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The need to constantly improve the quality and properties of manu-

factured products leads to the development of hybrid materials
that combine different elements, complementing one another.
Fiber-reinforced mortar is one of those products, as the fibers
are used to improve cementitious materials’ flexural weakness.
Experimental data on different metallic fibers dispersed in mortar
demonstrate the correlation between early-age rheological prop-
erties and long-term mechanical strength. Both quantities depend
on the ratio of the solid volume fraction of the fiber to a critical
solid volume fraction characteristic of the form factors of the fiber.
It is demonstrated that both effects arise from the packing stress
of the fibers in the mortar when their concentrations are close to
their maximum packing fraction. Geometrical arguments are used
to explain how this critical volume fraction is related to the fiber
form factor. Then, it enables the building of master curves using
geometrical arguments.

Keywords: critical volume fraction; fiber-reinforced mortar; flexural
strength; master curves; mortar; rheology.

INTRODUCTION

The need to reduce the quantity of construction mate-
rials drives the industry to develop new materials with
more diverse and advanced properties. Most construction
materials should be kept affordable as the amount needed
is significant and essentially obtained from cheap local raw
materials. Most of the time, these materials fulfill one prop-
erty—such as structural, acoustic, or thermal—and should
be used in combination with several other materials glued
together to build sandwich walls. Developing composite or
hybrid materials whose properties are a combination of their
constitutive components’ properties could then be a solu-
tion to limit the number of layers required for the sandwich
walls, reducing the number of materials and simplifying the
recycling process. The main difficulty of a hybrid formula-
tion is ensuring the positive interactions between its different
elements: the aim is to collect the best of each material and
avoid any property conflict. This is particularly relevant
for the concrete industry as cementitious materials display
a very high compressive strength—up to 230 MPa'—but a
relatively weak flexural strength—approximately 10 times
weaker than the compressive strength. This weakness
makes standard concrete unsuitable for structural applica-
tions required for slabs or bridges; therefore, metallic rein-
forcing bars are mandatory according to the norms.? Over
the last decades, numerous studies have been carried out to
improve cementitious materials’ flexural strength to reduce
the systematic use of metallic reinforcing bars. Different
strategies have been explored, such as the development
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of epoxy-modified concrete,® the addition of latex suspen-
sions,* or crushed tires,® but the most promising option is the
addition of fibers.*’ Fiber-reinforced material is an example
of such a hybrid: the fibers are added and mixed with the
original cementitious slurry to improve its mechanical prop-
erties. This method is not restricted to concrete but is also
used in different industries, such as ceramics.® Adding a high
concentration of fibers in concrete leads to the creation of
ultra-high-performance concrete (UHPC), whose flexural
strength can reach up to 50 MPa.? The main drawbacks of a
fiber-reinforced material are: 1) the degradation of the rheo-
logical properties of the original paste with the addition of
fibers,'%!! leading to such issues as pumping or casting diffi-
culties; and 2) the price increases of the formulation gener-
ated by the addition of fibers.

Fiber-reinforced cementitious composites (FRCC) have
been studied regarding rheological and mechanical prop-
erties.'”> The fiber’s nature impacts the fracture toughness
of the composite,'? mainly depending on the interaction or
bond of the fibers with the cementitious matrix. The microc-
rack formations can be delayed with an increase in the tough-
ness of the composite with polyvinyl alcohol (PVA), refined
cellulose (RC)," metallics,'*!> or glass.'® On the other hand,
polypropylene (PP) or polyethylene fibers are not chemically
binding to the cementitious matrix. Other natural fibers!” are
now used to reinforce mortar and concrete.

The impact of the fiber aspect ratio, which is defined as the
ratio of the length of the fiber to its thickness, on mechan-
ical properties has been studied on PVA fibers,'® PP,'*?" and
steel.?! The conclusions differ depending on the type of
fiber, demonstrating that for steel fiber at a given concen-
tration, the larger aspect ratio exhibits better performance
in terms of either the flexural strength or toughening effect,
and for the polymer-type fiber, an optimal form factor has
been observed.?? Several empirical models®® and machine
learning algorithms have been built to predict the impact of
the flexural strength on the fiber volume fraction and aspect
ratio.”*

The influence of the fiber volume fraction, rigidity, length,
and diameter on the rheological and mechanical properties
is described by the fiber factor (FF), which can be obtained
by multiplying the fiber volume fraction by its aspect ratio."
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Table 1—Mass concentration per weight and percentage of different components of mortar
equivalent concrete

