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« The novel measurement procedure
presented is a cost-effective
alternative for measuring the
transverse-to-longitudinal
deformation ratio of polymeric
macro-fibres.

« The low cost of the equipment and
simplicity of the procedure allows its
implementation in large-scale fibre
design optimization processes.

« This study reports the first
transverse-to-longitudinal
deformation ratios of polymeric
macro-fibres commonly used in
structural concrete.

« The transversal deformation is
variable and non-uniform along the
length for embossed fibres subjected
to tension.
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ABSTRACT

Considering the increasing interest of polymeric macro-fibres reinforced concrete, a simple and straight-
forward method to assess the fibre’s transverse to longitudinal deformation ratio (1) becomes a deter-
mining aspect in terms of fibre both characterization and fibre-matrix interaction optimization. A
noncontact optical measurement procedure to assess this ratio (ny) - for concrete reinforcement - by a
modified 2D Digital Image Correlation method is presented in this paper. This ratio (n¢) has influence
on the matrix-fibre interaction and, thus, on the post-cracking tensile response of the concrete composite.
Details on the definition, implementation and validation of this measurement procedure are presented.
Additionally, an experimental program on 20 selected lab grade and commercial fibres was carried out
to analyse the consistency of the measurements and the influence of the fibre’s geometric characteristics
(flat, curved, embossed or crimped) on the n. The outcomes of this research and the experimental pro-
cedure proposed are meant to assist fibre producers on the design process of optimized fibres to be used
in structural concrete.
© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CCBY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

When fibre-like materials are stretched in the longitudinal
direction, the lateral directions contract to decrease the stretch-
induced volume change. The ratio of lateral strain (&) to applied
tensile strain (g;) is called Poisson’s ratio (v), which is one of the
parameters that govern the matrix-fibre interaction (i.e., in
cement-based matrices). Fibre Poisson’s ratio (vf) is a design
parameter of materials that need to be considered when the
fibre-reinforced matrix is subjected to dimensional changes result-
ing from the application of a force -or an imposed deformation.
Likewise, for the application of the generalized theory of elasticity
to structural analysis, veis also an input parameter (ASTM D638-14
[1]).

In the case of polymeric macro-fibres reinforced concrete
(PMFRC), some researchers have quantified -from an analytical
perspective- the influence of Poisson’s ratio on the pull-out mech-
anism of polypropylene or another polyolefin fibres oriented to
reinforced cement-based composites [2-4]. In this context, for
fibre reinforced composites subjected to tensile forces, both the
fibre -generally with a higher Poisson ratio than that of the
matrix- and matrix tend to deform differently [5]. This causes local
Poisson contraction and, eventually, the level of shear force devel-
oped at the interface exceeds the total static interfacial shear
strength [6], this resulting in interfacial premature and unstable
debonding of the fibre from the matrix at the crack plane [4,7].
These phenomena are more evident and significant for the
mechanical performance in cracked sections since in uncracked
cement-based composites the contribution of fibres into the resis-
tant mechanism is negligible. Likewise, it must be emphasized that
pull-out response of a single fibre not necessarily represents the
post-cracking performance of the PMFRC, which is governed by
the stochastic nature of the variables involved (i.e., fibre geometry,
fibre-matrix bond strength, fibre orientation, fibre embedded
length, and others) in the resistant mechanism.

Consequently, the Poisson effect might have a detrimental
impact of the post-cracking bearing capacity of the structure and
thus, measures to reduce this are of outmost importance from both
economic and structural safety reasons. In this regard, the design of
polymeric macro-fibres (PMFs hereinafter) for concrete reinforce-
ment based on optimizing the fibre Poisson’s ratio is a line still
unexplored. Advances in this line could be relevant in structural
applications of PMFRC such as pavements [8], precast tunnels lin-
ings [9], slabs for buildings [10-12], sewerage pipes [13-16], and
design-for-fatigue concrete components [17]. Improvements in
these PMFRC applications can lead to significant increases of sus-
tainability performance in several structural reinforced concrete
typologies [18-24]. However, any potential use of v during PMFs
design and manufacturing first requires suitable method for char-
acterizing this property.

To characterize the Poisson’s ratio of materials, a uniaxial ten-
sile load is applied and the transverse and axial deformations
derived from the test are used to compute the Poisson’s ratio. There
are several standardized tests that can be used to determine Pois-
son’s ratio of polymeric materials. The most common and reliable
test configuration to determine this ratio is the direct measure-
ment using a strain measuring device on a suitable specimen that
complies with certain geometries and surface conditions (ASTM
D638-14 [1] and ISO 527 [25]). The use of bonded strain gages is
an accurate technique, but this can be costly and time consuming.
Bonded strain gages are commonly used for composite materials
made of high modulus fibres (i.e., carbon fibres) bound in some
type of thermoset resin system. For thermoplastic materials (i.e.,
polypropylene or other polyolefin-based fibres), the use of biaxial
contact extensometers is the most common approach.
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Even though, the use of standardized specimens and testing
conditions allow the characterization of the material Poisson’s
ratio, this property might not necessarily reflect the behaviour of
PMFs used in concrete applications. Commercial PMFs differ from
specimens used for Poisson’s ratio determination on the produc-
tion process. Macrosynthetic embossed and crimped fibres -
which are the most used for concrete reinforcement- are subjected
to drawing, stretching, orientation and other processes that might
induce anisotropy of the resulting fibre and alter the Poisson’s ratio
of the virgin material. Therefore, the concept of Poisson’s ratio of
the material is no longer valid for these fibres and it is necessary
to evaluate this property directly on the fibre as a transverse to
longitudinal deformation ratio (). This ratio allows recognizing
the performance of the product (the fibre), including the material
characteristics (Poisson’s ratio).

