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Abstract In this work, the microstructure and the rhe-
ology of a glass-fibre-reinforced fresh mortar were
studied. Various fibre contents and aspect ratios and
two types of fibrous reinforcement, i.e. slender fibre
bundles and fibres, were tested. The microstructure
was analysed by using X-ray microtomography. It is
shown that the non-deformed mortar is a porous gran-
ular suspension, the porous microstructure of which
is not influenced by the presence of fibres, which in
turn display a 2D planar random fibre orientation.
The rheology was investigated by subjecting samples to
constant axial strain rate and lubricated compression.
The roles of the actual strain, the mortar resting time,
the fibre content and aspect ratio on recorded stress
levels are emphasised. Besides, for the investigated
strain rate and material parameters, the mortar flow is
quasi-incompressible and does not affect significantly
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the porous microstructure nor the fibrous one. Lastly,
the stress increase which is induced by the addition of
fibre bundles is similar to that predicted by Newtonian
models of semi-dilute fibre suspensions.

Keywords Fibre suspension - Granular system -
Lubricated compression - X-ray microtomography

Introduction

There is a great interest in adding fibres of various types
to cements, concretes or mortars in order to improve
their mechanical properties, particularly their ductility
and their toughness, as well as their creep properties
and their long-term shrinkage behaviour as it is exem-
plified in some recent experimental studies (Cheng and
Liu 2005; Liu et al. 2008; El-Dieb 2009) or theoretical
ones (Takashima et al. 2003). The hardened-state prop-
erties of these materials have been rather well investi-
gated. On the contrary, there are very few studies, to
the best of our knowledge, which focus on the deter-
mination of the rheological behaviour of this type of
fibre-reinforced materials in their fresh state. Authors
who performed the first rheological studies adapted
classical “workability” tests such as, for instance, the
“slump” test (Griinewald and Walraven 2001; Cheng
and Liu 2005; Ferrara et al. 2007; Sahmaran and Yaman
2007). Although a deep analysis of the results given
by the slump test can be performed to get quantitative
rheological data, as shown in a comprehensive paper
by Roussel and Coussot (2005), the slump test, in the
above studies, is merely a useful empirical method to
class the materials with respect to their ability to be
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casted. Only in a study by Ferrara et al. (2007), the
way this test was performed revealed experimentally
that segregation phenomena might occur for a series
of cement pastes. In this study, the tested materials
were carefully prepared and reinforced with varying
amounts of steel fibres of a given aspect ratio. In
Banfill et al. (2006), a rheometer was used to try to
get quantitative rheological data for a fibre-reinforced
cement mortar. This rheometer made with a cylindrical
container and a rotating impeller has the drawbacks
of having smaller dimensions compared to the various
tested lengths of fibres, although it is well known, for
instance in the field of fibrous suspensions, that it is
necessary to use large-scale apparatuses to get relevant
rheological results. Moreover, this type of rheometer
can lead to very particular flow problems such as slip
bands, which have to be avoided. In Kuder et al. (2007),
a parallel-plate rheometer with an adjustable gap was
designed to perform shear tests in order to adjust the
dimensions of the rheometer to the length of the tested
fibres. This appears as an interesting solution, which
has nevertheless the disadvantage to force to a priori
assume a given rheological model for exploiting the
test results. In the previously cited rheological studies,
no tools are presented to assess the microstructure of
the tested granular fibrous suspensions before and after
subjecting them to mechanical loading. Nevertheless,
it is crucial to know the arrangement of the fibres, i.e.
their dispersion and orientation, and their evolution to
predict the hardened-state properties of such materials
as revealed by Ferrara et al. (2008).

In view of the above observations, this study pro-
poses to use lubricated compression tests, which do not
require to a priori assume a given rheological model
for obtaining quantitative data on the behaviour of
a fresh fibre-reinforced mortar. Coupled to this test,
some direct observations of the microstructure features
(in particular porosity, pore size and fibre orientation)
of this mortar before and after testing were performed
using the X-ray microtomography. These obvervations
could be carried out using hardened samples but also
in some cases using fresh samples by adopting a spe-
cific microtomography observation mode. Hence, in
“Material”, the various constituents together with the
processing route used to obtain respectively the fibre-
reinforced fresh mortar and the compression samples
are presented. The lubricated compression rheometer
and the method adopted to extract rheological data
from compression tests are given in “Compression
rheometry”. Compression results (“Rheometry re-
sults”) and initial and flow-induced microstructures
(“Initial and flow-induced microstructures”) are shown
and finally discussed (“Discussion”).

@ Springer

Material
Initial constituents

The used reference mortar is a commercial formulation
(Lafarge, Maité monocomposant). The corresponding
dry initial pre-mix is composed of more or less spherical
grains with various sizes and natures. As shown in
Fig. 1, the distribution of the grain diameters, which has
been obtained by using a laser granulometer (Malvern
Mastersizer 2000), ranges between 2 and 1500 um and
exhibits four grain populations, respectively, between
2 and 10 um (p), 10 and 50 um (p,), 50 and 300 um
(p3) and 300 and 1500 pm (p4). As revealed by thermal
gravimetric analysis and thermal differential analysis
measurements (not shown here), the two first pop-
ulations (p;, p») are essentially composed of cement
additives and some polymers (~6 wt.% ), whereas the
two other ones (ps, p4) are mainly composed of sand,
limestone and silica fillers. As soon as water is poured
into the granular pre-mix:

— Polymers are dispersed in the liquid phase: they act
as lubricants during the deformation of the fresh
mortar, and some interactions with cement and
filler grains may occur (Knapen and Gemert 2009).
Besides, as soon as water is added, micrometric air
bubbles can be induced (Atahan et al. 2008).

