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External wall insulation (EWI) usually comprises a porous cementmortar used as protective external render into
which short fibers are added to enhance its mechanical properties. The rheology of these porous, fibrous, and
granular suspensions was investigated using lubricated compression tests in the fresh state, whereas flow-
induced porous microstructures were studied using X-ray microtomography. We show that these suspensions
exhibit a homogeneous isovolume flow regime and two heterogeneous flow regimes, i.e., a consolidating regime,
and a consolidating and segregating regime. A decrease in the compression strain rate and/or an increase in the
number of fiber contacts in the entangled fibrous network induced flow heterogeneity accompanied by hetero-
geneousmodifications of density, porosity, and pore size distribution of render. These undesirablemicrostructure
changes are prone to occur duringmortar processing and placement. They drastically affect the properties of ren-
ders such as the permeability thatwas calculated using X-raymicrotomography images and pore scale numerical
simulation.

© 2016 Elsevier Ltd. All rights reserved.
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1. Introduction

External wall insulation (EWI) is an interesting technology for the
thermal insulation of buildings. EWI limits thermal bridges compared
to other insulation systems and can be used for aesthetic purposes. An
EWI system generally comprises an insulating layermade up of polysty-
rene, polyurethane, wood, or mineral wool topped off with a protective
render, i.e., a highly porous cement mortar reinforced with glass or
metal fiber meshes. The placement of the render involves at least four
operations. Afirst layer of render is sprayedonto the insulatingmaterial.
Then a glass fiber mesh is fixed in the wet render and a second layer of
render is added. Finally, a third layer of finishing render is placed after
one or two weeks. The cost induced by these numerous processing op-
erations hinders the development of this insulation technique. Howev-
er, the use of renders that are self-reinforced with discontinuous fibers
constitutes an interesting alternative to the classical EWI systems [1].
Self-reinforced renders are sprayed onto the insulation material in one
operation using specially designed apparatuses. Hence, these renders
must exhibit a particular and complex rheological behavior, which
leads to complicated formulation problems. Indeed, they have to under-
go flow as they are conveyed through the pneumatic spraying appara-
tus, projected onto the insulation materials, and levelled. They must
ont).
also stick onto the insulating material without flowing. Thus, during
these stages,where freshmortars are subjected to awide range of strain
rates (from very low to very high values), it is of great importance to
control their flow-induced granular, fibrous, and porous microstruc-
tures. Such evolution of render structures drastically affect themechan-
ical and physical properties of mortars in their hardened state [15,16],
such as their permeability, which plays an important role for the perfor-
mance of the EWI systems.

Characterizing and controlling the rheology of these fiber-reinforced
and porous renders is a complex problem. For instance, it is well known
that adding fibers into fresh cements induces important variations in
their rheological behavior, with complex thickening effects, evolution
of fiber orientation and placement [2–9,57] that modify their micro-
structure [4,8,9,13,14]. The study of the links between the evolution of
the microstructure of self-reinforced renders and the processing condi-
tions involves the use of suitable experimental devices. In a previous
study [17], lubricated compression experiments were performed using
a rheometer having large dimensions. For these tests, a commercial
organo-mineral render (ParexLanko, Maité monocomposant) was rein-
forced with commercial alkali-resistant glass fiber bundles (Owens
Corning, Cemfil Anti-crack). Two types of fiber bundles were also
used, i.e., high performance (HP) or highly dispersive (HD) fiber bun-
dles, with fiber contents and aspect ratios typically used for practical ap-
plications. Coupled with an analysis of the microstructure based on the
use of three-dimensional X-ray microtomography images, these tests
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enabled the effects of fibers on the rheology and on the microstructure
of the resulting freshmortar to be estimated at a fixed strain rate. These
tests also enabled a better understanding of the interactions between
the rheology, the microstructure, and the physical properties of the
hardened render. The main conclusions that have been reported by
Chalencon et al. (2010) [17] are as follows:

(1) The initial porousmicrostructure and granulometry of the render
did not depend on the fiber content, nor the fiber orientation.

(2) For moderate strain rates, i.e., D33 = 10–1 s–1, compression had a
weak influence on the evolution of the microstructure. The po-
rous and fibrous phases did not evolve: the 2D planar random
orientation of the fiber was maintained and the macro-pore
size distribution ranged from 50 and 600 μm in diameter and
was centered on 200 μm, before and after compression.