However, contact-based measurement techniques are challeng-
ing to implement to fibre-like materials as the small cross-section
of the fibre compromises the experimental assessment of such
property. In this case, contact measurement techniques such as clip
on or contact extensometers can lead to unreliable results due to
the weight of the device and other motions triggered by the con-
tact [26,27].

Nowadays, there are non-contacting strain measurement tech-
niques based on video and laser extensometers that can provide
additional information and productivity advantages over contact-
extensometers without compromising the precision. Initially,
video and laser extensometers were used only when specimens
were fragile or when the energy released during fracture could
damage the extensometer. Currently, optical measurement tech-
niques such as Moiré interferometry, electronic speckle pattern
interferometry and digital image correlation (DIC) are widely
adopted to obtain non-contact measurements for a wide range of
applications. However, most of these techniques cannot be directly
applied to PMFs as certain requirements regarding specimen
geometry are not attained. Moreover, the cost of laser technology
based techniques can be significant and not meant for a fibre opti-
mization processes, which could require a large number of mea-
surements. To the author’s knowledge, no studies have been
conducted on the characterization of the m¢ in real PMFs used in
practice.

In this regard, considering the increasing interest of PMFRCs for
the structural application abovementioned and the inclusion of
PMFs in design guidelines of concrete structures, simple and
straightforward method to assess the fibre’s transverse to longitu-
dinal deformation ratio (1) becomes a critical aspect in terms of
fibre characterization and fibre-matrix interaction optimization.
Even though this ratio might not necessarily coincide with the
material Poisson’s ratio (vg), the former could be a more represen-
tative indicator of the behaviour of the matrix-fibre interface dur-
ing tensile loading and serve for comparison purposes between
different (geometries and/or material compositions) PMFs.

In this context, this manuscript is aimed at describing the defi-
nition, implementation and validation phases of a novel non-
contact DIC-based optical measurement procedure oriented to
assess Mg of PMFs. To this purpose, an extensive experimental pro-
gram focused on characterizing a number of selected polymeric
macro-fibres (including lab grade and commercially available)
was carried out. Finally, the consistency of the measurements
and the influence of the fibre’s material and geometric properties
on ny are discussed.

2. Measurement system

A non-contact optical measurement procedure is developed to
assess the transverse to longitudinal deformation ratio of synthetic
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fibres (1¢) - a potential governing parameter in terms of fibre char-
acterization and fibre-matrix interaction optimization -, which is
able to measure longitudinal and transverse motion with a single
image-capturing device. The methodology described in Section 2.1
assumes the following hypothesis that should be met for accurate
displacement estimations.

e The fibre’s surface is flat and remains in the same plane parallel
to the camera sensor throughout the tensile test. This implies
that the sensor and the object surface are parallel and out-of-
plane motion of the specimen during loading is negligible.
Excessive out-of-plane motion might lead to changes in the
magnification of the recorded images and yield additional in-
plane displacements.

e The imaging system does not suffer from geometric distortion
that impairs the ideal linear correspondence between the phys-
ical point and imaged point and produces additional
displacements.

2.1. Methodology

2.1.1. Specimen preparation

The basic principle of the digital image correlation is the track-
ing (or matching) of the same points (or pixels) between two
images recorded prior and after deformation. For that, the regions
of interest in the fibre’s surface must present singular identifiable
patterns that can be tracked throughout the tensile test. Usually,
this speckle pattern can be the own texture of the specimen or arti-
ficially applied by different techniques, these being the spraying
and airbrushing of commercial white or black paints on the speci-
men’s surface the most common approach [28-30].

Nowadays, speckle patterns can be readily fabricated for most
regular experiments where the region of interest has a size ranging
from several millimetres to several meters [30]. However, the
small diameter of common synthetic fibres (<1 mm) limits signif-
icantly the number of viable and affordable speckle pattern fabri-
cation methods for this application. Effective speckle pattern
monitoring for such small surfaces would require costly high-
resolution image-capturing devices and/or the reduction of the
field of view by placing the lens extremely close to the fibre. This
complicates the measurement of crimped fibres, as its surface is
not homogeneous and thus, several tensile tests at different loca-
tions should be performed to characterize a single fibre or use mul-
tiple cameras simultaneously to capture the entire region of
interest (length of around 10 mm to include several crimped
patterns).

Since full-field surface deformations are not required to deter-
mine the average relation between transverse and longitudinal
motion of the fibre, an alternative speckle pattern fabrication pro-
cedure has been developed to be readily implementable in indus-
trial production systems at a low cost. Different approaches are
adopted for the determination of transverse and longitudinal
deformations.

Unique high-contrast grayscale patterns to measure transverse
deformations are obtained by simply applying a white matt colour
to the fibres surface and performing the test in front of a black
background. The specimen’s edges can be clearly defined by the
abrupt change on grayscale intensity between the background
region and the fibre’s surface. Notice that this approach demands
the extension of the analysed region to include part of the back-
ground. The approach adopted is schematically depicted in Fig. 1.
Fibres that already present light matt colours might not be painted
in white when the difference on grayscale intensities with the
background is significant.

Several methods have been evaluated to determine the most
convenient approach to implement an identifiable pattern for lon-
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gitudinal displacement measurements in PMFs (Fig. 2). In this case,
the main challenge was to introduce an identifiable pattern that
would allow the measurement of the longitudinal motion within
the same region as the transverse motion with a single image-
capturing device. After several tests, it was decided to measure
the vertical component of the displacements by painting thin black
waved marks along the fibre’s length with an ink that will not
affect the material being tested (Fig. 4d). Since these marks are
painted on the fibre’s surface, these deform together with the spec-
imen as a carrier of longitudinal deformation information. The
number, location and shape of the marks were carefully assessed
in order to avoid measurements in regions close to the anchoring
area, interference with the transverse edge detection algorithm
and facilitate the identification of unique points in the images
before and after loading.

