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Simulation of tensile tests of hemp fibre using discrete element

method
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Abstract: Tensile strength is an important property of hemp fibre, because it determines the mechanical strength of fibre-based
products such as biocomposites. Commercial discrete element software, Particle Flow Code in Three Dimensions (PFCP),
was used to develop a numerical model which simulates tensile tests of hemp fibre. The model can predict the tensile
properties (such as strength and elongation) of a hemp fibre. In the model, a virtual hemp fibre was defined as a string of
spherical balls, held together by cylindrical bonds implemented in PEC®®.  To calibrate the model, tensile data was collected
for both unretted and retted hemp fibres using a commercial Instron testing system. The average fibre diameter was 0.34 mm
for the unretted fibre and 0.30 mm for the retted fibre. The average tensile strength measured was 358 MPa for the unretted
fibre and 343 MPa for the retted fibre. The corresponding average elongations for the two types of fibres were 0.88 and

0.80 mm, for an original fibre length of 25 mm. The bond modulus, the most sensitive microproperty of the model was
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calibrated. The calibrated value was 1.02 X 10" Pa for unretted fibre and 1.05X 10" Pa for retted fibre. Using the calibrated

bond modulus, elongations of fibre were simulated using the model. The simulation results showed that the elongation

increased linearly with the increasing fibre length; whereas the elongation was not affected by the fibre diameter.
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1 Introduction

Hemp fibre is a valuable source for making
environmentally friendly and biodegradable products.
Also, hemp fibre has very high tensile strength ranging
between 0.49 to 1 GPa (Williams and Wool, 2000;
Munder and Fiirll, 2004; Beckermann and Pickering,
2008).

applications such as textile products and bio composites

As a result, hemp fibre has been used in many
for automobile industries. Development of any hemp
fibre products requires the knowledge of physical and

mechanical properties of hemp fibre. Hemp fibre is the
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outer layer of the hemp stem, also called bast fibre
(Garcia et al., 1998; Mediavilla et al., 2001). Bast fibres
consist of individual fibres which are bonded together by
an interface, which contains mainly cellulose (67%),
hemicelluloses (13%); and lignin (4%) (Bocsa and Karus,
1997, Keller et al., 2001).
fibres are known collectively as fibre bundles, and are
responsible for making up the bark tissue. This study
did not deal with single fibres, but with fibre bundle

These groups of joined single

(referred to as fibre hereafter for simplicity).

Tensile strength is one of the important fibre
properties because of its extensive use in evaluating the
strength of fibre products (Bledzki et al., 1996).
strength of hemp fibre may be affected by chemical

Tensile

treatment (Beckermann and Pickering, 2008) and retting
of the hemp (Munder and Fiirll, 2004).

biological process by which pectin and hemi cellulosic

Retting is a
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compounds between the individual fibre cells are degraded.
Although fibre properties have been measured by several
researchers (Rowell et al., 2000; Hobson et al., 2001;
Munder and Fiirll, 2004), little work has been done to
numerically simulate fibre tensile properties (Sadek et al.,
2011).

This study used the discrete element method (DEM)
to simulate tensile tests of hemp fibre to predict the
The DEM is a numerical
method to model a material as an assemblage of discrete
The DEM was first introduced by Cundall and
Strack (1979) for analyzing geological materials (rocks
Since then, the DEM has become a

tensile properties of the fibre.

particles.

and soils).
promising tool to simulate mechanical behaviours of
various other materials, including hemp fibre (Sadek et al.,
2011).
on tensile tests of hemp fibre using the DEM.

However, no simulations have been carried out

Commonly used DEM software is Particle Flow Code
in Three Dimensions (PFC’") (Itasca Consulting Group,
Inc., Minneapolis, MN). In PFC’”, the basic particles
are spherical and they are referred to as balls. Materials
to be simulated are represented by assemblies of
individual balls.

contact models among particles, which allows to model

PFC™ provides users with different

different particle interaction behaviours, for example,
free-flowing granular material, such as powder and grains
(Djordjevic, 2003; Sakaguchi et al., 2001), cohesive and
frictional materials, such as soil and manure (Mak et al.,
2012; Landry et al., 2006), and solid materials, such as
rock (Potyondy and Cundall, 2004; Pierce, 2004).
PFC’ is considered to be one of the effective tools for
the simulation of hemp fibres.