— Cement hydration begins, i.e. the original cement
grains are dissolved, the ionic concentration is in-
creased, and some nanometric hydrates germinate
(Thevenin and Pera 1999; Silva and Monteiero
2005). After a few hours, the dispersed polymers
together with the newly formed hydrates and the
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Fig. 1 Particle size distribution within the initial dry pre-mix
(obtained from a particle sizer Malvern Master Sizer 2000)
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unreacted cement or fillers form a continuous and
complex solid network. This network, which is not
connected originally within the fresh mortar, will
continuously increase its connectivity over months
and years.

The reference mortar was reinforced with commercial
alkali-resistant glass fibre bundles (Owens Corning,
Cemfil Anti-crack). Two types of fibre bundles were
used, i.e. high performance (HP) or highly disper-
sive (HD) ones. They differ in their sizing. In the
first case, HP fibre bundles do not disintegrate dur-
ing both the processing of the mortar and the rhe-
ological measurements (cf. “Initial and flow-induced
microstructures”). On the contrary, as soon as the
fresh mortar is prepared, HD bundles disintegrate so
that their fibres can be dispersed in the mortar. Five
mass fractions of fibre bundles f;, were investigated,
i.e. 0 (mortar without fibres), 0.005, 0.01, 0.02 and
0.04. The initial fibre bundles are composed of ap-
proximately 200 glass fibres with a diameter d; =
14 pum. They have an elliptical cross section with
an equivalent diameter dp = v/dmax@min, dmax ~ 400 —
800 um and dpi, & 50 um being the major and minor
axes, respectively (see Table 1). Lastly, four bundle
lengths / were used for HP bundles, 1.e. 6.1, 10.9, 20.9
and 72 mm, and two for the HD ones, i.e. 5.6 and
11.1 mm (see Table 1). These dimensions were mea-
sured (=50 measurements per fibre type and length)
after sample processing (see “Preparation of samples”):
(1) by dissolving some fresh samples in water and
(2) by proceeding to various filtering operations in or-
der to extract fibres and fibre bundles from the mortar.
Hence, when immersed into the fresh mortar, the HP
fibre bundles and the dispersed HD fibres can be seen
as slender rod-like particles. Their aspect ratios r = d/!
(d ~ dy, for bundles and d = d s for fibres) range from
40 (for the smallest HP bundles) to 793 (for the longest
HD fibres). The size d is approximately ten times bigger
for the HP ones than for the HD ones, i.e. of the same
order as the average size of the bigger grains of the
mortar pre-mix (p3 and py, see Fig. 1).

Table 1 Dimensions of the fibres and the fibre bundles (obtained
after sample processing)

HD fibres HP fibre bundles
[[mm]  dy[mm] dmin [mm] dmax [mm]  r
5.6 0.014 400
11.1 0.014 793
6.1 0.05 0.47 40
10.9 0.05 0.7 58
20.9 0.05 0.42 144
72 0.05 0.5 455

Preparation of samples

A special attention was paid to minimise the material
variability induced during the preparation of samples.
For that purpose, compression samples were processed
by following a rigorous protocol:

1. A sufficient amount of pre-mix and water
(water/pre-mix weight ratio of 0.17) was mixed by
hand for 90 s

2. The prescribed weight fraction of fibres f;, was
added, and the whole mixture was mixed for 90 s

3. The as-prepared fresh mortar was thereafter casted
into a cylindrical mould

4. The moulded cylindrical samples of axis e,
were then subjected to a lubricated simple pre-
compression along e; up to a logarithmic axial
strain equal to 1 by following the procedure given
in “Compression rheometry”

5. The as-pre-deformed samples, which still exhibited
nice cylindrical shapes (initial diameters Dy = 250
or 300 mm for the longest HP bundles and Dy =
90 or 150 mm for the other fibrous reinforcement,
initial height 4y = 14.5 mm), were finally left at rest
for 10 min before the beginning of compression
tests. In the following, this time will be arbitrarily
named initial time and will be further noted .

By following such a processing route, all samples
processed with the same material parameters are ex-
pected to display the same initial microstructures with
restrained variability. In particular, fibres or fibre
bundles should be well distributed within the reference
fresh mortar and should lead to a quite pronounced
planar random fibre orientation distribution. Besides,
it must be pointed out that the dimensions of the ini-
tial samples are sufficiently large with respect to the
fibres’ dimensions and orientation. Hence, provided a
good homogeneity of compression experiments (see
“Compression rheometry”), a fairly good scale separa-
tion is obtained between (1) the macroscopic size of the
samples and/or the macroscopic loading and (2) the size
of the studied microstructures.

Compression rheometry

The rheology of these fresh samples was studied by us-
ing a simple compression rheometer, which was initially
developed to study the rheology of highly concentrated
fibre suspensions such as short fibre-reinforced polymer
composites during their processing (Le Corre et al.
2002; Dumont et al. 2003, 2007; Orgéas et al. 2008).
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Compared with standard commercial rheometers, this
one allows highly viscous samples with very large di-
mensions, i.e. larger than the size of the microstructure
heterogeneities, to be deformed. Thus, this reduces
both scattering of results and possible boundary effects.
The rheometer was mounted on a standard mechanical
tension—compression testing machine (MTS 4M, load
cell 20 kN, maximum crosshead velocity 8 mm s~1).