2.1.2. Image acquisition system

The main components of the image acquisition system are
shown in Fig. 3. It consists of an Olympus OM-D E-M10 Mark III
camera fitted with a M. ZUIKO ED 30 mm 1:3.5 macro lens and
an STF-8 macro flash (Fig. 3a). A Benro tripod TGP27A (Fig. 3b) with
a Manfrotto 454 micro-positioning sliding plate (Fig. 3¢) is used to
stabilize and accurately control the distance between the lens and
the fibre. To maximize the number of pixels covering the fibre’s
width in the digital images, the sensor of the camera has to be
placed as close as possible to the specimen. The lens selected is
specifically used in macro photography due to its large magnifica-
tion ratio (2.5:1 compared to the typical 1:1 ratios in other macro
lenses) and short focusing distance, which allows to place the lens
of the camera 4 cm away from the fibre. Fig. 3d shows a close-up of
the distance between the specimen and the camera lens.

The camera was placed with its optical axis normal to the spec-
imen surface, imaging the planar specimen surface in different
loading states onto its sensor plane. Several trials were performed
to define the camera settings (ISO, aperture and shutter speed) and
the configuration of the external flash to improve the quality of the
digital image. The final settings adopted were ISO 200, aperture
f/5.6, shutter speed 1/40 s and intensity of the external flash
1/16. Photos were taken from the unloaded state until failure of
the specimen every 1 s. Details on the tensile loading set-up con-
figuration are provided in Section 3.2.

2.1.3. Image processing algorithm

An image processing algorithm coded in the Matlab environ-
ment (R-2019a) is developed to analyse the images captured dur-
ing the tensile test and obtain the relation between transverse
and longitudinal deformation of the different fibres evaluated
(Mng). The different steps included in the algorithm are described
below:

STEP 1: Selection of the region of interest and correction of the
fibre inclination

The region of interest must include the 4 marks painted in the
fibre and part of the black background. Afterwards, correction of
the fibre inclination is performed -if necessary- to assure vertical
placement of the fibres. The same procedure is applied to initial
and final images analysed. Fig. 4 shows images of the selection
and inclination correction process.

STEP 2. Edge detection and location of the marks in the initial
and final image

An edge detecting algorithm is applied to identify horizontal
and vertical edges based on the Matlab implementation of the
Canny method [31]. This computational approach finds edges by
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Fig. 1. Schematic representation of (a) White fibre over a black background, (b) Detail of the interface between fibre and background and (c) Changes on greyscale intensity

between fibre and background.

L

Fig. 2. Identifiable patterns evaluated for vertical displacements. (a) Cardboard on the frame, (b) Cardboard on the fibre, (c¢) Horizontal marks and (d) Waved marks on the

fibre.

searching local maxima of the gradient of the image. The edge
function calculates the gradient using the derivative of a Gaussian
filter. This method uses two thresholds to detect strong and weak
edges, including weak edges in the output if these are connected to
strong edges. The threshold values were set to [0.01, 0.09]. The
standard deviation of the Gaussian filter was set to 1. The location
of upper and lower edges of the 4 marks printed on the fibres are
defined by identifying the y-coordinate of the same 4 singular
points (pixels) in the initial and final image, as shown in Fig. 5.

STEP 3. Determination of longitudinal deformation

The longitudinal deformation is calculated in the 3 regions
between marks (R1, R2 and R3 in Fig. 6) by measuring the distance
(in pixels) between the top and bottom edge of the region in image
prior and after loading. Areas covered by the marks are not consid-
ered in the analysis as these might present distortions caused by
the ink. 4 values of longitudinal deformation are obtained within

each region. Therefore, the mean value of longitudinal deformation
is the average of 12 measurements. This number could be modified
based on the particularities of each fibre and set-up adopted to
comply with the desired variability of the measurements.

STEP 4. Determination of transversal deformation

RGB (red green blue) images prior and after loading are con-
verted to a binary image by replacing all pixels in the original
image with luminance greater than a threshold level with the value
1 (white) and replacing all other pixels with the value 0 (black).
The threshold value is determined by minimizing the interclass
variance of the black and white pixels through the Otsu’s method
[32]. The number of pixels covering the width of the fibre are com-
puted for each row within region 1, 2 and 3 (R1, R2 and R3 in Fig. 7)
of the images prior (a) and after (b) loading. By this approach, a
total of around 700 width measurement are performed along the
length of each fibre.
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Fig. 3. Image capture system.

Fig. 4. Selection of the region of interest and correction of fibre inclination.

Transversal deformations are calculated for each row of pixels
in the initial image within regions 1, 2 and 3 based on the width
variation prior and after loading (Fig. 7c). Since there is an elonga-
tion of the fibre, the number of rows covering the initial and final
image increases. This could potentially difficult the matching pro-
cess between images. This ambiguity is commonly referred to as
the aperture problem [33]. However, in this application the end
points of each region are covered in the analysis. In this case, the
motion vector is uniquely determined by considering the longitu-
dinal deformation calculated previously within each region.

Transversal deformations values are filtered by an outlier detec-
tion algorithm as some regions of the fibres might present defects
caused during the manufacturing process that result in incorrect
measurements (Fig. 7d). It is considered an outlier those values
that are more than three scaled median absolute deviations
(MAD) away from the median.

STEP 5. Determination of the transverse to longitudinal defor-
mation ratio.

The transverse to longitudinal deformation ratio is calculated
for all sections within each region with valid (not an outlier) trans-
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verse deformation measurements (Fig. 8). First, the average lateral
deformation in each region is divided by the average longitudinal
deformation of the same region. The average of these 3 values is
reported as the final transverse to longitudinal deformation ratio.
Taking into account the average number of outliers neglected in
the analysis of a fibre, the mean value of transverse to longitudinal
deformation ratio of each fibre corresponds to the average of
around 250 measurements. This value will increase proportionally
by the number of replicas tested for each fibre type.