Components OPC Limestone Sand Water PCE Total
Mass, % 22 215 44 12 0.5 100
Mass, g 440 430 880 240 12 2000
Table 2—Form factors and maximum packing fraction ¢, of metallic fibers
Fiber types L30 £20-2 L£20-1 L15 L10 L5
Length L, mm 30 20 20 15 10 5
Width w, mm 1.6 1.6 1 1 1 1
Thickness d, pm 29 29 24 24 24 24
Table 3—Equivalent between mass fiber added and solid volume fraction of metallic fibers in
standard mortar
Mass fiber, g, added in 2 kg of mortar 15 30 45 60 75 112 150 187 225
Equivalent solid volume fraction, % 0.2 0.4 0.6 0.8 1 1.5 2 2.5 3

The FF impact on the rheological properties is the same
for all types of fibers, with an increase in the yield stress
or decrease in the slump spread as well as an increase in
the plastic viscosity.'*?! The influence of the fiber on the
mechanical properties is defined with two critical limits of
the FF: below a critical factor called Fc, the influence of the
fiber on the mechanical properties is negligible, and above
a density factor called Fd, the rheological and mechanical
properties are worsened due to the nonuniform dispersal
of the fibers. The limits of Fc¢ and Fd depend on the nature
and rigidity of the fibers: 30 and 80, respectively, for glass
fibers; 100 and 300 for PP; or 100 and 400 for PVA fibers.!”
There is a further need to understand the mechanism of the
flexural strength and viscosity increases with the addition
of fibers. This would rationalize the optimization of the
concrete formulations. To this goal, the correlations between
the composite performances, either mechanical or rheolog-
ical, are then always made with dimensionless parameters
to establish such a correlation based on pure geometrical
considerations, linking the rheological and mechanical prop-
erties with critical volume fractions, which can be calculated
from the fiber form factor.

RESEARCH SIGNIFICANCE

This paper aims to link the mechanical and rheological
properties of metallic fiber-reinforced mortar with the orga-
nization of the fibers. The characterization of the metallic
fibers’ concentration is made based on the flexural strength,
and the rheological properties of the fresh mixture are made
and rescaled on geometrical parameters with a series of six
different metallic fibers. The impact of the fiber form factor
and concentration on the material’s physical properties
is studied in a fresh and hardened state, showing that the
paste’s yield stress evolution and the set mortar’s flexural
strength are linked with the relative fiber volume fractions.
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EXPERIMENTAL INVESTIGATION
Materials and formulations

The rheological and mechanical impacts of the fiber addi-
tion are studied on a mortar prepared with a binary binder
made of ordinary portland cement (OPC) type CEM I 52.5N
and limestone having the same particle-size distribution.
Natural siliceous sand with a particle size ranging from
0.1 to 0.5 mm with a specific gravity of 2.6 kg/L and water
absorption of 1% was used. Finally, a noncommercial plasti-
cizer of the type of polycarboxylate high-range water-reducing
admixture (PCE) with a solid content of 40% and a density
of 1.08 kg/L was added at a concentration of 0.5% to obtain a
self-leveling mortar. The formulation of the reference mortar
is shown in Table 1 in terms of percentage and mass used.
A 2 kg mortar mixture was prepared with a water-cement
ratio (w/c) of 0.56 and a water-binder ratio (w/b) of 0.28.
The mixing protocol consists of mixing for 1 minute in a
mixer at speed one, then letting the paste rest for 30 seconds,
and mixing again at speed two for 2 minutes. The resulting
mortar is self-leveling with a density of 2 kg/L.

The fibers used are commercial; they are amorphous
metallic fibers for concrete and mortar reinforcement with
a density of 7.25 kg/L.? A series of six different fibers were
tested to study the impact of the form factor on the fibers’
rheological and mechanical properties of the mixture. The
reference names of the fibers with their equivalent length L,
width w, and thickness d are summarized in Table 2.

The different fibers were incorporated in a second step into
the self-leveling mortar with a second mixture of 1 minute
at speed one. A noncommercial deformer was used to keep
the air content below 2% for all the mixtures to avoid the
air’s negative impact on the mechanical properties. All the
fiber concentrations are given in percentage per volume.
Table 3 gives the equivalence between mass concentration
and volume fraction of the fibers in the mortar mixtures. Due
to the high density of the fiber, the mass added for 3% is
223 g for 2 kg of mortar. No sedimentation of the fibers was
observed, as confirmed by tomography measurements.
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Fig. I—Concrete rheometer used for measurement of rheological properties of mortar pastes: (left) picture of rheometer with

measuring cell; and (right) dimensions of geometry.