Tests consisted in compressing lubricated cylindrical
samples (initial diameter D, initial height Ahy) at a
constant axial average strain rate D33 = h/h (compres-
sion direction given by the unit vector e;) between
two horizontal plates parallel to the (e, e,) plane. In
this work, a unique axial strain rate Dy; =0.1 s7!
was used. Other strain rates will be studied in a fur-
ther contribution. During each experiment, the sample
height 4 and the axial force F; were measured so
that the average axial logarithmic strain £33 and stress
&33 could be estimated by In(h/ hy) and 4 F3ho/(w D}h),
respectively (assuming the incompressibility of the
studied suspensions, cf. “Flow kinematics”).

Reproducibility and typical compression curves

Figure 2 gives four typical compression stress—strain
curves 033 — £33 obtained with four samples deformed
by using the same testing conditions: Dy = 150 mm,
D33 = 107! s7!, fresh mortar without fibre, no resting
time after f.

Firstly, it is worth noting that, due to both the strict
processing route and the large samples’ dimensions,
scattering of the measurements is rather weak and re-
mains below £10%. A similar scattering was recorded
when fibres were added to the mortar. Thus, in the
following sections, only two compression tests were
performed for each testing condition. Results will rep-
resent the average of the two tests.

Secondly, it is also worth noting that the shape of
stress—strain curves exhibits two distinct stages: stress
levels first increase very sharply when e33 < 0.05, and
then the flow occurs more easily but still with a hard-
ening, which becomes more and more pronounced as
the strain increases. This type of results, which empha-
sises the non-Newtonian behaviour of the mortar, is
commonly observed during the compression of concen-
trated granular and fibre suspensions.

Flow kinematics
In Fig. 2, four photographs are also reported. They

correspond to top views of a fifth sample. This latter
sample was deformed with the same testing conditions.

@ Springer

Fig. 2 Typical lubricated compression tests performed at 7y with
the mortar without fibre (Dg = 150 mm). The graph represents
the stress—strain curves 33 — £33 for four tests performed using
identical testing conditions. Photographs show top views of the
initial and deformed shapes of a fifth sample at various axial
strains

They were taken at various imposed axial strains &s3,
i.e.0,0.15,0.6 and 1, as the test was interrupted:

— They showed that marks previously plotted on the
sample flowed with no observable sticking zones
(Estellé et al. 2006). The lateral vertical surface of
the sample, which was initially painted in black,
remained likewise quite vertical even at large axial
strains. Similar observations were made for fibre-
reinforced mortar, at least for the investigated test-
ing conditions.
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— The upper surfaces of samples, which were ini-
tially circular, remained circular at the macroscale.
This was also observed when fibres were added
to the mortar, tending to prove that initial and
flow-induced microstructures exhibited transverse
isotropy (Dumont et al. 2007) (see “Initial and
flow-induced microstructures”).

— The sample dimensions at the end of the tests were
measured and showed that, whatever the fibre con-
tent and type, the volume variation, which was
induced during flow, was negative but very weak
compared to the imposed axial strain, i.e. between
—0.02 and 0. It was therefore fair to conclude that
the flow of mortar was incompressible.

The above remarks allows us to assume that, due to the
lubrication of the compression plates, the Cauchy stress
o, the Hencky strain e and the strain rate D tensors are
homogeneous within flowing samples at the macroscale
and read, respectively:

g =o33(e;  e;y), (1)
_ 1 1
£ =¢83 <§3 ®§3_§§1®§1 ~ 5% ®§2>, ()
~ 1 1
2:D33<93®§3_§§l®21_592@’92)- 3)

Correction of compression curves

The lubrication layers between the plates and the
specimen ensure the flow homogeneity, but they may
induce friction forces that may disturb results. For
instance, this was clearly observed during lubricated
compression of Bulk Mouling Compounds, a glass-
fibre-reinforced granular polymer suspension (Orgéas
et al. 2008). This is also the case for the present
mortar, as revealed in Fig. 3, which shows two ho-
mogeneous compression tests performed using fibre-
reinforced mortar samples with two different initial
diameters Dy, i.e. 90 and 150 mm. Stress levels 633
are higher for the larger diameter. In order to get rid
of such an artefact, for each testing condition: (1) we
have systematically performed compression tests with
these two initial diameters, (2) we have assumed that
the upper and lower surfaces of samples were subjected
to tangential stresses 0,3 = —Ad33v, (expressed in the
local cylindrical reference frame (e,, e,, e;), v, being
the radial velocity), and (3) a reasoning similar to that
conducted in Orgéas et al. (2008) was adopted in order
to estimate the stress o33 within the samples by:

_ A h
033 = 033 (1 - ——hoD%> . (4)
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Fig. 3 Influence of the initial sample diameter on stress—strain
curves. Correction of the stress—strain curves in order to account
for friction between the sample and the rheometer plates. 533
is the recorded average axial stress, and o33 is the corrected
stress that is obtained from Eq. 4. Tests shown were achieved
with HD fibre bundles with /; = 11 mm and a resting time 4, =
to + 40 min. In this case, the corresponding friction coefficient is
A=1410"*smm™!

Hence, by performing two tests with samples of identi-
cal formulation but with two different initial diameters
Dy, the friction coefficient A is such that the corrected
stress o33 obtained for both tests is superimposed. As
revealed by the example given in Fig. 3, by adopting
the correction (4), stress—strain curves do not depend
on the initial sample diameter any more. Doing so,
obtained values of A were weak and found to range
between 2.5 x 107° and 0.7 x 10~* s mm~! for all in-
vestigated testing conditions. The recorded variation of
the friction coefficient is not very large, although the
initial lubrication layer is handmade and therefore may
not exhibit a nice reproducibility.

