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Abstract

A method is presented to test fibres in tension using direct strain measurement. This eliminates
the need to test the fibres at multiple gauge lengths to correct for machine compliance, reducing
the number of samples. Additionally, fibre slippage can contribute to the underestimation of the
stiffness since this is not considered in the correction procedure. Steel fibres with a diameter of 30
pum, and a known stiffness of 193 GPa, were tested in tension using indirect methods and the
direct strain method. Direct strain measurement resulted in a stiffness of 187 + 12 GPa while the
lowest and highest stiffness obtained by the indirect methods are 140 2 GPa and 150 + 4 GPa.

The underestimation by the indirect measurement strain methods show the need for a new
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method. To demonstrate the applicability of the new test method to natural fibres, the properties

of technical flax and bamboo fibres were determined.

Introduction

Fibre tensile tests are a way to determine the fibre’s mechanical properties. It is the preferred
method when limited material is available, in material development stage. The fibre’s tensile
properties are needed to perform micromechanical analyses and mechanical modelling of these
materials and their composites. For synthetic fibres, the fibre properties are often provided by the
manufacturers. However, when testing new materials, and especially from natural resources,

datasheets are often not available.

Natural fibres are becoming increasingly important as a reinforcing fibre in composite materials.
Therefore, the need for consistent fibre properties increases. Additionally, fibre manufacturers, or
cultivators in the case of natural fibres, should be able to rely on fibre properties to measure the
quality of the produced material. Unfortunately, the literature reveals a large range of the
measured natural fibre properties, as can be seen in Table 1. A part of this variation can be
attributed to the inherent variability in plant materials, but this is unlikely to be a complete
explanation. There is a need for a consistent fibre testing method where the scatter is only a
function of the material variability and not of the testing setup. Summerscales et al. [1] provide a
checklist for the material related data and testing conditions that always should be reported in

order to compare the experimental data with literature.

There are a few problems when testing natural fibres, that can lead to a wide range of results [2,
3]. Firstly, the literature does not always clearly state whether tests are performed on an
elementary fibre (a single plant cell) or a technical fibre (a bundle of elementary fibres). It is well

recognised that elementary fibres have higher stiffness and strength compared to technical fibres
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[4]. Secondly, when testing technical fibres at very short gauge lengths, elementary fibres can get
gripped from end to end. The short gauge length reduces the probability of finding a weak location
and reduces the effects of the weak inter-elementary fibre middle lamellae [3]. Besides the
problems mentioned above, some other test related influencing factors are known: the strain rate
(viscoelastic behaviour of the fibres), the environmental conditions (hygroscopic behaviour of
natural fibres) and the gripping method (gripping of frame or fibre) should therefore always be

reported [5, 6].

Haag et al. [2] summed up the previous issues, and added the importance of the determination of
the cross sectional area. Via different optical techniques such as flatbed scanner, light microscopy
and laser based analysis they determined, from the projected diameter, the cross-section of the
fibre. Furthermore, the authors tried different calculations to determine the cross-sectional area,
assuming either a circular or an elliptical shape. It was seen that the scatter induced by the
different calculation methods, resulted in a large variation which is partly responsible for the high
scatter on the natural fibre properties. Thomason et al. [7] embedded technical flax and sisal fibres
after tensile testing, and traced the contour of the fibre to determine the cross sectional are. This
method revealed a large difference between ‘projected diameter techniques’ and true diameter
determination. In this research a gravimetric method was used, for the determination of fibre
diameter, as is outlined in Defoirdt et al. [9]. It is believed that this method to determine the cross-
section is user independent and can lead to a reduced spread on the fibre properties of natural
fibres, avoiding the struggle of assuming a cross-sectional geometry of the irregular fibre and

avoiding numerous measurements for each fibre.

A final influencing factor, which is normally not addressed, is the importance of a correct strain

measurement method, and this is investigated in this paper. The strain in a fibre tensile test is
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often measured indirectly via the grip displacement, due to the difficulties in measuring it in a
direct manner. To compensate for the system compliance, ASTM C1557-14 [8] prescribes a
procedure to perform the data reduction. Defoirdt et al. [9] have developed an alternative
procedure to correct the strain values to calculate the fibre properties. However, for both
methods it is necessary to test at least at 3 different gauge lengths. Hence, the method requires a
significant number of fibres. It remains to investigate whether the correction on the strain for
system compliance covers all the effects occurring during a tensile test. Fuentes et al. [10]
developed a technique to measure local technical fibre properties by applying a speckle pattern on
the fibre itself. The analysed length hereby is a few millimetres, therefore giving insight in the local
behaviour of the fibre. With the strain mapping it was also possible to indicate movements of

elementary fibres.