Regardless of the type of material to be simulated, a
set of microproperties is required as input parameters for
any DEM models.
the particle level, and they significantly affect the model

Microproperties define a model at
outputs. Most microproperties are not measurable at the
current time, and they are determined either using
analytical assumptions or inverse calibration methods.
In analytical assumption methods, microproperties are
determined using existing theory of the material. For
example, Young’s modulus and Poisson’s ratio of bulk

material were used to determine particle normal and shear

stiffness of the material (Cundall and Strack, 1982; Chang
2003). In

are determined by matching the

et al., inverse calibration methods,
microparemeters
simulated results with experimental data. For example,

direct shear tests were used to calibrate model
microproperties of a material through matching simulated
friction angles with measured ones (Coetzee and Els, 2009;
Sadek et al., 2011). Similarly Tanaka et al. (2000) and
Asaf et al. (2007) used penetration test data for calibrating
a soil model, and Vu-Quoc et al. (2000) used drop weight
test data for calibrating a model for soybean grains.

In summary, understanding the tensile properties of
hemp fibre is important to industries which use hemp
fibre for their products. To date, no discrete element
models have been developed for simulations of the fibre
tensile properties. The objectives of this study were to
(1) measure tensile properties of hemp fibres, (2) develop
a discrete element model to simulate the tensile tests of
hemp fibre using PFC’, and (3) calibrate the model
using measurements, and simulate the tensile properties

of hemp fibres of different diameters and lengths.
2 Mesurements of fibre tensile properties

2.1 Materials and methods
2.1.1

The Instron electromechanical testing system (3366,

Tensile testing system

Instron Corporation, MA, USA) was used for fibre tensile
tests. The testing system (Figure 1) consisted of a frame,
a crosshead, two clamps, a load cell, a drive system, and a
controller. The bottom clamp was stationary and affixed
to the base of the frame, and the top clamp was connected
to the crosshead through the load cell (2 kN capacity).
The test fibre sample was secured using the clamps. As
the drive system moved the crosshead up, it applied a
tensile load on the sample. The system was controlled
via Instron proprietary software (Bluehill2) which
allowed users to set the test parameters and analyse the
data.
2.1.2  Fibre sample preparation

Hemp fibre samples used for tensile tests were from
two types of fibre: unretted and retted hemps. The
unretted hemp was baled shortly after being swathed and

the retted hemp was left to ret in the field for
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approximately six weeks prior to being baled. In total
30 retted and 30 unretted samples were picked up from
processed hemp (Figures 2a and 2b). Selected fibres
were cut to a length of approximately 45 mm, and they
were assigned an identification number from 1 to 30
(Figure 2c¢) for the purpose of randomizing the tests.
The humidity of the
measurements are taken has a significant effect on the

strength and strain of textile materials (Saville, 1999).

environment where the

Therefore, before tensile tests, all fibre samples were
exposed to a relative humidity of 65% and a temperature

of 21°C (CGSB, 2001) in an environmental chamber for
three days.

Load cell

Figure 1 The Instron testing system and its components

o !
i

o
|

Figure 2 Hemp materials

2.1.3 Tensile tests

Prior to the test, each fibre sample was attached to a
thin cardboard frame (Figure 3a) to avoid slippage from
the clamps of the testing system during pulling.
Samples were straightened without pulling too hard and
were secured inside the cardboard window using
polyepoxide (Epoxy) glue. The window gave an
effective testing fibre length of 25 mm. To start testing,
Then the

sides of the cardboard frame were cut so that only the

the cardboard frame was fitted into the grips.
fibre was pulled during the test. The clamps were
attached at the inner edge of the card board, thus the
glued fibre did not contribute to the measuring of fibre
properties. Tension was applied to the fibre by moving
the crosshead up at 2 mm/min and continued until the
sample broke as shown in Figure 3b.