Rheometry results

The influences of the resting time ¢, after ¢y, the volume
fraction of fibres f (estimated from f;, and the specific
masses of the fibres and the mortar without fibre) and
the aspect ratio r on the rheological behaviour were
investigated. Corresponding results are gathered in the
graphs of Fig. 4a—f, respectively. This figure brings up
the following comments:

— Inthe stress—strain curves o* — ¢33 of graphs (a, ¢, ¢;
obtained for some particular mortar formulations),
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the dimensionless axial stress o* corresponds to
the axial stress o33 recorded for the current mortar
formulation divided by the axial stress o33 recorded
for the so-called reference formulation (further
noted oy}), i.e. the mortar without fibre at 7. As
shown from these graphs, when the axial strain &33

Fig. 4 Rheometry results
showing the influence of the

is above &~ 0.05 and whatever both the investigated
mortar formulation and the testing conditions, the
dimensionless stress o* is more or less constant,
i.e. it is close to its average value noted (o*) in
the graphs of Fig. 4d, f. Hence, for the studied
fibrous microstructures and resting times, the strain

resting time ¢, (a, b), the fibre
volume fraction f (¢, d) and
the fibre aspect ratio r (e, f).
Graphs a, ¢ and e give the
evolution of the
dimensionless axial stress o'*
as a function of the axial % t
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hardening, which is observed for a given formula-
tion, is directly deduced from that recorded for the
reference formulation:

033 = 05(833)0* (¢, f, 1, type of reinforcement) (5)

— The graph (b) gives, for the mortar without or with
fibres, the influence of the resting time ¢, on the
dimensionless ratio &* = (o*)(t,) /(o ™) (ty), (o*)(t;)
and (0*)(fp) being obtained for the same mortar
formulation but at ¢, and ¢, respectively. As ev-
ident from this graph, £* increases with .. Such
an increase is due to the beginning of cement hy-
dration and to possible water evaporation. It must
also be pointed out that £* is independent of the
fibre content, type and aspect ratio, at least for
the investigated fibrous microstructures and resting
times. Hence, by noting " the dimensionless stress
o* obtained for the mortar without fibre at ¢,, it is
possible to write

o* = % (t,)o**(f, r, type of reinforcement) (6)

where ¢% can for instance be deduced from the

graph (b) and where o** is a dimensionless stress
contribution due to the presence of fibres in the
mortar (i.e. o** = 1 when f = 0).

— The role of the volume fraction of fibres f on o**
is emphasised in the graph (d), which gives the
evolution of (¢*) with f when ¢, = #, (in this case,
o™ =o* ~ (0*)), for the two types of reinforce-
ment and two aspects ratios. This graph underlines
the very strong increase of stress levels with f. For
instance, in the case of HP bundles with r = 58,
(o*) is approximately 3.75 times higher at f = 0.027
than that obtained for the mortar without fibre. In
the case of very slender HD fibres, such an increase
is much more pronounced: for example, at f =~
0.006, the thickening of the mortar is 60% higher
for the slender HD fibres than for the shorter HP
bundles.

— The roles of the fibre aspect ratio r and the rein-
forcement type on the rheology of the mortar at #,
are illustrated in the graph (f) for a fibre content
f =~ 0.006. As for the fibre content, a noticeable
increase of (o*) with r is observed, such an increase
being less pronounced for HD filaments. Besides,
for approximately the same aspect ratio, i.e. when
r =~ 430, (c*) is ~50% higher for HP fibre bundles
than for HD fibres. Notice that horizontal error
bars that have been added in the case of HP bundles
correspond to the estimation of the aspect ratio
with dpin (lowest values) and with dp,.x (highest
value).

Initial and flow-induced microstructures
Density

Global densities were first obtained in the fresh state
at fy by simply measuring both the dimensions of the
samples and their weight. They were also measured
when the samples were solid, i.e. 48 h after ¢y. Local
densities of each of these samples in the solid state were
obtained by simply weighting in air and in water five
small cylindrical specimens (diameter = 10 mm), which
were extracted along the sample radii. Some of these
measurements are summarised in Table 2. As shown
from this table:

— The very small fibre content, which was added into
the mortar, only slightly increased its density.

— The various measured densities in the various stud-
ied states are rather low, indicating that the mor-
tar exhibits porosity. In the case of solid samples,
the (open) porosity was estimated by using Hg
porosimetry, showing that samples contained ap-
proximately a volume fraction of pores (with an
open-pore diameter larger than 10 nm) equal to 0.4.
In the case of fresh samples, the overall porosity
was estimated from the weight fractions and the
densities of the fresh mortar constituents, showing
for example that the porosity within the fresh mor-
tar without fibre is about 0.24.

— Whatever the fibre content and type, a density loss
is observed between f, and fy + 48 h, due to the
cement hydration and to water evaporation.

— A very small density variation was recorded
along the radius of samples, tending to prove
that the sample processing and the compression
experiments yielded to negligible microstructure
gradients.

— Global and local values of the density were not
affected by the compression experiments since they
were very close to those of non-deformed samples.