In this research, a novel method is presented for direct measurement of strain during single fibre
tensile testing. The new technique is compared to the existing methods, including the different
ways of data reduction for tensile fibre tests. Cold drawn steel, a material with known properties,
is used to assess the accuracy of each method. Finally, two types of natural fibres, bamboo and

flax are characterised by the new technique.

1 Materials & Methods

1.1  Steel fibres

Cold drawn stainless steel (type 316L) fibres with a Young’s modulus of 193 GPa and a diameter of
30 um were supplied by NV Bekaert SA. The continuous steel fibres are produced in a bundle
drawing process in which steel wires are embedded in a copper matrix and subsequently cold
drawn to reduce the bundle diameter. After this process the copper matrix is removed. The cross-

sectional area of the fibres after drawing has a constant value but has a polygonal appearance
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[11]. Optical microscopy showed that the fibre diameter did not vary along the fibre length. The

average cross sectional area of the fibre (A) was calculated by equation 1.
A m 1

In the above equation m is the fibre mass, p is the fibre density and / is the fibre length. The fibre
mass was determined with an analytical balance (Mettler AT 261 DeltaRange, Mettler Toledo)

accurate to 10° g. The density of the steel fibres was 8.00 g/cm3.

1.2  Flax

Technical flax fibres (Linum usitatissimum L.) were sampled from FlaxTape 200, a unidirectional
flax fibre tape for composite applications with an areal density of 200 g/m?, supplied by Lineo NV.
The tape consists out of scutched and aligned technical fibres, originating from different harvests
to average out variations in the fibre properties. The density of the fibres was determined using a
gas pycnometer, Beckman model 930, in which helium gas at a pressure of 0.5 bar was used as the
displacement medium. Prior to the density measurement, the fibres were cut to a length of 1 cm
and vacuum dried for 19 hours at 60°C. The measured density was 1.47 + 0.01 g/cm3. For the
tensile tests, the fibres were cut to a length of 10 cm, dried for 24 hours at 60°C and subsequently
conditioned at 50% relative humidity (RH) and 21°C for at least 24 hours. In the latter condition,
the mass of the fibres was measured to calculate the average cross sectional area using equation
1.

1.3 Bamboo

Bamboo fibres (Guadua angustifolia Kunth) were sourced from Columbia, the Coffee Region, at
1300 meters above sea level with an annual average temperature of 23 °C and an annual average
precipitation of 2200 mm and a relative humidity of 80% according to the environmental

authorities of the region [12]. From the bamboo culms, which have an average culm diameter of
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11 cm and a height of 20-23 meter, fibres were fully mechanically extracted from the middle part
of the culm using an in house developed technique [12]. The density and average cross sectional
area of the fibres was determined following the same procedure and the same specimen

preparation as for the flax fibres. The measured density was 1.36 + 0.02 g/cm?.

1.4  Fibre tensile test set-up

To compare the different existing methods, steel fibres with known Young’s modulus were chosen
to experimentally determine the fibre modulus. The fibre was glued onto abrasive paper (PS11A
grain 1000, Klingspor) frame using a double-sided glue roller (Permanent Pritt glue roller, Henkel).
Although, this method of gripping may lead to premature failure of the fibre due to damage, this is
irrelevant to determine the fibre modulus. Figure 1 shows the frame dimensions for a test gauge
length of 50 mm and the position of the fibre in this frame. The frame facilitates sample mounting
and fibre alignment in the grips, whereas the abrasive paper minimises fibre slippage during the

test.