2.2. Validation of longitudinal deformation measurements

Longitudinal deformation values obtained by the proposed opti-
cal measurement methodology (Section 2.1) are validated with the
axial deformation measured by an external extensometer. Due to

initial aperture limitations (50 mm), the extensometer could not
be attached on the real fibres evaluated, with an exposed length
of just 1 cm. Instead, fibres of 12 cm were prepared following the
same process as described in detail in section 3. Fig. 9a shows a
sample of the filament tested, which has an exposed length of
7 cm. The deformation process was recorded simultaneously by
the image capture system described in section 2.1.2 and the exten-
someter located on the opposite side (Fig. 9b). Details on the test-
ing conditions adopted are described in section 3.

Fig. 10 presents the load - elongation curves of the 4 tensile
tests performed with the axial extensometer attached. The valida-
tion of the measurements of the optical method is executed by
comparing the longitudinal deformation associated with the first
microfilament failure. Fig. 10a identifies these values for the exten-
someter based on the first slope drop observed in the curves. The
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corresponding image for the optical measurement is selected by
visually identifying the first partial failure of the fibre during the
tensile test (outlined in green in Fig. 10b). Following failure stages
are not considered during the analysis. Table 1 compares the val-
ues obtained by the optical measurement technique and the con-
tact extensometer. The error obtained ranged from 0 to 4.5 %,
which indicate a good agreement between both methodologies.

3. Materials and test
3.1. Materials: Fibres
A blind cross-wise comparison of plastic fibres (most of which

commercially available, other just at lab grade level) was carried
out in this manuscript. With this aim, 3 different types of plastic
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Fig. 9. (a) Filament tested to attach the extensometer and (b) Close-up of the test
set-up.

fibres (Polyolefin based fibres, Polyethylene Terephthalate based
fibres and Polyvinyl Alcohol based fibres abbreviated as PF, PET
and PVA respectively) from 6 different blind suppliers (named A,
B, C, D, E and F) with different geometry and texture were tested.
A total of 20 synthetic fibres were studied.

The nomenclature used here to refer to each fibre includes the type
of plastic fibre (PF, PET and PVA) followed by a letter referring to the
blind supplier of the fibre (A to F), back slash, the Length followed by a
hyphen and the Equivalent diameter of fibre, back slash, the curvature
(calculated as Thickness/Width, 3 curvatures were defined: Low,
Medium and High) followed by a hyphen and texture (embossed or
un-embossed). For example, PFA/50-0.75/L-U indicates the specimen
tested corresponds to a with Polyolefin fibre, supplied by company A
with a length and equivalent diameter of 50 and 0.75 respectively
with low curvature and an un-embossed texture. The nomenclature
adopted, together with the main physical characteristics of the differ-
ent fibres tested are summarised in Table 2.

3.2. Uniaxial tensile test of plastic fibres

The uniaxial tensile test is the most fundamental test to char-
acterize the mechanical properties of fibres. This is usually per-

225

(a)

200

175

150
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formed on long raw filaments to ensure no gripping effects
during the test. However, in this research it was deemed repre-
sentative to characterize the actual products used in fibre rein-
forced concrete applications and thus, fibres with the real
length are evaluated. Despite the complexity and costs associated
to this testing procedure, its application is imperative to under-
stand and characterize the material. Different testing configura-
tions have been assessed to ensure reliable and reproducible
uniaxial tensile test results for fibres between 40 and 60 mm
lengths. Furthermore, it must be highlighted that crack widths
in concrete are limited to 0.5 mm in service (owe to durability
and performance requirements), hence, the clear length - length
not embedded into the concrete matrix - subjected to pull-out
force is very short.

After a thorough assessment individual fibres were mounted on
textile frames to increase the adhesion and friction between the
fibre and the grips of the testing machine based on the methodol-
ogy presented in [34]. All frames have a central cut-out of 10 mm
and variable anchoring lengths depending on the fibre length. Fol-
lowing the recommendations of the American standard ASTM
C1557-20 [35], the anchoring length adopted is always greater
than 1.5 times the central opening to minimize the gripping
effects.

Fig. 11 shows a schematic representation of the textile frame
adopted in the present project for a PFB/48-0.94/M-E plastic fibre.
It consists of two main elements: a front frame (Fig. 11a) and rear
textile plates (Fig. 11b). The fibre is placed between these two ele-
ments and fixed with a quick drying cyanoacrylate adhesive. The
final configuration of the specimen is illustrated in Fig. 11c. The
specific frame dimensions depicted are suitable for fibres with
length around 55-60 mm.

The frame was carefully gripped in the clamps of the testing
machine (Fig. 12a) ensuring a correct alignment of the fibre. Prior
to testing, cuts were made from each side to the central cut-out
(red dotted lines of Fig. 11c), ensuring that only the fibre is loaded
during the test (Fig. 12b).

For the direct tensile test, an MTS landmark testing machine
with 10 kN capacity was used under displacement control mode
with pace rate of 0.15 mm/sec (9 mm/min). Prior to test onset, a
preload of 10 N was applied. While the load data were taken
directly form the load cell, the displacement measurements were
taken out of the specimens directly using the aforementioned
modified DIC 2D approach (presented in detail in section 2).

r
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"'.f/ ¢ 4
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Fig. 10. Validation of longitudinal deformations with the extensometer.
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Table 1
Measurement error of the image processing methodology.

Test Long. Def. Extensometer (- Long. Def. Optical method (-) Error
) (%)

LF1  0.071 0.071 0.0
LF5  0.066 0.063 45
LF6  0.058 0.059 1.7
LF7  0.074 0.075 14

4. Results

This section presents the results obtained in the mechanical
characterisation and the determination of the m¢ of the analysed
fibres. These are gathered in two different sub-sections. The first
describes the outcomes of the uniaxial tensile tests performed
and the latter presents and analyses the outcomes derived from
the methodology developed to determine the n¢ of PMFs.