fe—— 30mm ——

|<— 20 mm

25mm —>

e—————— 45 mm ————>

b. A broken fibre sample after test

.
a. A fibre sample on a cardboard

frame before test
Figure 3 Tensile testing samples

2.1.4 Measurements

The unit of fibre fineness is expressed as tex which is
equal to a mass of 1 gram per kilometre of fibre length
(Kymélédnen, 2004).
measured using a high-precision analytical scale
(Symmetry PA 220, QC, Canada), and the length was

The mass of the fibres was

measured using a ruler. The mass and the length were

used to determine the fineness. Then, fibre diameter
was estimated using the following equation, assuming
that fibre had a circular cross-section (Munder and Fiirll,

2004) and a uniform section along the length.

d= ﬂ (1)
p
where, d = fibre diameter, pm,; = fibre fineness, tex; p =

fibre particle density, kg/m’.
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Particle density of hemp fibre was taken as
1,480 kg/m’. This density value was reported by Lilholt
and Lawther (2000).

The Bluehill2 software of the Instron testing system
recorded the load-extension curve during a test. The
sensitivity of the software was adjusted to determine the
maximum load at 10% after drop in maximum force.
Consequently, the software detected the maximum load at
the fibre failure. Several parameters were derived to
characterize the fibre properties with the recorded
load-extension curve. The fibre strength was described
in stress format. The maximum stress was the ratio of
maximum tensile force and the cross-section area. The
specific stress was the ratio of maximum tensile force and
the fineness of the fibre (Khan et al, 2011). This
parameter provides the means of comparing individual
fibres in equivalent terms and methodology. The
maximum strain was the relative change in length of the
sample at the maximum tensile force, recorded by the
Bluehill2 software.

was determined from the maximum strain, given the initial

The elongation at the fibre failure

fibre length of 25 mm. The software used a least square
fit algorithm to determine the modulus of elasticity from
the load-extension curve. The criteria for measuring the
modulus of elasticity was implemented by an algorithm
built within the Bluehill2 software. The modulus of
elasticity in this study was expressed in the same units as
the specific stress. To determine the work of rupture, the
Bluehill2 software measured the amount of energy
required to reach the yield point; this energy was
calculated by determination of the area under the
The yield

point is the point where the slope of the load-extension

load-extension curve before the yield point.

curve is zero.
2.2 Data processing

Out of 30 fibre samples tested, the data considered
valid included 21 samples for the unretted fibres and nine
samples only for the retted samples. In instances where
the glue was not able to maintain the sample attached to
the cardboard frame, the data were discarded. It is
important to note that the main objective of the tensile
tests in this study was to support model development.

Therefore, in spite of the limited number of fibre samples,

the data was deemed sufficient for the purpose of model
calibration. ~ Student’s t-tests were used to examine
differences in those measured variables between the
retted and unretted fibres at the probability of 0.05.

2.3 Results and discussion

2.3.1 Load-extension curve

Load-extension (elongation) curves from the tensile
tests could be classified into three types of curves. One
type showed the brittle behaviour of hemp fibre. As the
fibre was extended, the load increased in a linear fashion;
at a certain point of extension, the load reached its peak,
and the fibre sample suddenly broke and the load dropped
to zero (Figure 4a). For the particular fibre shown in
Figure 4a, the tensile strength and the elongation of the
fibre were 30 N and 0.65 mm, respectively. Another
type of curve also showed the brittle behaviour; however,
the increasing load portion of the curve was not linear,
but polynomial (Figure 4b). The third type of curve had
the similar increasing portion (in either linear or
polynomial fashion), but a gradual failure pattern (Figure
4c). In the last case, the fibre must be split into multiple
thinner fibres which broke at different times during
testing, and the incompletely broken fibre could still carry
some load until being completely broken.