Tensile tests were performed on an Instron 5943 equipped with a 100 N load cell according to the
ASTM C1557-14 [8] standard in a conditioned environment at 50% RH and 21°C. The frame was
pneumatically gripped with a gripping force of 200 N. A pre-load of 0.01 N was applied to the fibre
to straighten it. Fibre straightness is critical when the strain is to be derived from the crosshead
displacement. Furthermore, the upper grip is connected to the load cell with a ball joint which
ensures the alignment of the fibre in the first stages of the test. The crosshead displacement rate
was chosen according to the ASTM C1557-14 standard, which suggests to achieve fracture within
30 seconds of testing [8]. For the investigated fibres, this translates to a crosshead displacement

rate of 1.5 mm/min.
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1.5 Indirect strain measurement

In indirect strain measurement, the crosshead displacement is assumed equal to the axial
extension of the fibre. When indirect strain measurement is used, the measured deformation can
be partly due to the deformation of the test machine and slippage of the sample in the grips. To
correct for the deformation of the test machine, samples with different gauge lengths are needed.
Four different gauge lengths were used in this study: 10 mm, 20 mm, 35 mm and 50 mm. For the

respective gauge lengths, 17, 20, 20 and 22 steel fibres were successfully tested.

1.6 Direct strain measurement

A method was developed to optically measure the fibre strain. The technique requires some
additional modifications to the samples and the test set-up. The specimens were attached to an
abrasive frame as outlined above. Additionally, two optical flags with an approximate diameter of
3 mm were attached to the fibre surface using white correction fluid (correction pen Tipp-Ex, Bic
World). On these white flags a black speckle pattern was applied with spray paint, as shown in

Figure 1.

The gauge length was fixed to 50 mm to manipulate the fibres easily, 22 steel fibres were
successfully tested. This method requires only one gauge length to be tested since deformations
due to slippage between fibre and grips are not registered. Moving to shorter or longer gauge
lengths will increase or decrease the strength respectively, but leave stiffness unaffected for
synthetic fibres. In natural fibres also the stiffness can be affected when the gauge length becomes
so small, that at least one elementary fibre is gripped from end to end, this results in an increase in

the stiffness [3]. In this research 24 bamboo fibres and 18 flax fibres were successfully tested.

Rotations or movements in the plane of the sand paper do not affect the strain measurement as in

the case of indirect strain measurement. The out-of-plane motion (forward and backward fibre



Composites Part A: Applied Science and Manufacturing 99 (2017) p. 76-83
doi: 10.1016/j.compositesa.2017.03.035

movement relative to the camera) does affect the strain measurement significantly and care

should be taken to limit this movement during the test [5].

For the registration of the images during tensile testing, a digital camera (Limess messtechnik &
software GmbH, Krefeld, Germany) with a spatial resolution of 96 dpi, equipped with a Componon-
S 2.8/50 lens (Schneider Kreuznach, Bad Kreuznach, Germany), were used. The distance between
sample and camera was 1 m. Samples were illuminated frontally with a 350 W halogen lamp.
Subsequent images and force registration were taken during the test with an interval of 150 ms

using acquisition software (LimShot, Limess messtechnik & software GmbH, Krefeld, Germany).

Data reduction

The accuracy of a tensile test depends on the accuracy of the force and strain measurement during
the test. When the strain of the fibre is indirectly measured via the crosshead displacement a
correction for the system compliance is made to deduce the fibre strain and fibre stiffness. Three
different methods were applied to correct for the system compliance. The fourth method is based

on direct strain measurement and does not require this correction.

e Method 1: Method as described in ASTM C1557-14 [8],
e Method 2: Method as described by Defoirdt et al. [9],
e Method 3: Modification of method 2

e Method 4: Digital image correlation

1.6.1 Method 1: Data reduction according to ASTM C1557-14 [8]
In ASTM C1557-14 [8], the method to determine the fibre modulus takes into account the
deformation of the test set-up. The crosshead displacement resulting from this increase in

deformation per unit of force (F) is designated as the system compliance (Cs). The system
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compliance is assumed to be constant for a given test apparatus, gripping system and fibre type.
Consequently, CsF is the part of the total crosshead displacement (AL) that is not attributable to
fibre deformation. Considering the previous, equation 2 is valid which expresses the total

crosshead displacement as the sum of fibre elongation (Alf) and set-up elongation (CF).
AL = Aly + CF (2)

Dividing equation 2 with the applied force and applying Hooke’s law to replace the fibre
elongation, equation 3 is obtained in which o is the initial gauge length and E¢ is the fibre Young's

Modulus.

. . . AL l AL . .
This proves the linear relation between - and ZO' Let - be the inverse of the slope taken in the
linear part of the measured force-displacement curve then the slope of the linear regression line

AL
of —
F

AL Lo (3)
Fooag T

versus %‘) for different gauge lengths equals 1/Es. The method is graphically illustrated in Figure 2.