Table 2 Global and local densities of some non-deformed and
deformed samples

Content, type p atty patty+48h p;atty+48h
and length of fibres [gecm™3] [gem3] [gcm™3]
Non-deformed

0wt. %, 1.50 1.45 1.45 £0.02

1wt.%, HP,10.9 mm 1.52 1.45 1.45 +0.02

1 wt.%, HD, 11.1 mm 1.54 1.47 1.47 £0.02
Deformed

0wt. % 1.51 1.45 1.45+£0.02

1 wt.% HP 10.9 mm 1.52 1.44 1.44 +£0.02

1wt.% HD 11.1 mm 1.54 1.47 1.47 £0.02
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X-ray microtomography

Other small specimens were also extracted from
non-deformed and deformed samples, and their mi-
crostructures were analysed by using X-ray microto-
mography, which allows 2D or 3D representations of
the microstructures of heterogeneous materials to be
obtained (Baruchel et al. 2006). Such a technique,
which is complementary to the MRI (Coussot 2005),
was found to give relevant microstructure data during
the hydration of cements and plasters (Bentz et al.
2002), as well as before and after the compression
moulding of polymer composites reinforced by mineral
fillers and fibre bundles (Le et al. 2008). Thus, in order
to analyse solid samples (at fp + 24 h), a laboratory
microtomograph (Pheonix Vtomex, INSA Lyon) was
used: after the scan of each specimen and the recon-
structions of 720 X-ray 2D projections (obtained from
the incremental rotation of samples with respect to the
X-ray source, scanning time ~30 min, 90 kV, 140 mA),
3D maps of the X-ray absorption coefficient within
each specimen could be obtained (volumes of maximal
size of 2000 x 2000 x 1500 voxels, voxel size = 6 um).
Likewise, a fresh cylindrical sample with a diameter
of 10 mm and a height of 7 mm was also analysed at
fp using a synchrotron X-ray microtomograph (ESRF,
ID19 Beamline). In this case, the fast X-ray microto-
mography technique was used (Limodin et al. 2009;
Terzi et al. 2009), with a very short scanning time of
1 min (1500 X-ray projections volumes of maximal size
of 2000 x 2000 x 1000 voxels, voxel size 7 um, energy
17 keV, exposure time of 32 ms). Hence, 2D and 3D mi-
crographs of the fresh mortar at #, were obtained, with
limited microstructural evolutions induced by possible
hydration and evaporation.

After suitable filtering operations (achieved with the
software Image J), 2D or 3D micrographs such as those
given in Fig. 5 in the case of the mortar without fibre
at tp and 7y + 24 h have been obtained. Notice that the
quality of the micrographs given by the fast tomography
is lower than that obtained with the standard one: this
is due to a lower signal/moise ratio induced by the
very short exposure time. Nevertheless, in both cases,
resulting micrographs allow fairly nice descriptions of
the microstructures : the grey and the white phases
represent the various solid phases (p;, e.g. Fig. 5b),
whereas the black one corresponds to pores.

Porosity

We have reported in Fig. Sa the evolution of the grey
level (continuous line) along the black horizontal line
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displayed in the 2D micrograph of the same figure.
This histogram shows that it is possible to extract pores
from the other phases of the mortar by simply selecting
in greyscale volumes all the voxels below a threshold
value of 70. Such a thresholding leads to obtain, for
example, the 3D pore microstructure of Fig. 5d (pores
have been plotted in white), which corresponds to the
3D micrograph of Fig. Sc.

— This figure shows that the mortar contains a signif-
icant amount of pores larger than 6-7 pum. Their
corresponding porosity ¢, simply calculated by the
number of white voxels over the total number of
voxels, is estimated to be 0.17 +0.02 and 0.31 &
0.02 for the mortar without fibre at 7y and ¢y + 24 h,
respectively. This trend, which is obtained only
for “big pores”, is in good accordance with that
obtained in the previous subsection. It is important
to notice that whatever the fibre type, content and
aspect ratio, this significant porosity was unchanged
for the samples that were scanned at £y + 24 h, as for
the density measurements. Please also notice that,
whatever the fibre type, content and aspect ratio
and for the investigated rheometry conditions, ¢
remains unchanged before and after compression.

— Itis also possible to give an estimation of the pore
size distribution within the sample with a granulom-
etry algorithm that uses morphological operations
together with a hexagonal structural element with
a size of eight voxels (Maire et al. 2007). The cor-
responding results, which have been obtained for
analysed volumes of the same size and the same
structural element, have been plotted in Fig. 6.
Firstly, the graph of Fig. 6a reveals (1) that the
major pore size (=~ 200 um) is not strongly affected
by the resting time and (2) that the pore size dis-
tribution is wider at fy 4+ 24 h than that recorded
at fp. Secondly, the graph of Fig. 6a also shows
that the pore size distribution fy + 24 h does not
depend on the fibre content and aspect ratio. Lastly,
graphs reported in Fig. 6b—d show that the pore size
distribution at #y + 24 h is not significantly affected
by the compression without (b) or with fibres (c—d).
The slight shift, which is observed, can be related
to a rearrangement of the solid particles during
compression.