For the unretted fibres, the majority (approximately
80%) of the samples behaved like either Figure 4a or
Figure 4b, and the other 20% behaved more like Figure
4c. For the retted fibres, approximately 50%
experienced a form of behaviour like Figure 4a, and the
other 50% behaved like Figure 4c.

unretted fibres were more brittle than the retted fibres.

One can say that the

However, this will need to be verified further with a
larger number of samples.
2.3.2  Fibre properties

The results of statistical analysis showed that none of
the measured variables were significantly different
between the retted and unretted fibres at the probability of
0.05. This was due to the highly variable nature of fibre
properties, as indicated by the high standard deviations of
the measurements shown in Table 1. However, the data
showed some important trends in the effects of retting

conditions on fibre properties.
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40 fineness. Accordingly, the diameters of the retted fibre
301 were smaller and less variable than those of the unretted

g 201 fibre. On an average, the retted fibre carried 22% lower

5 o} loads than the unretted fibre, the corresponding maximum

0 loads were 24.5 and 31.6 N respectively. Although the

e r - P> o s " ol retted fibre had smaller diameter and lower fineness, only

Extension/mm 4% lower maximum stress and 8% lower specific stress

: were observed for the retted fibre. Similar specific

iz stresses were reported by Khan et al. (2011) for unretted

30t fibres.  Munder and Firll (2004) found that the

% 20 maximum tensile stresses of hemp fibre varied from 0.5

" 0 to 0.9 GPa, which were slightly higher than those

0 g observed in this study. Higher specific stresses were

Y05 05 07 os 09 1;0 12 13 14 15 also reported by Hobson et al. (2001) for retted and
Exinsmn/mm unretted hemp fibre.

30 - The maximum strain and elongation of the retted fibre

ol were also slightly lower, when compared to those of the

z . unretted fibre. As a result of their lower loads and

g strains, the retted fibre had lower work of rupture and

0 higher modulus. Sankari (2000) studied the properties

-10 . . . s s . s . : ; of 14 varieties of hemp fibres and reported higher specific

0 0.1 02 03 04 05 06 07 08 09 1.0
Extension/mm

C

Figure 4 Typical results of load-extension curves from the tensile
tests: (a) linear curve and sudden failure, (b) polynomial curve and
sudden failure, (c) gradual failure; the triangle sign on the figure

stands for the point where the maximum load and strain were taken

Table1 Summary of measured properties of the unretted and

retted fibres

Unretted fibre Retted fibre

Property
Mean spt Mean spt

Fineness, tex 139 59.6 107 39.0
Diameter, mm 0.34 0.071 0.30 0.057
Maximum load, N 31.6 15.6 24.5 159
Maximum stress, MPa 358 173 343 157
Specific stress, cN/tex 24.2 11.7 232 10.6
Maximum strain, % 3.55 1.78 3.20 2.34
Elongation, mm 0.88 0.44 0.80 0.58
Work of rupture, mJ 17.1 14.4 12.9 14.6
Modulus, cN/tex 1136 651 1397 603

Note: 1SD is standard deviation.

The retted fibre had approximately 23% lower
fineness and 35% lower standard deviation than the
unretted fibre (Table 1). This indicated that retting

hemp could improve the fineness and the uniformity of

stresses ranging from 41 to 74 cN/tex, but the reported
maximum strains (3.3% to 5.0%) were similar to this

study.
3 Simulations of fibre tensile properties

3.1 Model development
3.1.1 Construction of virtual fibre

For simulations of tensile tests, a virtual fibre was
constructed with a set of PFC’" basic particles (balls).
In PFC®, particles can be connected together into
clusters or clumps. Cluster is a group of balls which are
connected by bonds, and they are breakable with external
forces. Clumps are also group of balls, but they are not
breakable under external forces. Therefore, clumps do
not reflect modelled fibre materials. In this study, a
virtual fibre was represented by a cluster of balls which
All the balls had

The ball diameter and number of

were arranged like a string (Figure 5a).
the same diameter.
balls can be varied to match the diameter and length of
the fibre to be simulated. The number of balls required
for a fibre with a given length and a given diameter is

calculated by the following equation:
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/
n=—+1 2
5 )
where, n = number of balls in the virtual fibre; D =
diameter of balls, equal to the diameter of fibre, mm; / =

length of virtual fibre, mm.