(3) The stress levels increasedwith the fiber volume fraction f and the
fiber aspect ratio r. However, the influence of the fiber reinforce-
ment on the axial compression stress did not depend on the
axial compression strain. For the HP fiber bundles (aspect ratios
that ranged from 40 to 455), this evolution could be modelled
by adopting a theoretical framework developed for incompress-
ible semi-dilute Newtonian suspension of well dispersed and
straight fibers [19,20]. On the contrary, this approach did not
work for the HD fiber bundles (aspect ratios of 400 and 793).
The potential origin of this behavior could be (i) the limited bend-
ing stiffness of the fibers (the HD fiber bundles disaggregated
which resulted in nearly completely individualized glass fila-
ments that could easily bend during flow [17], and thus limit
the increase in the stress level compared to perfectly straight fi-
bers) and (ii) the clusters of fibers that remained after processing.

In this previous study only one strain ratewas tested. However, ren-
ders are subjected to high strain rates during the spraying stage:
D33 ≈ 10 s–1. In some “dead zones” of the processing or spraying appa-
ratuses, the strain rate can be very small values. The strain rate can also
be very small if the renders slide on their substrate (D33 ≈ 10–5 s–1).
Hence, in this study, new rheometry experiments were performed
using the same render in awider range of applied strain rates for several
fiber fractions to better investigate the coupling between these param-
eters and the flow-induced microstructures. For that purpose, the po-
rous and fibrous microstructure of renders was studied using X-ray
microtomography. X-ray micrographies were also used to estimate
the permeability of renders by direct pore scale flow numerical simula-
tions, which allowed us to illustrate the important coupling between
the flow-induced microstructure of renders and one of their main
end-use properties. These experiments also enabled a workability do-
main to be defined for renders based on the microstructure of their fi-
brous reinforcement and the imposed flow conditions.

2. Compression rheometry

2.1. Materials

The self-reinforced render was made up of a dry pre-mix composed of
more or less spherical grains of various sizes and natures (polymers,
cement, silica fillers, and sand limestone) and glass fiber bundles [17].
After pouring water in the granular pre-mix, the polymer was dispersed,
air bubbles formed, and the as-obtainedmixture formed aporous and con-
centrated granular suspensionwith aporosity of 17% in the fresh state [17].
For all rheological experiments, time t0 was the initial time of the sample
after 3-min mixing of the mortar constituents and 10-min rest.

The two types of fiber bundles were different because of their sizing,
which enabled the HP fiber bundles not to disintegrate during both the
processing and the rheological experiments, and theHD fiber bundles to
disintegrate and to disperse in the render. The cross section of fiber
bundleswas initially composed ofmore than 200 fiberswith a 14 μmdi-
ameter. The cross section dimensions were precisely measured by fol-
lowing a procedure reported by Chalencon et al. [17]. The cross section
of the bundle could be represented by an ellipse with a minor axis
dmin≈ 50 μmand amajor axis dmax≈ 400–800 μm. Four bundle lengths
l were used in this study for the HP fiber bundles: 6.1, 10.9, 20.9, and
72 mm, and three lengths for the HD fiber bundles: 5.6, 11.1, and
24 mm. Consequently, the aspect ratio r ¼ l=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
dmindmax

p
of bundles

ranged between 40 and 1700. Four mass fractions of fiber bundles were
also used, i.e., fw=0.005,0.01,0.02, and 0.04, corresponding to fiber vol-
ume fractions f=0.003,0.007,0.014 and 0.027, respectively. Note that
the fiber volume fraction was estimated from the fiber mass fraction
and the specific masses of the fibers and the mortar without fiber.

The specific processing route reported by Chalencon et al. [17] was
used to prepare cylindrical samples of self-reinforced render with con-
trolled initial microstructure (planar random fiber orientation distribu-
tion and initial porosity of 17%) and restrained variability. As reported in
Chalencon et al. [17], the global density and the local porosity of the
samples did not exhibit any significant variations with the fiber content
and the fiber type.