In order to apply this method, tests on different%0 ratios are necessary. ASTM C1557-14 suggests

testing at least 3 different gauge lengths [8].
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1.6.2 Method 2: Data reduction according to Defoirdt et al. [9]
An alternative method to perform the data reduction to obtain the fibre modulus has been
proposed by Defoirdt et al. [9]. For each sample the apparent fibre modulus is calculated as

defined in equation 4.

Fl,
Eapp = m (4)
lgl_r)glo AL = Alf (5)

At infinite gauge length, equation 3 transforms into equation 5, where AL equals Alf as CsF

. L 1. .
becomes negligibly small. The regression line of Eapp versus = intersects the y-axis at Es. The
0

method is illustrated in Figure 2, where E,pp is the stiffness found as the slope in the linear part of
the stress-strain curve, derived from the measured force and displacement of the machine. Apart

from a constant system compliance it also assumes the existence of a linear relationship between

1
Eapp a nd T .
lo

1.6.3 Method 3: Modification to the data reduction by Defoirdt et al. [9]

By following the substitutions outlined below, equation 7 is obtained which reveals that the true

relationship between E.pp and — is a rational function.

1
lo

g Pl _ IoF
PPAAL A(Als + CF)

(6)

Al
Combining equation 6 with F = Efl—fA and dividing by Alf

0

Ef

Egp=—0>L—
WP 1t g (7)

10
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Finding E; is identical to the unmodified method except that nonlinear least-squares fitting must

be performed to fit the data to the rational function. The Levenberg-Marquardt algorithm [13, 14]

) : A . .
was used to fit the experimental data to Eg),, = T(l) with A and B free variables. The
+Bx*

optimized A value equals the effective fibre modulus E¢. The method is schematically represented

in Figure 2.

1.6.4 Method 4: Digital image correlation
Images were processed with Vic 2D 2009 (Correlated Solutions, Columbia, USA) correlation
software to determine the pixel displacement of both optical flags. The subset window and step
size were set to 15 and 3 pixels, respectively. Finally, the relative displacement of the optical flags

was calculated and the fibre strain, based on the relative pixel displacements, was extracted.

1.7 Statistical analysis

To determine whether the sample data has been drawn from a normally distributed population, a
Shapiro-Wilk test is performed. The null hypothesis for the test is that the data are normally
distributed. For a chosen alpha level of 0.05, the null hypothesis is rejected when the p-value is
less than 0.05. For normally distributed data, the results are summarized using the mean *

standard deviation notation.

To detect significant differences between group means, one sample, two-sided t-tests were
performed. It was assumed that the population mean of the steel fibres was known and equal to
193 GPa. 95% confidence intervals of methods 1 to 3 were constructed according to the methods
described in [15]. The 95 % confidence interval for the developed method was based on the t-
statistic. To compare the sensitivity of the estimated modulus to random variations in the

measured sample values, a Monte Carlo simulation was run for all three testing methods.

11
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2 Results and discussion
2.1 Determination of the fibre modulus using indirect strain measurement
The results for the modulus of the steel fibres, according to the three different methods, are

presented in Table 1: Mechanical properties of flax and bamboo technical fibres.

Young’s modulus Strength Failure strain  Comment Ref.
(GPa) (MPa) (%)
Flax
31+12 305+120 1.3+x04 Gauge 75mm, 1mm/min, (4]
green flax
32+12 310+ 120 1.1+04 Gauge 75mm, 1mm/min, (4]
retted flax
Bamboo
33.37 639+ 175 - 2.0+0.6- Gauge 5,15,25,35, 1Imm/min, [9]
813 £ 94a 29+0.7a steam explosion
43 775 £ 103 - 1.7+0.2 - Gauge 5,10,25,40, Imm/min, [16]
860 + 119a 1.9+0.3a mechanical extraction
3591 503 1.4 Mechanical extraction [20]
19.67 341 1.73 Chemical extraction [20]
359+13.1 441 + 220 13 1mm/min, steam explosion [21]

aweakest tast |length — strongest test length
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Table 2, whereas Figure 3 to Figure 5 indicate how the results were obtained. The modulus for the
steel fibre obtained via Method 1 is 147 + 4 GPa and via Method 2 140 + 2 GPa. Both methods
show only a minor spread on the results, reflected in their low standard deviation. However, the
estimate of the Young’s modulus is poor, since the real fibre modulus (193 GPa) is significantly

different from the test result (p=10"%*). In paragraph 1.6.3 the assumption of a linear relation
between the apparent stiffness E.pp and the inverse of the gauge length (ll) w rejected and has
0

been demonstrated to follow a rational relationship. Figure 5 shows the fit of this rational function
to the experimental data. The predicted fibre stiffness based on method 3 is 150 + 4 GPa, which is
7.3% larger than for method 2. Though the accuracy increases, this value still underestimates the

effective stiffness of the steel fibres by as much as 25%.