Fibrous microstructures

Figure 7 gives 2D and 3D micrographs of the mortar
with fibres. By using another appropriate tuning of the
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Fig. 5 a, b 2D micrographs
obtained from X-ray
microtomography showing
the microstructure of the
non-deformed mortar
without fibre at 7, (a, fast
X-ray microtomography,
pixel size = 7 um, ESRF
ID19 Beamline) and at

to + 24 h (b, standard X-ray
microtomography, pixel

size = 6 um, MATEIS
microtomograph). 3D
micrograph of the mortar
without fibre at 7 (¢) and
corresponding porous phase
after a suitable thresholding
(d). The histogram shown in a
shows (1) the evolution of the
grey level (continuous line)
recorded along the black line
displayed in the micrograph
(a) and (2) the threshold :
value (dashed-dotted line) Lo YV NS
used to obtain the pore 0 50 100 150 200 250
microstructure (d) from the position (pixels)

micrograph (c)

grey level

thresholding, i.e. above a greyscale value of 200 (see
the greyscale histogram shown in Fig. 7a), it was also
possible to separate fibres from the other phases of the  —
mortar. The resulting binarised volumes are illustrated
in Fig. 7c, d in the cases of HD fibres (micrograph
(c)) and HP fibre bundles (micrograph (d), which is
obtained from micrograph (b)): -

clusters of aligned fibres, corresponding to the ini-
tial bundles they originate from.

Fibre bundles are straight (see Fig. 7d), whereas
some of the fibres, due to their high aspect ratio,
have been slightly curved during the processing
phase (see Fig. 7c¢).

The fibrous reinforcement (fibres or fibre bundles)
after processing but also after compression seems
to be mainly orientated in the (e,, e,) plane, with
a random orientation in this plane: such a pro-

— As already observed previously, these micrographs
confirm that HP fibre bundles have not been disin-

tegrated during the samples’ processing (nor after
compression), whereas the fibres of the HD ones
have been dispersed so that there are no more
bundles. However, if HP fibre bundles are rather
well dispersed in the material, one can clearly see
from Fig. 7c that HD fibres are not homogeneously
distributed inside the mortar: some of them form

nounced transverse isotropy has been induced dur-
ing the pre-compression phase. Due to their quite
large size (with respect to the available resolu-
tion of the microtomograph), it was possible to
determine quantitatively in the case of fibre bun-
dles the fibrous orientation from image analysis by
(1) eroding the fibrous phase in order to separate
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Fig. 6 Pore size distribution
within the non-deformed
mortar without and with
fibres at fy and ty + 24 h

(fm = 0.01, two aspect ratios;
a), within the non-deformed
and deformed mortar without
fibre o + 24 h (b), within the
non-deformed and deformed
mortar with fibres at 7y + 24 h,
i.e. fm =0.01,r =58 (c), and
fm =0.01,r =793 (d). Black
and white marks correspond
to HD fibres and HP fibre
bundles, respectively

a b
0.06 —— T 0.06
[ —o>— Reference mortar,t ] [
r —+— Reference mortar,t + 24h [ —e—Initial sample ]
0.05 O r=58, 10+ 24h 1 0.05 —+— Deformed sample ]
r —— =793, t0 +2 4h [ ]
0.04 [ ] 0.04F ]
] o4 : reference mortar ]
«>0.03 [F] 1 <003} \ 1
0.02 | ;“ ] 0.02 , 7
0.01 | ] 0.01F .
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possible contacting bundles, (2) labelling the N
isolated bundles, (3) computing their inertia axes,
(4) estimating the second-order fibre orientation
tensor A (Advani and Tucker 1987) by:

é=%;2i®2,~v

each unit vector P, corresponding to the principal
inertia axis of the labelled bundle i (see Fig. 7d).
For instance, the orientation tensors of the non-
deformed (nd) specimen displayed in Fig. 7a, b, d
and of a similar sample after compression respec-
tively read:

(7

058  0.02 001
A=1002 038 —0.01 (8)
0.01 —0.01  0.03
(e).€,.€3)
and
042 0.11 0.01
A’=1011 058 0.02 )
0.01 0.02 0.00
(e).e,.€3)
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dpores (um)

Even if such measurement should be carried out
for a large number of scanned volumes in order
to get more representative results (Dumont et al.
2007), it is nonetheless fair to conclude that (1) the
fibrous reinforcements exhibit a planar orientation
(the components as; being very small), with a more
or less in-plane isotropy (the components a;; being
rather close to 0.5).

Discussion

Experimental results gained in the two previous sec-
tions lead to the following comments:

1.

As shown by X-ray microtomography observations
and density measurements (cf. Fig. 5 and Table 2),
the studied mortar in its fresh or solid states is
a porous granular suspension. For the considered
imposed strain rate, resting times and fibrous rein-
forcements, compression experiments showed that
the macroscopic flow was homogeneous with no
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Fig. 7 Mortar with
fibres—2D (a) and 3D (b)
micrographs for the
non-deformed mortar

with HP fibre bundles

(fm = 1 Wt.%, 17 = 10.9 mm,
voxel size = 25 um). 3D
binarised micrographs
showing the fibrous
microstructures within
non-deformed samples for a
fibre content fi, = 1 wt.% in
cases of (¢) HD fibres

({y = 5.6 mm, voxel size =

6 um) and (b) HP fibre
bundles (/ f = 10.9 mm, voxel
size = 25 pum). The histogram
shown in a shows (1) the
evolution of the grey level
(continuous line) recorded
along the black line displayed
in the micrograph (a) and (2)
the threshold value
(dashed-dotted line) used to
obtain the fibrous
microstructure (d) from the
micrograph (b)

M,

0 50
position (pixels)

10

noticeable overall volume variation (with respect
to the significant recorded macroscopic deviatoric
strain). Besides, local densities and porosities at
fo+24 h (for pores larger than 48 pm) within
samples were found to remain unchanged before
and after compression. Consequently, these obser-
vations prove that, for the investigated testing con-
ditions, the flow of the studied porous mortar is a
homogeneous one-phase and quasi-incompressible
flow, without pronounced local consolidation or
dilatancy of grains and without liquid phase migra-
tion. Other testing conditions, e.g. lower imposed
strain rates or other mechanical loadings, should be
performed in order to see whether this type of flow
still occurs.

