the rest is transmitted into the specimen. The wave 

is then reflected back and forth within the sample because of the mismatch of the wave impedance 

between the sample and bars. 

 

Figure 9. Incident and transmitted pulse for no sample condition (a) and incident, reflected and 

transmitted pulse for eucalyptus pellets in diametral orientation (b). 

The results of SHPB tests for the biomass pellets are presented in Table 3. The sample showed a 

higher Young’s modulus and compressive engineering stress in diametral orientation compared with 

the axial orientation. Unlike the results of Pierre et al. [53] for spruce wood, the samples did not 

a b
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compress but disintegrated upon impact, which is the desired effect for biomass pellets. However, as 

a constant strain rate condition was not achieved during the test, obtaining an accurate measurement 

of the pellet Young’s modulus was difficult. The maximum compressive stress did, however, occur 

within the area of constant strain rate, and thus can be taken as a measure of the strength of the 

materials. Steam exploded pellets showed the highest Young’s modulus and maximum compressive 

stress in axial and diametral orientations, and are thus the strongest of all the pellets. The other pellets 

had similar maximum compressive strengths in the diametral orientation (10 to 12 MPa) but varied 

in the axial orientation. None of the pellets experienced brittle failure (Supplemental Figure S4). 

Steam exploded, and microwave and miscanthus pellets sustained less than half the strain of mixed 

wood, eucalyptus, and sunflower pellets in the axial orientation, while in the diametral orientation, 

the microwave pellets had the highest strain of all the samples. 

Table 3. Mean diametral and axial compressive Young’s modulus (Ee), engineering stress (ss), and 

engineering strain rates (𝑒̇𝑠). 

Sample 
Diametral 𝒆̇𝒔 

(s−1) 

Diametral ss 

(MPa) 

Diametral Ee 

(MPa) 

Axial 𝒆̇𝒔 

(s−1) 

Axial ss 

(MPa) 

Axial Ee 

(MPa) 

Eucalyptus 1257 11 129 1301 5 15 

Mixed Wood 1130 11 124 1400 7 40 

Miscanthus 679 12 205 719 7 28 

Sunflower 1274 12 113 1283 8 21 

Steam Exploded 1040 19 707 830 15 140 

Microwave 1820 10 57 1329 3 22 

3.5. Correlations between Dynamic Mechanical Strength and Milling Energy 

As with the quasi-static mechanical strength tests, correlations between the dynamic mechanical 

properties of the biomass pellets and their previously obtained milling energies [44] were obtained 

using Minitab 17.1. Unlike the quasi-static mechanical tests, there were no correlations between 

diametral mechanical properties and milling energy. Correlations were observed in the axial 

orientation however. The steam exploded, and eucalyptus pellets were outliers in all correlations, 

and thus were not included in regression analysis. 

Correlations were obtained between the dynamic axial Young’s modulus and ring-roller and 

knife milling energies. For axial dynamic Young’s modulus and ring-roller milling energy (Figure 10a), 

the positive correlation (0.96) was statistically significant (p = 0.038) with a good fit (R2 > 0.92). The 

correlation was slightly stronger for axial dynamic Young’s modulus and knife milling energy 

(Figure 10b), with a positive correlation (0.97) and a p-value of 0.027, and a good data fit (R2 > 0.94). 

However, as Figure 10 illustrates, there is a large degree of uncertainty to the dynamic strength 

results. The poor repeatability of single pellet mechanical tests has been noted in previous studies [23], 

and thus further work is required to enhance the accuracy of the results through refined testing 

methodologies, such as the influence on pellet length and diameter on pellet strength. Despite this, 

the results indicate that correlations can be drawn between milling energy and dynamic strength tests. 
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Figure 10. SHPB axial Young’s modulus against knife milling energy (a) and ring-roller (b) milling 

energy for biomass pellets (milling energy n = 3, Es data n = 10). 

3.6. Comparison of Quasi-Static and Dynamic Mechanical Strength 

This study is the first to assess the dynamic mechanical strength of biomass pellets and relate it 

to milling energy. The results in Tables 2 and 3 indicate that for some orientations, quasi-static and 

dynamic mechanical strength tests will provide similar mechanical strengths, while in other pellets 

it will vary significantly. In general, compressive stress was highest in the diametral orientation at 

low and high strain rates, which has also been observed for other cellulosic materials tested in an 

SHPB [40]. Brittle fracture was only observed in the flexure test for the steam exploded and 

microwave pellets (Figure S1). All other samples exhibited more ductile fracture (Figures S1 and S4). 