It must be concluded that neither method 1, nor method 2 or 3 is able to adequately correct the
measured strain values and obtain a correct value for the Young’s Modulus. This is caused by the
assumption of a constant system compliance. The system compliance was created as a constant
that corrects for the elastic deformations of the machine parts. However, it does not correct for
slippage that can occur between fibre and frame or between frame and grip. It could be argued
that a different sample preparation method would lead to a decreased contribution of slippage to
the total deformation. Indeed, this might be correct but slippage effects are generally too small to
detect visually, requiring advanced techniques to correct for the previous, generating an additional
disadvantage of the indirect method. The crosshead displacement attributable to slippage is
unpredictable and is not necessarily a function of the applied force. Therefore, equation 2 no
longer holds rendering all indirect strain methods invalid. The increase in crosshead displacement
not attributable to fibre elongation, generated by this effect can lead to a significant
underestimation of the fibre modulus. This effect is especially pronounced for very stiff fibres

where the material elongation is small. Here, a small increase in crosshead displacement

13



Composites Part A: Applied Science and Manufacturing 99 (2017) p. 76-83
doi: 10.1016/j.compositesa.2017.03.035

attributable to slippage can lead to an extremely high relative error on the material elongation and

hence on the fibre stiffness.

Considering the challenge it would be to take slippage effects into account, the authors

hypothesise that the solution must be found in an alternative, direct strain measurement method.

Sensitivity analysis

To compare the sensitivity of the estimated modulus to random variations in the measured sample
values, a Monte Carlo simulation was run for all three testing methods. In this simulation, fixed,
experimentally obtained values were chosen for the parameters depicted in Table 3. From these

values and by using equation 2, the average F/AL was calculated for each gauge length.

Gaussian noise was added to the simulated values F/AL, modeling random variations in the
measured samples. This way, a simulated set of 17 samples is created for each gauge length. The
standard deviations of the Gaussian noise were chosen equal to the experimentally determined
standard deviations for each gauge length. To justify the generation of Gaussian distributed data a
Shapiro-Wilk normality test was performed on the experimental data of AL/F and F/AL. It was
concluded that both data series originate from a normally distributed population (a=0.05). From
the generated samples, the modulus was calculated according to the different methods. This

process was repeated 10 000 times.

To evaluate the accuracy of the different methods, the root-mean-square error (RMSE) was
calculated from equation 8. In this equation, E; represents the fibre modulus that is calculated in
each iteration of the Monte Carlo simulation. By comparing the RMSE for the different methods in

Table 4, it can be seen that method 2 is the most sensitive to variations of the force-displacement

14
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data. To explain this difference, a second indicator, the relative bias (RB), was calculated according

to equation 9. For high iteration numbers, the bias on the modulus should converge to zero.

n 2
2., (B~ B) ®)

RMSE = —

(9)

Figure 6 shows the relation of the bias to the number of Monte Carlo iterations. It can be seen that
method 2 is constantly underestimating the stiffness by around 8%, which explains the high RMSE
for this method. Method 1 and method 3 both have a negligible bias and an equally low RMSE,
from which we can conclude that the methods are equally accurate in the estimation of the fibre

modulus.

Determination of the fibre modulus using direct strain measurement

The steel fibre modulus obtained by digital image correlation is 187 + 12 GPa, as listed in Table 5.
Even though the actual modulus (193 GPa) falls within the confidence interval of the test result, a
larger variability is found in comparison with the previous three methods. However, the bias on
the result is significantly lower. Comparing the relative bias on the results of Table 2, 21%-26%
with the relative standard deviation found in the digital image correlation experiment, 6%, it
becomes clear that the relative bias on method 1-3 is bigger than the relative standard deviation
found in the digital image correlation method. However, possible routes to further decrease the
variability of the method are described in Table 6. The proposed technique is promising although

further optimization is required to decrease the standard deviation on the mean. In this case,

15
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digital image correlation is the preferred method for the determination of the strain and stiffness.
Digital image correlation is in this case the preferred method for the determination of the strain

and stiffness.