As revealed in Fig. 4c—, the fibrous reinforcements
thicken the rheology of the mortar. In order to see
(cf- point 5 below) whether such a thickening is
due to mortar—fibre interactions (as in dilute fibre
suspensions), to long-range fibre—fibre interactions
(as in semi-dilute fibre suspensions) and to possible
fibre—fibre short-range interactions (as in concen-

200

trated fibre suspensions), we have estimated the
number of fibre—fibre contacts per fibre C; within
the samples. By assuming that fibres or fibre bun-
dles are straight and well dispersed in the mortar,
Cy can be determined from the statistical tube
model (Doi and Edwards 1978; Ranganathan and
Advani 1991; Toll 1993; Le Corre et al. 2005; Vassal
et al. 2008b):

Cr=4f (;nm +¢2+1>, (10)

where the orientation functions ¢; are equal to
2/m in case of planar fibre orientation (Toll 1993).
Hence, according to Eq. 10, C is an affine function
of f and r. This is illustrated in Fig. 8, which gives
the evolution of Cy with f for various values of
the aspect ratio r. Marks plotted in the figure cor-
respond to the tested formulations and continuous
lines to the prediction given by Eq. 10. Roughly,
when Cy is above 2, the fibrous reinforcement
forms a continuous network so that the suspension
is concentrated. Conversely, when C; is below 1,
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Fig.

— =793 ]
—r =430
—r=144 |
—r=>58
—r=40
o b v b b b
0 0,005 001 0,015 0,02 0,025 0,03
f

0,1

8 Evolution (according to the tube model prediction

(Eq. 10)) of the number of fibre—fibre contacts per fibre Cy
for planar random fibrous networks, as a function of the fibre
content f for the various investigated aspect ratios r and types
of fibrous reinforcement (black marks: HD fibres, white marks:
HP bundles). Continuous lines are the predictions of the tube
model. The darker-grey zone corresponds to continuous fibrous
networks, where the suspension is concentrated. The other grey
zone corresponds to the semi-dilute regime

the suspension can be considered as semi-dilute.
As evident from this figure and according to the
estimation given by the tube model, the tested HP
formulations can yield to values of C; below 2
and may be seen as semi-dilute fibre suspensions,
whereas the studied HD formulations, due to the
high aspect ratio of their fibres, may be considered
as concentrated fibre suspensions.

The deformed shapes of the initial cylindrical sam-
ples are still cylinders. At the same time, fibrous mi-
crostructures before and after compression mainly
exhibit planar random fibre orientation, i.e. trans-
verse isotropy of axis e;, without pronounced
evolution. These two macroscopic and microscopic
observations are consistent with those already
made while compressing highly concentrated pla-
nar random fibre bundle polymer suspensions (Du-
mont et al. 2007). The second one is also consistent
with all fibre orientation models based on Jeffery’s
(1922) equation and its subsequent modifications
(Dupret et al. 1999), often used to predict fibre
orientation in dilute and semi-dilute Newtonian
fibre suspensions. Once again, the fibre-reinforced
mortar should be subjected to other mechanical
loadings to study more precisely flow-induced fibre
orientation.

For the studied fibre contents, aspect ratios and
types, Egs. 5 and 6, obtained from rheometry mea-
surements, together with results gained from X-ray
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microtomography and density measurements show
(a) that the fresh mortar microstructure (and hence
its local rheology) is not affected by the presence
of fibres or fibre bundles and (b) that its rheology
within the fibre suspensions plays a key role on the
rheology of the tested fibre-reinforced mortars.

In order to better gauge and estimate analytically
the coupled roles of the fibre content f and as-
pect ratio r on the rheology of fibre-reinforced
mortars (see Fig. 4d, f), we have estimated the
normalised stress o** given in Eq. 6 in the case of
semi-dilute suspensions with incompressible New-
tonian suspending fluids, even it is a priori unfair to
compare the studied fresh mortar to a Newtonian
fluid (see for instance Fig. 2). For that purpose,
two well-known rheological models were used. The
first one is the model of Lipscomb et al. (1988)
(Jeffery 1922; Hand 1961), which is often used
to model the rheology of fibre-reinforced polymer
composites (Sepehr et al. 2004). The second one is
the model developed by Shaqfeh and Fredrickson
(1990) (Mackaplow and Shaqgfeh 1996) for semi-
dilute fibre suspensions. In both cases, the suspen-
sion stress tensor ¢ is split into three contributions:

og=-ps+2uD+g’ (11)

where the first one involves a pressure p to account
for the incompressibility of the suspension; the sec-
ond one is the contribution of the suspending fluid
(shear viscosity 1), and the last one, o 7, is the fibre
contribution. For the two considered models, this
last term reads, respectively:

2
of —anf (D4 ] A:Q) (12)
= = 4dlnr= =
and
of dufr <A——6®A> D
= ln(%)+ln(ln(lf))+C = = =) =

(13)

where C is a constant (the value 0.1585 given by
Shaqfeh and Fredrickson (1990) in the case of
aligned fibres has been chosen here), and where A

is the fourth-order fibre orientation tensor (Advani
and Tucker 1987). Its components A;j;; were esti-
mated from those of A in the case of 2D planar
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random fibre orientation, by using the natural clo-
sure approximation (Dupret et al. 1999):