For samples tested in the diametral orientation, pellet strength was greater at high strain rates. 

The greatest variation was observed for sunflower pellets, with the diametral quasi-static stress being 

52% lower than the dynamic diametral stress. Interestingly, microwave pellets strength at low strain 

rates was 46% lower than at high strain rates, but steam exploded pellets were only 13% lower. The 
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steam exploded pellets effectively maintained their strength across the strain range. This suggests 

that different thermal pre-treatments affect mechanical strength differently at low and high strain 

rates. Eucalyptus, mixed wood, sunflower, and microwave pellets had similar diametral Young’s 

modulus values at low and high strain rates. Only miscanthus and steam exploded pellets showed 

significant variances between high and low strain rates, with miscanthus’ quasi-static diametral 

Young’s modulus being 56% lower than its dynamic value, and 34% lower for steam exploded pellets. 

This indicates that these pellets are more rigid at higher strain rates. In the axial orientation, the 

overall pellet strength is greater at high strain rates in axial orientations, apart for steam exploded 

pellets (15% higher in the quasi-static test). The quasi-static stress was 10%–20% lower on average 

than the dynamic, apart from mixed wood, which was 47% lower. Further work is currently ongoing 

into the relationship between quasi-static and dynamic mechanical strength to pellet particle surface 

area, pellet breakage function, and milling energy. 

The axial Young’s modulus showed a very different trend to all other parameters. The dynamic 

axial Young’s modulus was much lower in comparison with the quasi-static test, with reductions of 

84% for microwave pellets, 83% for eucalyptus pellets, and 66% for mixed wood. Thus, the pellets are 

less rigid at high strain rates than at low strain rates in axial orientations. The variation in Young’s 

modulus in the axial orientation can be related to two issues. In the SHPB test, Young’s modulus is 

recorded in the non-linear strain rate region, whereas the strain rate is maintained at a constant level 

throughout the quasi-static test. This is a limitation of the dynamic test for soft materials, which have 

no structural integrity. As a result, they cannot withstand the impact long enough for failure to occur 

within the constant strain rate region. The second reason is because of the impedance mismatch with 

the bars and specimen. Conventional pressure bars have an impedance mismatch with soft materials 

because of the significant difference in longitude wave speed and density between the bars and the 

specimen [54]. This causes most of the wave to be reflected into the incident bar at the specimen bar 

interface. The stress wave transmitted through the sample has a very low amplitude, thus the signal 

to noise ratio can be of the same magnitude, making it impossible to record measurements. Further 

study is required into alternative bars with impedances closer to that of the biomass pellets to increase 

the signal strength and increase the accuracy of the readings. 

4. Conclusions 

This paper investigated the pellet durability and mechanical strength of commercially produced 

biomass pellets at high and low strain rates. Relationships between these mechanical properties and 

their milling energies in several mills were obtained. The paper presented the novel use of the Split 

Hopkinson pressure bar test to analyse dynamic mechanical response of biomass pellets at high strain 

rates. The pellet durability correlated with HGI (provided the pellet durability was over 97.5%) and 

the milling energies from a knife mill and ring-roller mill. The results indicate that low durability will 

result in pellets that are unsuitable for transport and comminution. 

The compressive strength of the biomass pellets at low and high strain rates and in multiple 

orientations was obtained using quasi-static and dynamic mechanical tests. At low strain rates, the 

biomass pellets showed the highest rigidity in axial orientations under a uniformly distributed load 

(axial and diametral orientations), and poor rigidity when subjected to point loads (flexure test). This 

is desirable for storage, transport, and comminution processes. Dynamic mechanical strength and 

rigidity were highest in the diametral orientation. Pellet strength was greater at high strain rates than 

at low strain rates. Orientation was an important factor in relating mechanical strength to milling 

energy. Correlations were only observed in the diametral orientation at low strain rates and in the 

axial orientation at high strain rates. The results of the study indicated that different torrefaction 

methods have varying impacts on pellet strength. Mechanical tests of biomass pellets can provide an 

indication of how a pellet will break down in the mill, but further work is required to enhance their 

accuracy for commercially produced biomass pellets. 
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Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1, Figure S1: Typical 

quasi-static stress strain curves for biomass pellets in axial (a), diametric (b), and flexure (c) orientations. Figure 

S2: Biomass pellet quasi-static diametric elastic strain versus HGI (HGI n = 2, strain data n = 10). Figure S3: 

Ring-Roller (a) and knife mil (b) energy against biomass pellet quasi-static diametric proportional stress (milling 

energy n = 3, stress data n = 10). Figure S4: Typical dynamic stress strain curves for biomass pellets in axial (a) 

and, diametric (b), orientations. 