4.1. Tensile behaviour characterisation

Fig. 13 depicts the average load-deformation curves obtained
for each type of fibre evaluated. Each curve represents the average
of 6-8 tests. The results highlight the wide variety of fibres evalu-
ated, in terms of geometrical and morphology characteristics. The
different properties of the fibres are reflected on their mechanical
performance, such as the maximum tensile load and deformability
prior to failure.

The maximum tensile strength reached range between 227.1
and 698.4 MPa. PFA/50-0.75/L-U, PFA/54-0.77/M-E, PFD/40-0.44/
L-U and PFC/48-0.99/L-U present values above 600 MPa, whilst
the lowest tensile strength was obtained for the PFA/60-0.96/H-
U. The coefficients of variation vary between 2.8% and 10.9%. Fibres
with superficial embossment present an average maximum
strength of 513.3 MPa with a coefficient of variation of 5.8%. On
the other hand, unembossed fibres achieved an average tensile
strengh of 403.7 MPa with a coefficient of variation of 6.7%. The
better mechanical performance of fibres with embossments is to
be expected as most (if not all) of these elements are end products
commercially available.
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Three different failure modes were identified during the tensile
tests. In most of the cases, initial partial evidences of local damage
of the fibre were observed prior to a complete failure of the spec-
imen, as depicted in Fig. 14a. This initial partial failure can be
clearly observed for the last segments of the load-elongation
curves of specimens PFA/50-0.75/L-U and PFB/54-0.74/M-E
depicted in Fig. 13. Alternatively, PETE/50-1.10/L-U fibres broke
into several wider strips (Fig. 14b), where bottle neck effects prior
to failure can be observed. Finally, some PVAF/40-0.95/M-E fibres
failed at a region near the clamp, which is caused by an out of plane
alignment of the specimen at this region (Fig. 14c).

Finally, Table 3 lists the average maximum tensile loads and the
variability associated for each type of fibre. Additionally, it includes
an estimation of the stiffness of all fibres tested. These values
assume a linear behaviour of the material between test onset
and failure and that the maximum load reached corresponds to
the longitudinal deformation measured by the image analysis
algorithm.

4.2. Transverse to longitudinal deformation ratio (1) measurement
error

Once the tensile behaviour of the fibres evaluated is charac-
terised, it is possible to estimate the measurement error of the
methodology described in Section 2.1. Table 4 presents the N mea-
surement error for each fibre evaluated. This is estimated based on
the ratio between the transverse deformation associated with a *1
pixel width variation (determined based on the number of pixels
covering fibre’s width) and the longitudinal deformation devel-
oped prior to failure (g in Table 3). The error associated to longitu-
dinal deformation measurements is neglected as the length
evaluated of fibre is significantly larger than the width [36].

The optical measurement method presented have a minimum
resolution than ranges from 5 to 6 pm in the transverse direction.
With this resolution, the error values obtained for the m¢ range
from 0.005 to 0.118, with a mean value of 0.068. These ranges
are above the recommended values for the determination of elastic
tensile properties of plastics, which is usually around 0.004 (if con-
sidered an expected Poisson ratio of 0.4) [25]. Even though the pre-
cision for some rigid and thin fibres evaluated is not ideal, the

Table 2
Main physical characteristics of the fibres studied.
Name Ref. Dimensions (mm) Curvature® Texture
Length Width Thick oLy
PF-A PFA/50-0.75/L-U 50 2.02 0.30 0.75 Low Un-embossed
PFA/40-0.75[H-E 40 1.04 0.70 0.75 High Embossed
PFA/48-0.85/H-E 48 1.05 0.67 0.85 High
PFA/54-0.77/M-E 54 1.23 0.53 0.77 Medium
PFA/56-0.84/M-E 56 1.22 0.45 0.84 Medium
PFA/55-0.86/H-U_a 55 0.95 0.61 0.86 High Un-embossed
PFA/55-0.86/H-U_b 55 0.93 0.62 0.86 High
PFA/60-0.89/H-U 60 1.08 0.58 0.89 High
PFA/60-0.88/H-U 60 0.96 0.63 0.88 High
PFA/60-0.96/H-U 60 1.17 0.62 0.96 High
PFA/45-0.84/H-U 45 0.91 0.61 0.84 High
PFA/55-0.81/H-U 55 0.90 0.57 0.81 High
PFA/50-0.89/H-U 50 0.94 0.66 0.89 High
PF-B PFB/57-0.46/M-E 57.75 1.14 0.38 0.46 Medium Embossed
PFB/54-0.74/M-E 54 1.46 0.48 0.74 Medium
PFB/48-0.94/M-E 48 1.53 0.50 0.94 Medium
PF-C PFC/48-0.99/L-U 48-58 1.58 0.12 0.99 Low Un-embossed
PF-D PFD/40-0.44/L-U 40 14 0.1 0.44 Low Un-embossed
PET-E PETE/50-1.10/L-U 50 2.7 0.35 1.1 Low Un-embossed
PVA-F PVAF/40-0.95/M-E 40 13 0.55 0.95 Medium Embossed

'Equivalent diameter, calculated by the equation: e, = \/“SEL;“"W

2Curvature = Thickness/Width. Low (Curvature < 0.15), Medium (0.15 < Curvature < 0.5) and High (Curvature > 0.5).
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Fig. 11. Textile frame sample (a) front frame dimensions, (b) textile sheets glued on the rear, and (c) fibre glued on the frame and cutting lines.
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Fig. 12. Tensile test procedure: (a) colocation of the sample, and (b) frame cutting.
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reliability of the results obtained is compensated with the high
number of sections evaluated in each fibre (around 250) and the
number of replicas tested (6-8). The final transverse to longitudi-
nal deformation ratio reported for each fibre is the average of

10

Fig. 13. Load-deformation curves for all the samples analysed.