Bond

b

Figure 5 Virtual fibres: (a) dimensions of a virtual fibre, / is fibre
length, and D is fibre diameter; (b) examples of PEC? virtual
fibres

The next step was to define the contact between balls
in the virtual fibre, so that the wvirtual fibre could
The PFC’®
parallel bond models (PBM) are suitable for this purpose,

withstand tensile load like a real fibre.

because the bond at the contact between balls provides
certain inter-particle tensile capacity. Examples of
virtual fibres with the PBM are shown in Figure 5b.
Bond acts over a circular cross section at the contact point
of two balls, and the radius of the cylindrical bond is
equal to the radius of the ball. The cylindrical bond
withstands tensile load, and the bond breaks if the
maximum external load exceeds the prescribed strength
of the bond (Potyondy and Cundall, 2004).
any bonds in a virtual fibre means the failure of the

Therefore, the strength of the virtual fibre

Breaking of

virtual fibre.
is determined by the properties of the bond to be specified
by users.
3.1.2  Microproperties of virtual fibre

When using the PEC*® PBM, material to be modelled
is defined by three ball microproperties: normal stiffness
(ky), shear stiffness (k;), and friction coefficient (u), and

five bond microproperties: the radius of the cylindrical

bond (R), normal and shear stiffness (%“ and k ), normal
and shear strength (o. and 7.). In the case of a fibre

subjected to a tensile load, the bond microproperties are

more relevant than the ball microproperties as the balls
are connected with bonds only, and there is no interaction
among the balls under tensions. The value of R was set
to be equal to the ball radius, as illustrated in Figure 5b.

To reduce the number of bond microproperties to be
calibrated, z. was set to be equal to o., and k' was set to

be equal to k . The same assumptions have been made
in the literature for modelling other materials (Asaf et al.,
2007; McDowell and Harireche, 2002). On the other

hand, 7. and k are not critical in this particular case
having tensile load only. The stiffness of the isotropic
linear elastic material is related to the modulus and varies
with the particle size. Then, the stiffness was calculated
from the relationship between elastic modulus and

particle size given below (Itasca, 2008).

k, =4RE, (3a)

- E.

k = 3b
7 (3b)

where, k, = ball stiffness, N/m; R = ball radius, m; E. =

ball elastic modulus, Pa; k" = bond stiffness, Pa/m; Ec=
bond elastic modulus, Pa; L = centre to centre distance of
two balls in contact, m.

In this study, the
microproperties (Ky = 5x10% N/m, k,/k,= 1, = 1.0) by
Sadek et al. (2011) were used. As the elasticity is the

previously calibrated ball

intrinsic property of the material, it is more appropriate to
The ball

normal stiffness value from Sadek et al. (2011) was

use the modulus instead of the stiffness.

obtained for a uniform particle size of 2 mm. This
stiffness was converted to elastic modulus: E.

1.25%10" Pa according to Equation (3a). Thus, only o,
and EE were unknown and were to be calibrated.

3.1.3  Virtual tensile test

A virtual fibre with the desired diameter and length
was first constructed using balls and bonds as described
above. The centre of the first ball of the virtual fibre
was set as the origin of the coordinate system and the
x-axis was along the centre line of the virtual fibre
(Figure 6).
origin was fixed by applying a zero velocity boundary

All other balls in the virtual fibre are free to

To simulate a tensile test, the ball at the

condition.
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move. A tensile load along the x-axis was applied at the
free end of the virtual fibre by pulling the last ball at a
constant velocity. This model simulates the laboratory
tests conducted with the Instron testing system, and it
allows altering magnitudes of fibre diameter, length,
pulling velocity, and microproperties of the ball and
bond.