Author Contributions: O.W. coordinated the experimental design, conducted the data collection, data analysis 

and paper writing. C.E. contributed the original idea for the quasi-static mechanical tests and focus of the paper. 

S.K. and E.L. contributed the original idea for the dynamic mechanical tests. S.T. assisted the data collection for 

the mechanical testing. D.G. assisted in the data analysis of the results. All authors assisted in the paper 

preparation and paper review. 

Funding: This research was funded by the Engineering and Physical Sciences Research Council [grant number 

EP/G037345/1] and the Biomass & Fossil Fuel Research Alliance (BF2RA). 

Acknowledgments: The study was part of an Engineering Doctorate at the Efficient Fossil Energy Technology 

Centre in the Faculty of Engineering at The University of Nottingham. The authors would like to thank Richard 

Brooks at the University of Nottingham for access to the Split Hopkinson pressure bar facility, as well as all those 

involved for their support and cooperation during the research. 

Conflicts of Interest: The authors declare no conflict of interest. 

References 

1. Tumuluru, J.S.; Wright, C.T.; Hess, J.R.; Kenney, K.L. A review of biomass densification systems to develop 

uniform feedstock commodities for bioenergy application. Biofuels Bioprod. Biorefin. 2011, 5, 683–707. 

2. Obernberger, I.; Thek, G. Pellet Production and Logistics. Pellet Handb; 1st ed.; Earthscan Ltd.: London, UK, 

2010; pp. 85–129. 

3. Hedlund, F.H.; Astad, J.; Nichols, J. Inherent hazards, poor reporting and limited learning in the solid 

biomass energy sector: A case study of a wheel loader igniting wood dust, leading to fatal explosion at 

wood pellet manufacturer. Biomass Bioenergy 2014, 66, 450–459. 

4. Vassilev, S.V.; Baxter, D.; Andersen, L.K.; Vassileva, C.G. An overview of the chemical composition of 

biomass. Fuel 2010, 89, 913–933. 

5. Graham, S.; Ogunfayo, I.; Hall, M.R.; Snape, C.; Quick, W.; Weatherstone, S.; Eastwick, C. Changes in 

mechanical properties of wood pellets during artificial degradation in a laboratory environment. Fuel 

Process Technol. 2016, 148, 395–402. 

6. Graham, S.; Eastwick, C.; Snape, C.; Quick, W. Mechanical degradation of biomass wood pellets during 

long term stockpile storage. Fuel Process Technol. 2017, 160, 143–151. 

7. Shang, L.; Nielsen, N.P.K.; Dahl, J.; Stelte, W.; Ahrenfeldt, J.; Holm, J.K.; Thomsen, T.; Henriksen, U.B. 

Quality effects caused by torrefaction of pellets made from Scots pine. Fuel Process Technol. 2012, 101, 23–28. 

8. BS EN ISO 17831-1:2015 Solid Biofuels—Determination of Mechanical Durability of Pellets and Briquettes Part 1: 

Pellets; The British Standards Institution: London, UK, 2015.  

9. EN ISO 17225-2:2014—Solid Biofuels—Fuel Specifications and Classes Part 2 : Graded Wood Pellets; The British 

Standards Institution: London, UK, 2014. 

10. BS EN ISO 17225-6:2014—Solid Biofuels—Fuel Specifications and Classes Part 6 : Graded Non-Woody Pellets; The 

British Standards Institution: London, UK, 2014. 

11. Miranda, T.; Montero, I.; Sepúlveda, F.J.; Arranz, J.I.; Rojas, C.V.; Nogales, S. A review of pellets from 

different sources. Materials 2015, 8, 1413–1427. 

12. Castellano, J.M.; Gómez, M.; Fernández, M.; Esteban, L.S.; Carrasco, J.E. Study on the effects of raw 

materials composition and pelletization conditions on the quality and properties of pellets obtained from 

different woody and non woody biomasses. Fuel 2015, 139, 629–636. 

13. Gil, M.; Oulego, P.; Casal, M.D.; Pevida, C.; Pis, J.J.; Rubiera, F. Mechanical durability and combustion 

characteristics of pellets from biomass blends. Bioresour. Technol. 2010, 101, 8859–8867. 

14. Samuelsson, R.; Thyrel, M.; Sjöström, M.; Lestander, T.A. Effect of biomaterial characteristics on pelletizing 

properties and biofuel pellet quality. Fuel Process. Technol. 2009, 90, 1129–1134. 