1.00 1.10 1.20

1500-2000 measurements. It is important to remark that the num-
ber of fibres tested (and resolution of the image-capturing device
used) in this study can be modified for each application to comply
with the desired measurement error and statistical variance.
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Fig. 14. (a) Typical failure mode, (b) PETE/50-1.10/L-U and (c) PVAF/40-0.95/M-E failure mode.

Table 3
Maximum tensile loads resisted.
Code Max. load (N) SD (-) CV (%) Stiffness estimation
deq'" (Mm) Strength (MPa) &) (=) E (GPa)

PFA/50-0.75/L-U 291.7 224 7.7 0.75 660.3 0.11 5.76
PFA/40-0.75/H-E 229.0 15.5 6.8 0.75 518.3 0.08 6.57
PFA/48-0.85/H-E 291.5 193 6.6 0.85 513.7 0.07 7.37
PFA/54-0.77/M-E 325.2 30.0 9.2 0.77 698.4 0.09 7.96
PFA/56-0.84/M-E 224.0 7.5 33 0.84 404.2 0.10 4.19
PFA/55-0.86/H-U_a 291.6 31.7 10.9 0.86 502.0 0.06 8.46
PFA/55-0.86/H-U_b 288.8 22.7 7.9 0.86 497.2 0.06 8.21
PFA/60-0.89/H-U 267.0 9.9 3.7 0.89 429.2 0.06 6.92
PFA/60-0.88/H-U 217.9 18.0 8.3 0.88 358.3 0.06 6.51
PFA/60-0.96/H-U 164.4 10.5 6.4 0.96 2271 0.06 3.87
PFA/45-0.84/H-U 209.3 113 5.4 0.84 377.7 0.05 7.36
PFA/55-0.81/H-U 246.9 8.6 35 0.81 479.1 0.06 7.84
PFA/50-0.89/H-U 210.1 15.0 7.1 0.89 337.7 0.06 5.33
PFB/57-0.46/M-E 239.8 7.4 31 0.74 557.6 0.07 8.52
PFB/54-0.74/M-E 393.7 33.8 8.6 0.94 567.3 0.07 8.08
PFB/48-0.94/M-E 412.0 244 5.9 0.99 535.2 0.10 5.14
PFC/48-0.99/L-U 115.6 8.8 7.6 0.46 695.6 0.14 4.83
PFD/40-0.44/L-U 98.7 6.6 6.7 0.44 649.1 0.08 8.59
PETE/50-1.10/L-U 310.8 14.7 4.7 1.1 327.0 0.47 -3
PVAF/40-0.95/M-E 220.8 6.1 238 0.95 3115 0.14 -®

() Equivalent diameter, calculated by the equation: @, = \/w
@) Longitudinal deformation at failure, measured by image analysis.
) Not estimated due to a clear bi-linear mechanical behaviour.

Table 4

Nt measurement error.
Fibre Pixels covering fibre’s width Trans. Def. resolution (-) Long. Def. at failure (-) N¢ resolution (-)
PFA/50-0.75/L-U 343 0.00292 0.11442 0.025
PFA/48-0.85/H-E 179 0.00559 0.06968 0.080
PFA/56-0.84/M-E 205 0.00488 0.09656 0.051
PFA/54-0.77/M-E 214 0.00467 0.08769 0.053
PFA/55-0.86/H-U_a 174 0.00575 0.05931 0.097
PFA/55-0.86/H-U_b 165 0.00606 0.06059 0.100
PFA/60-0.89/H-U 188 0.00532 0.06201 0.086
PFA/60-0.88/H-U 168 0.00595 0.05501 0.108
PFA/60-0.96/H-U 207 0.00483 0.05868 0.082
PFA/45-0.84/H-U 165 0.00606 0.05132 0.118
PFA/55-0.81/H-U 157 0.00637 0.06111 0.104
PFA/50-0.89/H-U 181 0.00552 0.06331 0.087
PFC/48-0.99/L-U 280 0.00357 0.14405 0.025
PFB/54-0.74/M-E 252 0.00397 0.07019 0.057
PFB/57-0.46/M-E 203 0.00493 0.06541 0.075
PFA/40-0.75/H-E 166 0.00602 0.07834 0.077
PVAF/40-0.95/M-E 227 0.00441 0.14186 0.031
PETE/50-1.10/L-U 430 0.00233 0.47260 0.005
PFB/48-0.94/M-E 266 0.00376 0.10409 0.036
PFD/40-0.44/L-U 245 0.00408 0.07559 0.054

4.3. Transverse to longitudinal deformation ratio (1) determination Unfortunately, the resolution provided by the methodology does

not allow the monitoring of the deformation ratio evolution with
Digital images captured during the tensile test were analysed the load. Instead, the 1y is measured at the axial strain range devel-
with the image processing algorithm described in Section 2.1.3. oped between the test onset and the first partial failure of the fibre.
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As a result, the n¢ of the fibres estimated is not intended to charac-
terize an elastic property, but rather to provide the average beha-
viour until failure of the samples. The loss of linearity of the stress
to strain curve is not assumed as a termination criterion as the
image-capturing device used could not provide sufficient resolu-
tion at such low axial strain ranges. In those fibres that experience
sufficient transverse deformation to not compromise the accuracy
of the results (width reductions above 8 pixels), an additional n¢is
determined between the test onset and half of the axial strain
range at failure. Fig. 15 depicts a schematic representation of the
axial strain region covered by both the ny until failure and half
strain range.

Fig. 16 presents the n; of the 20 fibres analysed. The nomencla-
ture used for the fibres is described in section 4. The error bars
included in each column correspond to a +1/—1 standard deviation.
The mean values of ¢ at failure and half strain range from 0.34 to
0.88 and from 0.37 to 0.88, respectively. The mean coefficients of
variation of the measurements are 9.10 and 11.12 % for failure
and half strain conditions, respectively. The generally low variabil-
ity of the results indicate that the measurements are reliable and
that most of the differences observed amongst fibres are statisti-
cally significant.