1
Ajjrt = g(AijAkl + A A+ AgAj)

+é(5ij3kl + dikdij + dud ji) det A, (14)
which is exact in the case of planar random fibrous
networks (Dupret et al. 1999). Thus, by combining
the above constitutive equations when consider-
ing the lubricated compression of incompressible
Newtonian fibre suspensions exhibiting 2D planar
fibre orientation (in the (e,, e,) plane), it is possible
to get estimates of o**, i.e.:

2
=1 2 15
7 =/ < * 121nr> (15

for the model of Lipscomb et al. and
2
o =14 fr (16)

9(In(4) +1n(In (4)) +C)

for the model of Shaqfeh and Fredrickson. These
two expressions emphasise the coupled role of f
and r. For comparison, they have been reported in
the two graphs (d) and (f) of Fig. 4:

— For the HP fibre bundles, both estimates are as-
tonishingly close to the experimental data and
give the correct trend, despite the very strong
differences of rheology between the model in-
compressible Newtonian fluid and the studied
porous and granular fresh mortar. Such a re-
sult should therefore be carefully considered, at
least from a quantitative point of view. Other
experiments, performed at various strain rates
to gauge the non-Newtonian rheology of the
mortar, should be required to confirm these
results.

— For the very slender HD filaments, both
Newtonian semi-dilute predictions are much
higher than the current experimental data. As
the studied HD mortar formulations can fall
into the concentrated regime (see Fig. 8), a
first proposition to explain such a discrepancy
would consist in considering possible efforts
induced by fibre—fibre contacts: this would lead
to add another stress contribution to ¢/ (Toll
and Mé&nson 1994; Servais et al. 1999; Le Corre
et al. 2004, 2005; Djalili-Moghaddam and Toll
2005; Férec et al. 2009; Dumont et al. 2009).
Nonetheless, this would yield an additional

increase of trends proposed by semi-dilute
models and hence would further increase the
difference between predictions of models and
experimental results. Another possible expla-
nation comes from the HD fibrous microstruc-
tures. As revealed from X-ray microtomogra-
phy (see Fig. 7b), some of the HD filaments
are curved, even before compression: such a
curvature can therefore yield a decrease of the
number of fibre—fibre contacts C; lower than
the value predicted by the very simple tube
model (Eq. 10). This can also induce a possible
decrease of the effective aspect ratio r used for
semi-dilute models of straight fibres and so a
decrease of o**. Similarly, and more probably,
it has been emphasised from Fig. 7b that HD fil-
aments form some clusters of fibres. In a sense,
these clusters can be viewed as big slender
objects the aspect ratio of which is much lower
than that of the HD filaments: thus, this can
yield a significant decrease of the overall fibre
aspect ratio of the suspension and so a decrease
of o**.

Conclusions

In this work, the rheology of a fibre-reinforced fresh
mortar was analysed by using both lubricated compres-
sion at a moderate strain rate and X-ray microtomogra-
phy. Conclusions drawn from the present study can be
summarised by the following points:

Provided both a careful processing of samples and
the use of a rheometer, the dimensions of which are
larger than those of the material heterogeneities,
reproducible rheometry experiments can be gained,
allowing quantitative trends to be obtained.

The density measurements combined with X-ray
microtomography show that the tested fresh mortar
is a porous granular suspension. Its rheology ex-
hibits a hardening that depends on the imposed ax-
ial strain and the resting time before compression.
Its porous microstructure is not drastically modified
by the addition of a weak amount of fibres, nor
by the compression flow. Besides, no noticeable
consolidation or dilatancy of grains and no liquid
phase migration are observed, at least for the inves-
tigated testing conditions. This point will be further
explored.

Produced fibre-reinforced mortar samples display a
2D planar random fibre orientation, which does not
appear to be affected by the compression flow.
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— The addition of fibres in the mortar significantly ogy of transparent concentrated fibre bundle suspensions.
increases stress levels to induce the suspension flow. Rheol Acta 46:639-651 ‘ .
. Dumont PJJ, Le Corre S, Orgéas L, Favier D (2009) A numerical
However, stress—strain curves can be scaled by the . . s o
. X analysis of the evolution of bundle orientation in concen-
one obtained for the mortar without fibre. Such an trated fibre-bundle suspensions. J Non-Newton Fluid Mech
increase is a function of the fibre type (HP fibre 160:76-92
bundles or HD filaments), content and aspect ratio. ~ Dupret F, Couniot A, Mal O, Vanderschuren L, Verhoyen
In the case of HP fibre bundles. it is similar to O (1999) Modelling and simulation of injection molding.
. . > Rheology series. Elsevier, Amsterdam, pp 939-1010
that proposed for incompressible semi-dilute New-  g1pjep AS (2009) Mechanical, durability and microstructural
tonian suspensions containing well-dispersed and characteristics of ultra-high-strength self-compacting con-
straight fibres. This result does not hold for the crete incorporating steel fibers. J Mater Design 30:4286—
, _ . 4292
stu.dled HD filaments: the rem?llnlng fibre C.lusters, Estellé P, Lanos C, Perrot A, Servais C (2006) Slipping zone
which have not been fully dispersed during the location in squeeze flow. Rheol Acta 45:444-448
processing phase, are presumably responsible for  FérecJ, Ausias G, Heuzey MC, Carreau PJ (2009) Modeling fiber
this trend. interactions in semiconcentrated fiber suspension. J Rheol
53:49-72
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