Z

Fixed ball

Moving ball

Figure 6 A virtual fibre subjected to a pulling action at a constant

velocity

During the virtual testing, the velocity of the last ball
will cause increase in the tensile stress within the virtual
fibre, more specifically within the cylindrical bonds.
The virtual fibre will fail if the maximum tensile stress
exceeds the tensile strength of the bond. This concept
has been verified in PFC’® using an example of a
cantilever beam subjected to a tensile load (Itasca, 2008).
Given these facts, the bond strength, ., was envisioned

to be equivalent to the maximum stress measured in the
tensile tests, while the bond modulus, EC, was being

calibrated, as described in the model calibration section
below.
3.2 Simulation results
3.2.1 Model behaviour

Before calibrations, the behaviour of the model was
When a
tensile load is applied to a virtual fibre, i.e. when the ball

observed with assumed bond parameters.

at the free end of the fibre is being pulled at a constant
velocity, the virtual fibre is extended. As the virtual
fibre continues to be pulled, the stress of the virtual fibre
is increasing in a linear fashion and fails suddenly. The
extension of the virtual fibre is considered as the
displacement of the last ball along the x-axis direction.
This displacement and the stress of virtual fibre were
monitored and plotted in Figure 7. Although not all
load-extension curves from the virtual tests were like
those from the laboratory tests shown in Figure 4, the
general behaviour of the load increasing with extension
and the sudden failure pattern were similar between the

virtual and laboratory tests.  The virtual fibre is

considered to be broken when the detachment between

balls within the virtual fibre occurs.

35
3.0

25 ¢

Y-Axis/ X 10°

0 1.0 2.0 3.0 4.0 5.0
X-Axis/ X 10

Note: X-Axis is fibre extension, m and Y-Axis is maximum stress, Pa.

Figure 7 A typical load-extension curve from a virtual tensile test

3.2.2 Model calibration

The model input parameters for the retted and
unretted fibres are listed in Table 2, and the value of EE
was assumed. In running the model for calibrations of
E., comparisons in stress were made between simulated

and measured fibre stresses at every computing cycle.
When the stress of the virtual fibre reaches the maximum
stress measured, the extension of the virtual fibre was
recorded as the elongation of the virtual fibre, and the

simulation was ended. The simulated elongation was

recorded for each of the assumed EE values. To assess

which assumed value of E, resulted in the elongation

which best matched the measured elongation, relative
errors between simulations and measurements were

calculated using the following equation:

Table2 Model input parameters for simulations

Model parameters Unretted Retted Source

Same as the fibre

Length of the fibre, mm 25 25 samples tested
Diameter of the fibre, mm 0.34 030  Averageofall the
fibre samples
Number of balls in the fibre 74 84 Determlr}ed using
Equation (2)
Ball elasticity modulus, Pa 1.25x107  1.25x10"  Sadek etal. (2011)
Ball friction 1.0 1.0 Sadek et al. (2011)
Bond normal and shear 3.58x10° 3.43%10° Average maximum
strength, Pa stress measured
Diameter of the cylindrical 034 030 Equal to the fibre

bond, mm diameter
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RE = |em —e [x100 @) E., and increasing E, resulted in increasing of the

En elongation for both the fibres. Among the assumed

where, RE = relative error, %; e, = elongation measured, values of E , the the best match to the measured
mm; e, = elongation simulated, mm. elongation was 1.02x10'" Pa for unretted hemp and
Some of the simulation results are listed in Table 3 to 1.05x10"° Pa for retted fibres. The corresponding
demonstrate how the calibrated E, was selected. As relative errors were 1.14% and 1.25%. Either increasing
can be seen, fibre elongations were extremely sensitive to or decreasing E, value resulted in a greater relative error.