The n; that characterizes half of the strain range developed
until partial failure presents slightly higher mean values and vari-
ability than the 1y covering the entire axial elongation until partial
failure. The higher variability of the first is explained by the lower
transversal deformations developed from the test onset, which
translates into an increase of measurement error. Despite the dif-
ferences are minor, the trends on the mean values reported suggest
that the transverse to axial deformation ratio decreases with ten-
sile elongation. Several authors have studied the effects of axial
elongation on the Poisson’s coefficient of polymeric materials
[37-41], obtaining differing results. Refs. [37,38] reported
decreases of Poisson’s ratio with axial elongation, which was
attributed to the start of void formation. On the other hand, [39-
41] report an increase of Poisson ratio at higher axial strain values
for different thermoplastics due to its viscoelastic behaviour.

Transverse to longitudinal deformation ratios above 0.5 would
be a physically incompatible material according to material’s ther-
modynamics fundamental laws. Likewise, typical Poisson’s ratios
reported in the literature for isotropic elastic polymers range from
0.30 to 0.49 depending on the material composition and testing
conditions (e.g., loading rates, temperature, humidity) [42-44],
values around 0.40 being the most commonly reported for
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Fig. 15. Strain region covered by each transverse to longitudinal deformation ratio
measured.
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polypropylene at room temperature [44]. Poisson’s ratios above
0.5 can only be attained for anisotropic elastic polymer composites
in a particular direction, as orthotropic materials can have
unbounded Poisson’s ratios [45].

However, it is important to notice that these values were
obtained through standardized tests performed within linear axial
strain ranges on suitable specimens that comply with certain
geometries and surface conditions (ISO 527 [25] and ASTM D638
- 14 [1]). Usually, tensile tests for Poisson’s ratio determination
are performed on standard dumbbell-shaped specimens of much
larger sizes prepared by machining operations, die cutting or injec-
tion moulding. All surfaces of the specimen must be flat and free of
visible flaws, scratches, or imperfections.

These conditions differ significantly from most of the fibres
tested for this experimental program. As described in Table 2,
40% of the fibres evaluated are embossed with medium or high sec-
tion curvature, 45% are unembossed with medium or high section
curvature and only the remaining 15% present flat surfaces. In this
context, the ny derived from the tests carried out with the pro-
posed measurement configuration should not be directly com-
pared with those Poisson’s ratio reported in the literature, since
different mechanisms -governed by both material mechanical
properties and fibre geometry and treatments- might take place
in embossed and curved fibres under tensile loading.

4.3.1. Flat unembossed fibres

Fig. 17 highlights the transverse to longitudinal deformation
ratios obtained for the unembossed specimens with low section
curvature (PETE/50-1.10/L-U; PFA/50-0.75/L-U; PFD/40-0.44/L-U;
PFC/48-0.99/L-U) and includes a detail of the specimen’s surface.
As can be seen, values obtained range from 0.34 to 0.42 and from
0.37 to 0.46 for failure and half strain conditions, respectively. Such
results are in agreement with the typical Poisson’s ratio reported in
the literature for isotropic polyolefin and polyethylene terephtha-
late materials at room temperature, as these specimens present
similar surface characteristics than the standardized specimens
used for the Poisson’s ratio determination [41].

The measurements performed in these fibres are significantly
more consistent than in the other fibres evaluated, with a 50%
reduction on the mean coefficient of variation. This behaviour is
attributed to the large width and low thickness that present all 4
specimens evaluated in this category. The ratio width/thickness
of these fibres range from 6.7 to 14, which is about 4-9 times larger
than the other fibres evaluated.

4.3.2. Unembossed fibres with high section curvature

The unembossed fibres with high section curvature (PFA/60-
0.96/H-U; PFA/50-0.89/H-U, PFA/55-0.86/H-U_a; PFA/55-0.81/H-
U, PFA/55-0.86/H-U_b; PFA/60-0.88/H-U, PFA/60-0.89/H-U and
PFA/45-0.84/H-U) are represented in Fig. 18. These also present
average values of the n¢ within the typical ranges of material Pois-
son’s ratios reported in the literature (average of 0.44). The only
exception is the fibre PFA/60-0.96/H-U, with a mean m¢above 0.50.

Despite the uniform section characteristics of these fibres along
the monitored length, the high curvature of the surface challenge
the hypothesis described in Section 2 for accurate displacement
estimations. The surface curvature might introduce out of plane
motions that alter the relation between transverse and axial defor-
mations. Moreover, the surface curvature of the specimens might
compromise the precision of the measurements, as the distance
to the lens varies slightly between the centre and the edges of
the fibres. These effects combined are reflected on the variability
of the measurements (average coefficient of variation of 10%), as
this set of fibres almost double the coefficient of variation of the
unembossed specimens with low section curvature.
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Fig. 17. n¢ of the unembossed low curvature fibres.

4.3.3. Embossed fibres

Structural fibres are usually subjected to superficial treatments
to introduce geometric irregularities to enhance the adherence
between the fibre and the concrete matrix. The intensity of these
treatments vary amongst the embossed fibres evaluated. Fig. 19
highlights the m¢ obtained for the embossed fibres. The results
show large variations amongst the fibres evaluated (from 0.35 to
0.88). The larger values correspond to the fibres with the most
intense embossment patterns while the lower values are obtained
in the fibres with less intense surface patterns. As explained earlier
in the Section 4.3, the 1 measured here capture a different phe-

13

nomenon than the standardized Poisson’s ratio tests. Therefore,
the results reported should not be analysed based on the same
criteria.