15. Mani, S.; Tabil, L.G.; Sokhansanj, S. Effects of compressive force, particle size and moisture content on 

mechanical properties of biomass pellets from grasses. Biomass Bioenergy 2006, 30, 648–654. 



Materials 2018, 11, 1329 17 of 18 

 

16. Huang, Y.; Finell, M.; Larsson, S.; Wang, X.; Zhang, J.; Wei, R.; Liu, L. Biofuel pellets made at low moisture 

content—Influence of water in the binding mechanism of densified biomass. Biomass Bioenergy 2017, 98, 8–14. 

17. Whittaker, C.; Shield, I. Factors affecting wood, energy grass and straw pellet durability—A review. Renew. 

Sustain. Energy Rev. 2017, 71, 1–11. 

18. Holm, J.K.; Henriksen, U.B.; Hustad, J.E.; Sørensen, L.H. Toward an Understanding of Controlling 

Parameters in Softwood and Hardwood Pellets Production. Energy Fuels 2006, 20, 2686–2694. 

19. Obernberger, I.; Thek, G. Physical characterisation and chemical composition of densified biomass fuels 

with regard to their combustion behaviour. Biomass Bioenergy 2004, 27, 653–669. 

20. Nunes, L.J.R.; Matias, J.C.O.; Catalão, J.P.S. A review on torrefied biomass pellets as a sustainable 

alternative to coal in power generation. Renew. Sustain. Energy Rev. 2014, 40, 153–160. 

21. Williams, O.; Lester, E.; Kingman, S.; Giddings, D.; Lormor, S.; Eastwick, C. Benefits of dry comminution 

of biomass pellets in a knife mill. Biosyst. Eng. 2017, 160, 42–54. 

22. Mulliken, A.D.; Boyce, M.C. Mechanics of the rate-dependent elastic-plastic deformation of glassy 

polymers from low to high strain rates. Int. J. Solids Struct. 2006, 43, 1331–1356. 

23. Kaliyan, N.; Vance Morey, R. Factors affecting strength and durability of densified biomass products. 

Biomass Bioenergy 2009, 33, 337–359. 

24. Stelte, W.; Holm, J.K.; Sanadi, A.R.; Barsberg, S.; Ahrenfeldt, J.; Henriksen, U.B. A study of bonding and 

failure mechanisms in fuel pellets from different biomass resources. Biomass Bioenergy 2011, 35, 910–918. 

25. Zamorano, M.; Popov, V.; Rodríguez, M.L.; García-Maraver, A. A comparative study of quality properties 

of pelletized agricultural and forestry lopping residues. Renew. Energy 2011, 36, 3133–3140. 

26. Carone, M.T.; Pantaleo, A.; Pellerano, A. Influence of process parameters and biomass characteristics on 

the durability of pellets from the pruning residues of Olea europaea L. Biomass Bioenergy 2011, 35, 402–410. 

27. Wang, Y.; Wu, K.; Sun, Y. Pelletizing Properties of Wheat Straw Blending with Rice Straw. Energy Fuels 

2017, 31, 5126–5134. 

28. Li, Y.; Liu, H. High-pressure densification of wood residues to form an upgraded fuel. Biomass Bioenergy 

2000, 19, 177–186. 

29. Thomas, M.; van der Poel, A.F.B. Physical quality of pelleted animal feed 1. Criteria for pellet quality. Anim. 

Feed Sci. Technol. 1996, 61, 89–112. 

30. Harun, N.Y.; Afzal, M.T. Effect of Particle Size on Mechanical Properties of Pellets Made from Biomass 

Blends. Procedia Eng. 2016, 148, 93–99. 

31. Gaitán-Alvarez, J.; Moya, R.; Puente-Urbina, A.; Rodriguez-Zuñiga, A. Physical and Compression 

Properties of Pellets Manufactured with the Biomass of Five Woody Tropical Species of Costa Rica 

Torrefied at Different Temperatures and Times. Energies 2017, 10, 1205. 

32. Pampuro, N.; Bagagiolo, G.; Priarone, P.C.; Cavallo, E. Effects of pelletizing pressure and the addition of 

woody bulking agents on the physical and mechanical properties of pellets made from composted pig solid 

fraction. Powder Technol. 2017, 311, 112–119. 

33. Kirsten, C.; Lenz, V.; Schröder, H.W.; Repke, J.U. Hay pellets–The influence of particle size reduction on 

their physical-mechanical quality and energy demand during production. Fuel Process. Technol. 2016, 148, 

163–174. 