The mechanical properties of technical bamboo and flax fibres were measured using digital image
correlation. For the bamboo technical fibre, a modulus of 51.8 + 6.8 GPa was measured with an
average failure strain of 1.33 £ 0.20 %. The stiffness exceeds the values measured in literature
[16], due to the improved measurement of the fibre strain. Flax technical fibre modulus was
determined to be 40 + 11 GPa with a strain to failure of 1.64 + 0.32 %. This result corresponds well
with data found in literature for technical flax fibres [4, 17]. However, the values in the previous
references should be interpreted with caution as they utilise method 1 to calculate the fibre
stiffness. Note that this stiffness value is not representative for the behaviour of flax fibres in
composite materials where the behaviour of elementary fibres dominates the composite stiffness

instead of the technical fibres. This has been extensively discussed in Shah et al. [3].

Opportunities in direct strain measurement on fibres

Direct strain measurement is especially valuable when testing natural fibres. A large portion of the
natural fibres has not been screened for their potential use as a reinforcing fibre in composites.
Using the conventional indirect strain methods, testing a new fibre requires large amounts of
fibres and is time consuming [18]. Moreover, extracting the fibres from the plants can be difficult.
ASTM C1557 advises to use at least 3 different gauge lengths. Using the presented method there is
no need to vary the gauge length of the fibres hence, therefore three times fewer samples are

required.

16
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In conjunction with this, the usefulness of testing single technical natural fibres is sometimes
questioned. Indeed, certain natural fibres, such as technical flax fibres, underperform in single
fibre tests relative to their performance in composites. Nevertheless, fibre testing can serve to first

screening tool and to investigate potential extraction issues.

Optical strain measurement allows to measure local strains directly on the fibre surface [10]. It has
been shown that appropriate speckle patterns can be produced, even at the micro-scale [19]. This
technique is promising to produce full-field strain maps of the fibres during deformation and to

investigate features such as defects.

As discussed in previous sections, during optical strain registration some environmental or
experimental parameters may influence the test result. A summary of the most important factors,

together with possible mitigations, is given in Table 6.

3 Conclusions

Measuring mechanical properties of fibres is crucial to gain more insight in the composite
mechanics. Although standardized, the current measurement and especially data reduction
methods are prone to significant error. According to the data reduction method proposed by
ASTM C1557-14 [8] the modulus of 316L steel fibres was underestimated by 25%. This was due to
an amount of crosshead displacement that did not result in fibre deformation. Instead, the
additional displacement could be caused by slippage between fibre and frame and/or between

frame and grip.

Indirect strain measurement is therefore not advised to determine the fibre’s modulus and strain
to failure since slippage is difficult to detect during or after the test. Hence, the results produced
with this method when slippage occurs should be considered invalid, even when the standard

deviation on the method would be small. Direct strain measurement based on digital image

17
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correlation eliminates the effect of slippage because the deformation of the fibre is registered
optically. Using this direct method, the measured mean stiffness is highly accurate. The measured
stiffness of the above mentioned fibres was not statistically different from the effective fibre
stiffness. However, the spread on the result was increased compared to the indirect measurement
methods. Indeed, two-dimensional optical strain measurement is sensitive to lighting conditions
and out-of-plane fibre motion. The latter problem could possibly be eliminated by moving towards
stereo-2D optical strain measurement, leaving direct strain measurement as the preferred method

in determining the fibre tensile modulus.

Direct strain measurement offers the advantage of reducing the number of tests compared to
indirect techniques, all requiring tests at different gauge lengths. This creates a significant
opportunity for the evaluation of natural fibre properties where material scarcity and extraction

difficulties often prevent the use of an indirect method.
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Figure 1: Sandpaper frames and fiber preparation for the fibre tests. The frame is folded to increase fibre gripping
during the test. Indirect strain measurement does not require optical flags to be attached to the fibre whereas direct

strain measurement relies on these optical flags to measure the strain.
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Figure 2: Schematic representation of the indirect methods to determine fibre modulus.
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Figure 3: Linear regression of the measured data via method 1 for the determination of the fibre modulus.
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Figure 4: Linear regression and extrapolation of the measured data to infinite gauge length (ll=0) via method 2 for the
0

determination of the fibre modulus.
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Figure 5: Rational extrapolation of the measured data via the method 3 for the determination of the fibre modulus.
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Figure 6: The evolution of the bias on E¢ in relation to the number of iterations in the Monte Carlo simulation for the

different methods.
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Figure 7: Typical stress-strain curves for the three fibres considered: bamboo, steel, flax.
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Table 1: Mechanical properties of flax and bamboo technical fibres.