Rodlike PVA fiber was used for complementary rheolog-
ical measurements and validation of theory building on the
metal fibers. The ductile monfilament PVA fiber has a diam-
eter of 38 um, a length of 8 mm, and a density of 1.3 g/cm®.
The PVA fibers are also used to improve the strength proper-
ties of concrete and mortar.

Rheological measurements

To compare the rheological and mechanical properties,
two different tests have been conducted: 1) rheological with
a concrete rheometer; and 2) mechanical, with a three-point
flexural test. The rheological properties of the fresh rein-
forced mortar are measured with a custom-made concrete
rheometer represented in the left picture of Fig. 1. It is
equipped with a double-helicoidal geometry designed for
the rheological measurement of a cement paste, as described
in former works,?®?® and with the dimensions given in the
right picture of Fig. 1. The rheometer was calibrated with a
calibration oil developed by the National Institute of Stan-
dards and Technology (NIST).? This calibration allows the
quantification of the shear rate and shear stress directly from
the measurement of the geometry rotation speed and torque.
The measurement protocol is as such: after a pre-shear of
60 seconds at a shear rate y of 100 s™! is first applied, the
shear stress T is measured as a function of the shear rate v,
with 30 points evenly distributed in a logarithmic scale from
100 to 0.1 s”!. The measurement is run three times to ensure
good reproducibility.

Flexural strength measurements

The mechanical properties of the mortars are measured on
prisms of standard dimensions of 4 x 4 x 16 cm. The prisms
are stored in a chamber with controlled curing conditions of
68% relative humidity and 23°C for 7 days. After 7 days of
curing, the flexural strength o, is measured with the three-
point bending test method.
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Fig. 2—X-ray tomography of mortar prepared with 1% of
L30. Probe is cube of 40 mm side.

X-ray tomography

The X-ray tomography imaging was performed with a
three-dimensional (3-D) X-ray micro-computed tomog-
raphy system. The illumination is realized with an X-ray
generator with a tungsten filament and a tungsten target, and
the detector is a matrix plane sensor consisting of 1920 x
1536 pixels of size 127 x 127 pum. A representation of a
40 mm side sample prepared with 1% of the L30 fiber is
shown in Fig. 2.

It is very easy to see the metallic fibers. Much smaller
objects can also be seen, which are a few microns in size,
probably metal oxide particles from the cement, which
absorb approximately as much as metal fibers. The metal
fibers are not deformed and do not form clusters and appear
to be anisotropic without any visible sedimentation, which
confirms that the mortar matrix can be reasonably regarded
as uniform in nature.
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Fig. 3—Three regimes of fibers in solution, from left to right: dilute; semi-dilute, less rotational movement is allowed,; and
entangled, only rotation on cylindrical axis is possible. (Adapted from Evans and Gibson.>’)

ANALYTICAL INVESTIGATION
The critical flexural strength o/ is calculated following
Eq. (1), with the maximum force applied Fc where the
facture of the prism occurs, and with the dimensions of the
prism: A =40 mm and L = 160 mm.

3FcL
o= g )

The toughness of the prism, which is the energy the mate-
rial can absorb by deforming plastically before its rupture,
is also calculated using an integral of the force along its
displacement 8, as described in Eq. (1).

U = [y F@e)ds 2)

All the results shown in the next section are the mean
values of the three probes used to measure either the rheo-
logical properties or the flexural strength. Error bars corre-
spond to the standard deviation calculated from the experi-
mental data.

To characterize quantitatively the impact of the fiber form
factors on the rheological and mechanical properties, the
work of Evans and Gibson®® is adapted, who studied the
packing of randomly oriented fibers. This is done by assim-
ilating the metallic fibers to a rodlike fiber with the same
length / and an equivalent circular surface with a diameter
d,, calculated by assimilating the rectangular section of the
fiber to a circle and defined in Eq. (3).