34. Larsson, S.H.; Samuelsson, R. Prediction of ISO 17831-1:2015 mechanical biofuel pellet durability from 

single pellet characterization. Fuel Process. Technol. 2017, 163, 8–15. 

35. Bergman, P.C.A. Combined Torrefaction and Pelletisation. ECN Rep ECN-C--05-073 2005. doi:ECN-C--05-

073. Available online: http://www.ecn.nl/docs/library/report/2005/c05073.pdf (accessed on 1 May 2018). 

36. Chen, W.W.; Song, B. Split Hopkinson (Kolsky) Bar: Design, Testing and Applications; Springer Science & 

Business Media: New York, NY, USA, 2010; Volume 1. 

37. Lau, P.C.; Teo, D.C.L.; Mannan, M.A. Characteristics of lightweight aggregate produced from lime-treated 

sewage sludge and palm oil fuel ash. Constr. Build. Mater. 2017, 152, 558–567. 

38. Kolsky, H. An investigation of the mechanical properties of materials at very high rates of loading. Proc. 

Phys. Soc. B 1949, 62, 676–700. 

39. Fandrich, R.; Clout, J.M.; Bourgeois, F. The CSIRO Hopkinson Bar Facility for large diameter particle 

breakage. Miner. Eng. 1998, 11, 861–869. 

40. Palamidi, E. Hopkinson Bar Testing of Cellular Materials; University of Manchester: Manchester, UK, 2010. 

41. Hiramatsu, Y.; Oka, Y. Determination of the tensile strength of rock by a compression test of an irregular 

test piece. Int. J. Rock Mech. Min. Sci. 1966, 3, 89–90. 



Materials 2018, 11, 1329 18 of 18 

 

42. Rotawave Ltd. The Case for Energy Densification of Biomass & the Advantage of the Rotawave Ties 

System—Executive Summary 2010:4. Available online: http://www.canadian-

biocoal.com/articles/Rotawave TIES system advantage Jun 2010 _final_.pdf (accessed on 1 July 2016). 

43. BS ISO 3310-2:2013 Test Sieves—Technical Requirements and Testing Part 2 : Test Sieves of Perforated Metal Plate 

2013; The British Standards Institution: London, UK, 2013. 

44. Williams, O.; Newbolt, G.; Eastwick, C.; Kingman, S.; Giddings, D.; Lormor, S.; Lester, E. Influence of mill 

type on densified biomass comminution. Appl. Energy 2016, 182, 219–231. 

45. BS EN 16126:2012—Solid Biofuels. Determination of Particle Size Distribution of Disintegrated Pellets; The British 

Standards Institution: London, UK, 2012. 

46. BS EN 15149-2:2010: Solid Biofuels. Determination of Particle Size Distribution. Vibrating Screen Method Using 

Sieve Apertures of 3,15 mm and Below; The British Standards Institution: London, UK, 2010. 

47. BS EN ISO 17829:2015—Solid Biofuels—Determination of Length and Diameter of Pellets; The British Standards 

Institution: London, UK, 2015. 

48. Kretschmann, D.E. Chapter 5—Mechanical Properties of Wood. In Wood Handbook: Wood as an Engineering 

Material; Forest Products Laboratory: Madison, WI, USA, 2010; pp. 5.1–5.46. Available online: 

http://charlespetersonflooring.com/wp-content/uploads/2014/04/chapter_05.pdf (accessed on 22 July 2018). 

49. Garcia, D. Robust smoothing of gridded data in one and higher dimensions with missing values. Comput. 

Stat. Data Anal. 2010, 54, 1167–1178. 

50. Turner, R. Bottomline in feed processing: Achieving optimum pellet quality. Feed Manag. 1995, 46, 30–33. 

51. Franke, M.; Rey, A. Pelleting quality. World Grain 2006, 24, 78–79. 

52. Bodig, J.; Jayne, B.A. Mechanics of Wood and Wood Composites; Krieger Publishing Company: Malabar, FL, 

USA, 1993; pp. 280–335. 

53. Pierre, F.; Almeida, G.; Huber, F.; Jacquin, P.; Perré, P. An original impact device for biomass 

characterisation: Results obtained for spruce and poplar at different moisture contents. Wood Sci. Technol. 

2013, 47, 537–555. 

54. Song, B.; Chen, W. Dynamic Stress Equilibration in Split Hopkinson Pressure Bar Tests on Soft Materials. 

Exp. Mech. 2004, 44, 300–312. 

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access 

article distributed under the terms and conditions of the Creative Commons Attribution 

(CC BY) license (http://creativecommons.org/licenses/by/4.0/). 