Young’s modulus Strength Failure strain  Comment Ref.
(GPa) (MPa) (%)
Flax
31+12 305+120 1.3+x04 Gauge 75mm, Imm/min, (4]
green flax
32+12 310+ 120 1.1+04 Gauge 75mm, 1mm/min, (4]
retted flax
Bamboo
33.37 639 +175 - 2.0+0.6 - Gauge 5,15,25,35, Imm/min, [9]
813 +94° 29+0.7° steam explosion
43 775 +£103 - 1.7+£0.2 - Gauge 5,10,25,40, Imm/min, [16]
860 +119° 1.9+0.32 mechanical extraction
3591 503 1.4 Mechanical extraction [20]
19.67 341 1.73 Chemical extraction [20]
35.9+13.1 441 + 220 1.3 1mm/min, steam explosion [21]

2weakest test length — strongest test length
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Table 2: Results of fibre tensile tests on steel fibres using the different methods to determine the fibre Young’s

modulus.
E (GPa) 95% confidence interval
Method 1 147+ 4 141 155
Method 2 140+ 2 135 144

Method 3 150+ 4 142 157
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Table 3: Input parameters for the Monte Carlo simulation.

Er (GPa) 193
A (m?) 7 E-10
Cs (m/N) 64.5 E-06

Number of samples per 17

gauge length

lo(mm) 10 20 35 50

Average & (N/m) 6288.34 3755.95 2618.14 1823.81

Stdev & (N/m) 1054.08 342.51 127.07 144.54
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Table 4: RMSE of the different methods after 10 000 Monte Carlo iterations.

N=10000 | Method 1 Method 2 Method 3

RMSE 0.0344 0.0880 0.0303

RB 0.0061 -0.0867 0.0012
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Table 5: Tensile modulus, strength and strain to failure of the fibres using direct strain measurement

Fibre E modulus (GPa) Tensile strength (MPa) Strain to failure (%)
Steel 187 +12 1564 + 141 0.98 +0.09
Bamboo 52+7 658 + 135 1.33+0.20
Flax 40+ 11 643 + 247 1.64£0.32
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Table 6: Risks and mitigation during fibre testing of selected physical parameters

Physical parameter Risk Mitigation
Out-of-plane When the fibre moves towards 1. Limit the out-of-plane
movement or away from the camera, the movement of the fibre by
registered pixel movement is choosing a ball joint
under- or overestimated, connection of 1 grip.
respectively [22]. 2. Correct using a single
camera by rotating or using
a region of interest as
described in [22, 23]

3. Eliminate by using a stereo
2D set-up with 2 cameras to
measure the out-of-plane
movement [24].

Out-of-plane The optical flags can be Prevent twisting the fibre during
movement considered as 2D flags. Rotation | sample preparation.
of the flags may occur during the
test.
Lighting conditions The lighting conditions change 1. Use a light source with a
during the test. constant and diffuse
illuminance [25, 26].
Increasing the illuminance
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leads to a lower exposure

time which decreases noise.

2. Iflightning changes cannot
be prevented, use a robust

correlation algorithm [27].

Optical flags

The attachment of the optical
flags can give rise to stress
concentrations during fibre
loading, especially when the
material used to create the
optical flag has a high stiffness
compared to the fibre. The
measured stiffness would be
largely unaltered but the fibre
may fail prematurely, hence the
apparent fibre strength and

strain to failure is lower.

To prevent stress concentrations,
the flag material stiffness should be

as low as possible.

When attaching flags to fibres that
have high strains to failure the flags
may detach or crack during the test.
To avoid this, use a flag material

with a high failure strain.

Gauge length

The length in pixels of the fibre’s
gauge length is insufficient,
lowering the accuracy of the

correlation.

Although DIC measurements have
sub-pixel resolution it is advisable
that the gauge length in the images

is longer than 50 pixels.
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