& = Vg ®

A theoretical packing of the fiber can be calculated if a
fiber concentration is considered by unit volume ¢, which
is the number of fibers per unit of volume. Then, according
to fiber conservation, the fiber volume fraction ¢, being the
volume occupied by the fibers, is equal to

nd?lc
=4 4)

Evans and Gibson*’ made a parallel with the liquid-crystal
transition, where the particles are constrained by their neigh-
bors. There are three concentration regimes described in
Fig. 3: a) the dilute one, where ¢ < I and each fiber can be
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Table 4—Maximum fiber volume fraction ¢, of
different metallic fibers used, as computed from
Eq. (5) with ki, = 4
Fiber types L30 | L20-2 | L20-1 | L15 L10 L5
do, %0 33 5.0 3.6 4.8 7.2 14.4

rotated freely around all axes without touching the others;
b) the semi-dilute regime /= < ¢ < I%d,™, where a fiber can
only rotate in a plane without any contact; and c) the entan-
gled regime [2d,! < ¢ < I''d,?, where the fibers are only
free to rotate around its cylindrical axis of symmetry without
touching its neighbors. This corresponds to a nematic
ordering.

Nevertheless, in this study’s system, where the fibers are
dispersed in a complex media, they cannot self-organize in a
fully nematic state, and their maximum volume fraction will
be lower than the maximum volume fraction of the nematic
ordering. One needs to consider the maximum volume frac-
tion of randomly oriented fibers, which may be evaluated
by considering fibers at low volume fractions and then
compressing the system up to the point where it cannot be
compressed further without deformation of the fibers. This
leads to the result’! that the maximum number fraction of
the rods is

bo = 1 )

where £ is a numerical refactor, which has been numerically
evaluated as k&, = 4. Experiments show this expression is
valid, but experiments disagree on the numerical prefactor
when a k., = 5.3 is measured.*” It should be noted that both
the maximum packing and the transition between disordered
and nematic states scale as the inverse of the form factor, FF.

The list of ¢ calculated with the theoretical coefficient 4,

for all the types of fibers used is given in Table 4.

EXPERIMENTAL RESULTS AND DISCUSSION
Effect of fiber content on flexural strength

The effect of fiber concentration on the flexural strength
of the fiber-reinforced mortar was tested, and the evolution
of the strength as a function of the applied deformation for
different concentrations of the fiber type L30 is shown in
Fig. 4. One can observe that below a given fiber volume
fraction, in the case of the L30, ¢ = 0.4%yv, the fibers do
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not have any significant effect on the mechanical properties,
as has already been observed.* Above this concentration,
the addition of fibers increases the mortar critical flexural
strength o which is doubled with an addition of 1%v of L30
fibers, demonstrating the toughening effect of the metallic
fibers.

The quantification of the impact of the concentration and
form factors of the six different fibers on the critical flexural
strength o, is analyzed with its representation as a function
of the fiber volume fraction, as shown in Fig. 5. The effect
of the mechanical performances is highly dependent on the
fiber form factors: the shortest fibers (L5) have the least
effect, and the increase in the critical flexural strength occurs
only above concentration 1.5%v, whereas the same increase
can be seen at a volume fraction of 0.5%v for the larger
fiber (L30). It is interesting to notice that while their lengths
are different, the duos £30 and £20-1 and £20-2 and L15
display very similar behaviors, which means that the rele-
vant parameter is the fiber’s form factor and not its length.>*

20+
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o (MPa)

d (%)

Fig. 4—Strength of reinforced mortar as function of flexural
strain for different fiber concentrations at 0, 0.2, 0.4, 0.6,
0.8, and 1% volume fraction from lefi to right in order of
appearance of peak. Tested fiber is L30, described in Table 2.
Maximum strength is taken as critical flexural strength o of
composite.

The evolution of the flexural strength confirms that there is
a minimum volume fraction required to impact the mechan-
ical properties, which depends on the fiber form factor. The
fiber network then affects the mechanical properties as the
mechanical effort is transmitted in both the fiber and mortar
networks. 3336

To identify the mechanisms at play in the increase in the
strength of the system, the data of Fig. 5 were rescaled by
the maximum packing fraction ¢, displayed in Table 4 to
correlate the packing influence of the fibers on the mechan-
ical properties. As ¢, is a function of the ratio d,//, each
curve is shifted differently according to its form factor, and
the evolution of the critical flexural strength as well as the
toughness of the samples are represented in Fig. 6 (left). The
flexural strength starts to kick off for a ratio of ¢/¢. = 0.15:
below this ratio, the fibers do not have any significant effect
on the mechanical properties.