To further analyse this phenomenon, Fig. 20 depicts the width
variation and transversal deformation associated to tensile loading
of a fibre with intense embossment obtained by the image process-
ing algorithm (PFA/56-0.84/M-E). Even though at plain sight the
fibre’s width might seem to be uniform, Fig. 20a shows significant
initial width variations along the length caused by the emboss-
ment treatments. Width at peak regions increases up to the 13 %
compared with the width at valley areas. Fig. 20b shows the width
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Fig. 19. Transverse to longitudinal deformation ratio of embossed fibres.

distribution after loading. In this case, the fibre’s width is more
uniform, with the peak and valley regions less clearly identified.
These results suggest that the transversal deformation during
tensile loading is non-uniform along the fibre’s length when
embossment treatments are applied, as the peak regions undergo
larger width reductions (Fig. 20c). This behaviour can be explained
by the non-uniform material distribution generated by the
embossment, which causes a differential alteration of the mechan-
ical properties along the fibre. During axial elongation, the poly-
meric chains tend to re-align towards the principal tensile stress
field induced by the applied load, which leads to this increased
non-uniform transverse motion. The magnitude of this transverse
contraction is found to be governed by the fibre material and the
both the fibre geometry and the embossment pattern applied.
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The larger lateral contraction rate experienced by crimped
fibres over flat/smooth samples might seem to contradict the prac-
tical evidence that crimped fibres perform better than flat/smooth
fibres in reinforced cement-based composites. However, it is
important to remark that bond strength with cement-based matri-
ces is determined not only by lateral contraction but also by
mechanical interlock and, in some cases, chemical adherence.
The results obtained here suggest that in most fibre reinforced con-
cretes, physical interlock provided by the crimped patterns domi-
nates over the lateral contraction on the mechanical response of
the matrix-fibre interaction during tensile loading, which is in
agreement with the results provided by Garnevicius et al. [46].

Notice that depending on the number of peaks and valleys cov-
ered within the regions analysed, the transversal deformation
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Fig. 20. (a) Initial thickness, (b) Final thickness and (c) Transversal Deformation of PFA/56-0.84/M-E.

obtained might vary significantly, as peaks undergo larger width
reductions than valley regions. This explains the larger variability
of the measurements obtained in some embossed fibres.

Other sources of variability detected are highlighted in Fig. 21,
which specially affects the fibres PFA/40-0.75/H-E and PVAF/40-
0.95/M-E. As depicted in the lateral view of the fibre included in
Fig. 21, the initial shape of fibre PFA/40-0.75/H-E induces out-of-
plane motion during tensile loading as not all sections of the fibre
are aligned with the load. Moreover, not all sections are on the
same plane parallel to the camera sensor. As a result, pixels cover-
ing areas closer to the camera do not represent the same unit
dimension than pixels on more distant regions.

On the other hand, PVAF/40-0.95/M-E have a significant pres-
ence of what seems to be cutting or moulding wastes randomly
distributed on the edges of the fibre (see Fig. 21). Unlike other
fibres analysed, these defects are not isolated in a few locations
but are present in a significant fraction of the fibre’s length. Even
though the outlier detection algorithm identifies and disregard

Ny
&
3
g
g
<
w
o

PVAF/40-0.95/M-E

Lateral view Front view

Fig. 21. Other sources of variability detected in embossed fibres.
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the areas affected by the defects, the large presence disrupts the
numerical analysis and increases significantly the variability of
the measurements.

5. Conclusions

This paper describes a new methodology developed to assess
the transverse to longitudinal deformation ratio (ny) of polymeric
macro-fibres with a single image capturing device based on a mod-
ified 2D Digital Image Correlation method. The method proposed
was validated through an extensive experimental program on 20
selected lab grade and commercial fibres. The main conclusions
derived from the experimental tests results and analyses are the
following.

e Longitudinal deformations obtained by means of the new DIC
procedure differ from extensometer readings by <3.1%, this
being a suitable accuracy for the purpose.

e The N values obtained for unembossed fibres with flat in-plane
straight profiles range from 0.34 to 0.46. Such results are in
agreement with the common values reported of Poisson’s ratio
(vg) for standardized isotropic polyolefin and polyethylene
terephthalate specimens at room temperature.

e The ¢ values for unembossed fibres with high curvature sec-
tions range from 0.37 to 0.56, with a mean value of 0.44. In this
case, some of the results are inconsistent with the standardized
v values reported in the literature for similar materials (always
below 0.5). This is attributed to the out-of-plane motion experi-
enced during tensile elongation caused by the high curvature of
the fibre’s surface and the low accuracy of the measurements
for this set of thin rigid fibres. Nonetheless, for qualitative com-
parison purposes, the mny values obtained could be a valid
reference.

e Fibres with width variations caused by superficial treatments
led to My values between 0.34 (fibres with less intense surface
patterns) to 0.88 (fibres with the most intense embossment pat-
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terns). In this case, the wide ranges obtained are not due inac-
curacies of the measurement method used. Instead, these
results suggest that superficial embossments might alter the
effective relation between transverse and axial deformation
during tensile elongation, even for fibres with the same material
composition. The shrinkage of this range of my for fibres with
superficial treatment could lead to improvements of the post-
cracking response of the PMFRC (i.e., reduction of the variability
of the residual flexural strength).

Despite all ny reported for each fibre represent the mean of
more than 1500 values, the results obtained should be validated
with image capturing devices of higher resolution. These should
provide an accuracy on the transverse to longitudinal deforma-
tion ratio of 1%.

The method proposed herein is aimed at facilitating the charac-
terization of the fibre’s transverse to longitudinal deformation ratio
(M¢), which is a relevant parameter in fibre-matrix interaction phe-
nomena. Due to the hypotheses assumed and the testing configu-
ration, the ratio mf experimentally obtained is not necessarily
coincident with the fibre v¢. Nonetheless, for both qualitative com-
parison of fibres and fibre design-optimization purposes, ns could
be a representative parameter. To verify this statement, further
experimental evidences -including fibre pull-out tests on
cement-based matrices- are deemed necessary.

6. Data availability

The raw/processed data required to reproduce these findings
cannot be shared at this time as the data also forms part of an
ongoing study.
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