Table3 Summary of calibration results using the data from the unretted and retted fibres

Bond modulus, Unretted Retted
E, /Pa Measured elongation Simulated elongation Relative error Measured elongation Simulated elongation Relative error

/mm /mm /% /mm /mm /%

9.0x10° 0.88 0.98 11.36 0.80 0.95 18.75

9.5x10° 0.88 0.93 5.68 0.80 0.89 11.25

1.02x10" 0.88 0.87 1.14 0.80 0.84 5

1.05x10" 0.88 0.85 3.41 0.80 0.81 1.25

1.10x10" 0.88 0.81 7.95 0.80 0.77 3.75

3.2.3 Effects of fibre length and diameter on fibre This implies that the simulated fibre behaved as

elongation anisotropic linear elastic material independent of the fibre
The model can be used to predict elongations for diameter. In summary, the results reveal that the

fibres with any lengths and diameters. Here, virtual calibrated model is reliable for simulating tensile strength

tensile tests were performed with the calibrated bond of fibre with variable lengths and diameters.

modulus. The other model parameters were those for -

the unretted hemp listed in Table 2. The testing velocity

was 2 mm/min, the same as the tensile tests. To : 12 -

examine effects of fibre length on elongation, the virtual E a5 L

tensile tests were performed for five different fibre é ' ¥=0.035x-0.006

lengths: 20, 25, 30, 35, and 40 mm with a constant fibre R f=099

diameter of 0.30 mm. Similarly, virtual tests were 0 s . s )

10 20 30 40 50
Fibre length/mm

performed for five different diameters: 0.20, 0.25, 0.30,
0.35, and 0.40 mm with a constant fibre length of 30 mm

to examine effects of fibre diameter on elongation. The

a. Effect of fibre length

simulation results show that elongation is increased b

linearly (R = 0.99) with the increase of fibre length g 27

(Figure 8a). The simulated elongations ranged from :\;; ozl

0.69 to 1.39 mm when fibre length varies from 20 to g

40 mm. When these elongations were translated to Yot

strains, the average strain was 3.48% with a very small 0 . . . .
0.1 0.2 03 0.4 0.5

standard deviation: 0.02, demonstrating the consistency
Fibre diameter/mm

of the virtual tests over the studied range of fibre length.
b. Effect of fibre diameter

This result supports the hooks law where the strain rate is , , ,
Figure 8 Simulated elongations for unretted fibre

constant for a maximum elastic strength of material.

Simulation results also showed that the elongation In the literature, tested fibres used by different

remains fairly constant for all diameters (Figure 8b). researchers were different in length and diameter. As



134 June Agric Eng Int: CIGR Journal

Open access at http://www.cigrjournal.org

Vol. 16, No.2

the elongation of fibre varies with the fibre length, the
simulated strain was compared with the literature data.
The simulated strain (3.48%) was higher than the average
strain for hemp fibre (1.6%) reported by Khan et al. (2011)
and that (3.0%) by Duval et al. (2011).
simulated strain was within the range (1.3%-5.0%)
observed by Munder and Fiirll (2004) and Sankari (2000).

However, the

4 Conclusions

Hemp fibres can be simulated with the numerical
model developed using PFC’, commercial discrete
element software. A virtual fibre, formed using
spherical particles connected with bonds implemented in
the PFC’" parallel bond model, reflects tensile behaviours
of a real fibre. Specifying a given velocity to one end of
the virtual fibre represents tensile load adequately, while
the other end of the virtual fibre is affixed. Among the
several microproperties for particles and bonds of a

virtual fibre, the bond microproperties in the normal

direction are more critical as they determine the tensile
The calibrated bond
modulus using the laboratory tensile test data was
1.02X 10" Pa for unretted fibre and 1.05X 10" Pa for
retted fibre.

strength of the wvirtual fibre.

The simulated result showed that under a
tensile load, elongation of a fibre increases linearly with
the increase of the fibre length, while the elongation
remains nearly constant for different fibre diameters.
The model is capable of simulating numerous tensile
behaviours of fibre, including load-extension curve,
maximum stress, and elongation. The model allows

users to alter diameter and length of the fibre.
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