Remarkably, all data from the different fibers collapse
on a master curve under this rescaling by the maximum
packing volume fraction ¢,. In particular, the increase in the
flexural strength occurs at a similar rescaled volume frac-
tion. This implies that the transition toward the strong rein-
forcement regime is controlled by the same scaling factor
as the maximum packing volume fraction. According to the
preceding discussion, it may be identified with the volume
fraction transition between the semi-dilute and the entangled
regime.

Therefore, according to Eq. (4) and (5), the ratio between
¢. and ¢, can be written as

¢c 1

¢_0 vy (6)

The ratio ¢./¢o is approximately equal to 0.2 and 0.15 with
ky, = 4 and k., = 5.3, respectively. Those values are very
close to the experimental values of Fig. 6 and confirm that
the fibers start to have a significant impact when their orien-
tational motion in both angular directions is constrained by
their neighbors. The same observations are confirmed by
the values of the toughness: the effect of the fibers is only
controlled by the ratio ¢./¢o, as shown in Fig. 6 (right). The

L5
L10
L15
L20-1
L20-2
L30

Fig. 5—(Left) Evolution of mean critical flexural strength oy of reinforced mortar has function of solid volume fraction of six
different kinds of fibers, described in Table 2; and (right) evolution of total energy, as calculated in Eq. (2) for same fibers.
Colors are associated with same fiber, lines are giving trends, and error bars are calculated with average of 10%.
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Fig. 6—(Left) Evolution of mean flexural strength of reinforced mortar has function of ratio ¢/¢ for six different kinds of
fibers, described in Table 2; and (right) evolution of total energy or toughness, as calculated in Eq. (2). Colors are associated
with same fiber, lines are giving trends, and error bars are calculated with average of 10% from flexural strength.

toughness curves also collapse in a master curve when the
unit ¢/, is used to rescale the data.

Rheological measurements

As the fiber concentration has been proved to be close to
when the hybrid mechanical properties drastically increase,
the rheology of the mixture is also supposed to diverge when
its volume fraction ¢ tends to some maximum packing frac-
tion that may not be identical to the previously defined ¢y,
and that this study calls ¢,,. The increase in the viscosity 1
with the volume fraction has been widely studied,’” and the
theoretical solution is known for a dilute sphere suspension
in a Newtonian fluid of viscosity*® ng

n=n(1 +2.5¢) ©

The problem becomes rapidly difficult to model when
the volume fraction increases and becomes close to the
maximum packing fraction ¢,, as the viscosity diverges at
the limit.*> Among all the models, the most commonly used
is the Krieger-Dougherty relationship®

() = o1 — §/) >4 ®)

with B = 2.5 for the hard-sphere Maron-Pierce model,*!
which has the advantage of fixing the power-law exponent
and easing the determination of ¢,,

n(9) =no(1 = ¢/,) 2 )

Those models allow the estimation of the maximum
packing of a sphere suspension by fitting the experimental
data of the evolution of the viscosity with the sphere volume
fraction. For the hard sphere, which is the simplest system,*
¢, = 0.64, but higher experimental values have also been
reported.®® The system becomes even more complex when
the suspension is not made out of spheres but rodlike
objects: the values of both 1y and ¢,, are different from the
hard-sphere model.***3 Another level of complexity is added
to the system as the suspending fluid is non-Newtonian.*
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Fig. 7—Evolution of shear stress t as function of shear rate
y for fiber-reinforced mortar made with 130 fiber at different
fiber concentrations, from bottom to top. ¢ = 0, 0.16, 0.33,
0.5, 0.66, 0.82, 0.99, and 1.15%v. Points are experimental
data and dotted lines are Herschel-Bulkley fits.

An example of the evolution of the mortar rheological
properties with the amount of L30 fibers is represented in
Fig. 7. A strong increase in the yield stress 1, can be observed
with the fiber concentrations but also a weaker increase at a
high shear rate, which means that the plastic viscosity 1., is
less dependent on the fiber concentration. It can be explained
by a possible fiber alignment with the flow field.'°

As the mortar is a yield-stress fluid, a Herschel-Bulkley
relationship describes the shear stress evolution with the
shear rate*

uy) = Ky (10)

where K is the consistency index; and # is the flow index.
The raw rheological data were fitted with the previous equa-
tion to obtain a more precise estimation of the yield stress
1,, whose mean value was averaged over three experiments.
Most of the previously published studies*’* focused on
the concentration impact on the viscosity and slump flow
rather than a direct measure of the yield stress; nevertheless,
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Fig. 8—(Left) Evolution of yield-stress increases t(¢) — t©(0) as function of L30 fiber concentration ¢. Data have been fitted
using Eq. (11) with t* = 18.3 Pa and ¢, = 1.2%pv. (Right) Calculated value ¢, as function of value deduced from rheological
measurement ¢, for all fibers tested. Dotted line is linear fit of data.
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Fig. 9—(Left) Shear stress as function of shear rate for reference mortar made at different concentrations of PVA fibers, from
bottom to top: ¢ =0, 0.2, 0.4, 0.6, 0.8, 1, 1.2, and 1.4%v, and (right) evolution of yield-stress increases t(¢) — t1(0) as function
of PVA fiber concentration ¢. Points are extrapolated from experimental data and dotted line from Eq. (11) with t* of 70 Pa

and ¢w of 2.1%.

a derived Maron-Pierce equation has been proposed for its
evolution with the particle volume fraction>

-l

This equation has been used to fit the experimental data,
and because the previous equation assumed that ©(0) = 0, the
fit has been done using t(¢) = 1,(¢) — 1,(0), which is repre-
sented as a function of the volume fraction on the left side of
Fig. 8 for the L30 fibers. The points correspond to the experi-
mental data, and the line is the model that perfectly describes
the experimental data, demonstrating that the model can be
generalized to the complex system. The maximum packing
fraction ¢,, deduced from the fit ¢,,(L30) = 1.2%v appears to
be much lower than the maximum packing fraction ¢y(L30) =
3.33%v obtained from the form factor packing calculation.
The same measurements were made for all types of fibers
to compare the values of the maximum packing fraction ¢,,
obtained from the rheological measurements and the volume
fraction ¢, obtained from the geometrical calculation. The
representation of the ¢ as a function of ¢,, is made in Fig. 8

(right).

(11)
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Nevertheless, it should be noted that the maximum
volume fraction, corresponding to the viscosity divergence
¢, 1s approximately three times smaller than the theoretical
maximum packing fraction of randomly oriented spheres ¢y.

To test the generality of the results, experiments were
done with other kinds of fibers, in shape and nature, with
rodlike PVA fibers. Fibers of diameter 38 pum and length of
8 mm have theoretical maximum packing fractions ¢, of
1.9%v and 2.5%v, calculated with Eq. (5) and with a k-factor
of 4 and 5.3, respectively. The shear stress evolution as a
function of the shear rate in the mortar matrix is represented
in Fig. 9 (left), and the measured yield stress is plotted as a
function of the volume fraction of the PVA fibers in Fig. 9
(right).

The fitting of the rheological measurements with Eq. (9)
(Fig. 9) allows the determination of the experimental crit-
ical volume fraction, which is approximately ¢, = 2.1%v,
in between the calculated values of the maximum packing
fractions of 1.9%v and 2.5%v. The results obtained with the
rodlike fibers are then in the range of the values obtained
with Eq. (5), confirming the generality of the results.
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Fig. 10—(Left scale) Evolution of mean normalized flex-
ural strength as function of ¢/¢, and maximum packing
for six different kinds of fibers, described in Table 2 (line),
and (right scale) evolution of mean normalized yield stress
as function of ¢/py (symbol), colors are associated with
same fiber. Red: L5, green: L10, orange: L15, blue: L20-1,
green L20-2, and pink: 1.30. (Note: Full-color PDF can be
accessed at www.concrete.org.)

Strength-rheology relationship

The data of Fig. 5, 8, and 9 show that both the yield stress
1, and the critical flexural strength o/ start to increase dras-
tically around the same volume fraction (¢ = 0.4%v for the
L30 fibers). This observation could be a hint that each effect
arises from the same phenomenon, which is the outbreak
of a fiber network within the mortar sample. To check the
similitude between those and make the correlation between
the rheological and mechanical properties, the normalized
structural strength (6,(¢)/c,(0) — 1) and the normalized yield
stress (t/($)/t/(0) — 1) are represented as a function of the
ratio between the volume fraction and the maximum packing
¢,, calculated from Eq. (5). The results displayed in Fig. 10
show that a similar evolution is observed for both the yield
stress and the flexural properties as a function of the ratio
between the solid volume fraction and critical volume frac-
tion. A factor of 10 between the scale for the normalized
structural strength and the yield stress is observed, meaning
that the impact of the relative slope is, therefore, different.
This result highlights another remark previously made: the
maximum packing fraction deduced from the rheological
data using Eq. (11) is always lower than the calculated value
from Eq. (5), as can be observed in Fig. 8 (right).

Experimentally, it was nearly impossible to mix and
reach fiber volume fractions larger than 0.4¢/¢,, while it is
very easy to prepare hard-sphere suspension up to 0.9¢/¢,.
This could be an argument to advance that the value of the
maximum packing deduced from the experimental rheolog-
ical measurement is closer to the true maximum packing
fraction of fibers. Thus, the minimum fiber concentration
to trigger their effect can be explained by the theory® that
has been verified in the experiments: both effects are trig-
gered when ¢/¢o ~ 0.15, which corresponds to the transition
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between the semi-dilute to the entangled regimes represented
in Fig. 3. The prediction of the maximum packing fraction
of fibers is incorrect because of the modeling of the fibers,
which are rectangular cuboids, by rodlike objects, which,
as a consequence, could overestimate the real maximum
packing fraction. The factor of three for the fiber diameter,
obtained between theory and experiment, can be explained
with an orientation of the cuboids, leading to an apparent
diameter smaller than the one calculated theoretically. The
rheological experiments thus allow a quick determination of
the fiber form factor, which is needed to determine its impact
on the mechanical reinforcement.

CONCLUSIONS

In this paper, the impact of the addition of metallic fibers
on both the flexural properties and the rheological proper-
ties of a mortar were studied. It was shown experimentally
that below a critical concentration, which is only a function
of the fiber geometry and defined as the transition between
the semi-dilute and entangled regimes, the addition of fibers
does not have any significant effect on the improvement of
flexural strength. These results were explained by the fact
that this critical concentration corresponds to the begin-
ning of an organized network of fibers. Above this critical
concentration, both the flexural strength and the yield stress
of the fiber-reinforced mortar increase quickly and similarly
with the fiber concentration, making the link between flex-
ural properties and rheological properties. No correlation
could be made with the plastic viscosity, as the effect of fiber
addition is lower at a high shear rate due to their trend to
align with the flow but also on the impact of the fibers on the
shear thinning of the constitutive paste matrix.

The flexural strength and yield stress increase in parallel
as they appear to arise from a common phenomenon based
only on the form factor of the fibers. This correlation allows
the choosing of the optimal fiber aspect ratio, allowing a
quantitative extrapolation and estimation of the flexural
properties from the measurement of the yield stress by the
calculation of the maximum solid fraction, which is a func-
tion of the fiber form factors. The theory was tested with
polyvinyl alcohol (PVA) fibers, which have different chem-
istry and form factors than metal fibers. The maximum
packing fractions calculated from the form factor are near
the value obtained from the evolution of the yield stress as
a function of the fiber volume fraction. Those results could
be interesting to ease the formulation of fiber-reinforced
mortars as one can calculate the minimum concentration
required to improve mechanical properties directly from
rheological measurements. This work demonstrates that
simple rheological measurements can be performed early to
predict and optimize the flexural strength of fiber-reinforced
mortar. Further work performed on concrete and highly flex-
ible fiber would allow the generalization of this theory on a
more global use of fibers for concrete.
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NOTATION
A prism width equal to 40 mm
B = constant for hard-sphere model of Maron-Pierce,* equal to 2.5
c = fiber number concentration by unit volume
d = thickness of fiber
d, = equivalent diameter of fiber corresponding to circular section
Fc = critical factor
F. = maximum flexion force at failure for prism
Fd = density factor
FF = fiber factor
F(3) = force applied at given displacement
K = consistency index
k = numerical prefactor®® for calculation of maximum fiber packing
fraction
ke =  experimental numerical prefactor k equal to 5.3
km =  theoretical numerical prefactor k equal to 4
L = prism length equal to 160 mm and section width equal to 40 mm
/ = equivalent length of fiber
n = flow index
U = toughness of prism, which is energy material can absorb by
deforming plastically before its rupture
w width of fiber
) = displacement or deformation of prism
[0} = fiber volume fraction
¢. = fiber volume fraction at dilute/semi-dilute transition
¢, = volume fraction corresponding to divergence of viscosity
¢o = fiber volume fraction at semi-dilute/tangle transition
= shear rate
n = viscosity of suspension with or without fiber
Mo =  Newtonian fluid of viscosity
o; = critical flexural strength
T = shear stress
™ = shear stress constant
T, = yield stress
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