2.2. Compression tests

The rheology of the self-reinforced render was studied using a sim-
ple compression rheometer that was initially developed for studying
the rheology of highly concentrated fiber suspensions such as fiber-
reinforced polymers [21–24,46] and that was adapted for fiber-
reinforcedmortars [17]. Experiments consisted of compressing lubricat-
ed cylindrical samples (initial diameter D0, initial height h0) at constant

axial average strain rate, D33 ¼ _h=h, between two parallel horizontal
plates. Four strain rates D33 were set at 1 ,0.1 ,0.01 ,and 0.003 s–1 on
the basis of the cross-head velocity capacity of the testing machine.
Note that these strain rates were in the range of potential strain rates
the render could be subjected to during processing. The height h and
the axial load F3 were recorded during compression and were used to
calculate the average axial logarithmic compression strain ε33= ln(h/
h0) and the nominal compression stress ∑33=4F3/(πD0

2h0). The final
height hf and the final diameter Df of deformed cylindrical samples
were also measured so that the volumetric strain εv= ln(hfDf/(h0D0))
of each sample after compression was estimated.

3. Rheometry results

3.1. Flow regimes

Fig. 1 shows four typical compression stress–strain curves obtain-
ed for the reference render (without fiber) and two self-reinforced
renders (f=0.7 and 1.4%) at two strain rates (D33=0.1 and
0.003 s−1).

• The gray curve was obtained for a non-reinforced render at a moder-
ate strain rate D33=0.1 s−1. The measured volumetric strain εv was
higher than −2%, showing that the compression deformation was
nearly isovolume. For the same strain rate, adding HD fibers (f=
0.7%, r=793) induced an increase of the compression stress, but
again the volumetric strain remained lower than 2%. The photographs
show the concentric circles drawn on the upper surface of the speci-
mens also remained circular and concentric during compression,
and followed homothetic transformation. These observations demon-
strated that, thanks to lubrication, the flow was homogeneous at the
macroscopic scale.

• For f=0.7% and a lower strain rate, i.e., D33=0.003 s−1, the stress
level increased sharply. This phenomenon was accompanied by a
large volume strain εv=−8%, showing that the sample was consoli-
dated during the compression experiment. The circular marks
drawn on the upper surface of the deformed sample also revealed



Fig. 1. Typical lubricated compression tests performed at various strain rates using the renderwithoutfibers or with HD fibers (r=793). Stress–strain curvesΣ33−ε33were obtained from
four tests performed using three fiber volume fractions (f=0% ,0.7% ,1.4%) and two strain rates (D33=10−1, 3×10−3 s−1). Pictures show top views of the initial shape and deformed
shapes (ε33=1) of samples in various testing conditions.
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local rotations thatwere induced by the fibers [22,23]. However, these
circles remained more or less concentric, showing that the flow was
still elongational at the macroscopic scale.
• For f=1.4% and HD fibers (r=793) and a slow strain rate (D33=
0.003 s−1), the axial stress showed a pronounced increase with the
axial strain. This phenomenon was accompanied by a large reduction
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of the sample volume (εvb−20%) and the segregation of a white liq-
uid that is shown in the image of the deformed sample. This liquidwas
composed of 70% in weight of water, polymer, and cement as it was
revealed by thermogravimetric analysis.

Hence, three flow regimes were identified: isovolume flow, consoli-
dating flow, as well as consolidating and segregation flow. These re-
gimes depend on the reinforcement, i.e., fiber type, fiber aspect ratio
and fiber volume fraction, and on the applied strain rate.

3.2. Influence of fiber volume fraction and aspect ratio on flow regimes

The respective influence of the fiber content f and the aspect ratio r
on the rheological behavior was investigated for strain rates D33=
0.003 s−1 and D33=0.1 s−1 (only the influence of r for the HD fiber
type was shown for the second strain rate). All results are gathered in
Fig. 2(a–d). These graphs show the evolution of the dimensionless nom-
inal axial stress∑⁎, obtained from the ratio between∑33 recorded for
the current render formulation and∑33 recorded for the so-called ref-
erence formulation, as a function of the axial strain rate D33:

∑� ¼ ∑33 type of reinforcement; f ; rð Þ
∑33 mortar without reinforcementð Þ : ð1Þ
Fig. 2.Evolution of the rheological behavior of the renderwith thefiber volume fraction f (a, b, d)
a function of the axial strain ε33 for fiber aspect ratio r=58 and strain rate D33=3×10−3 s−1

10−1 s−1 (d), fiber volume fraction f=0.7% and strain rate D33=3×10−3 s−1 (c). Results for
by black symbols. These rheometry results complete those reported by Chalencon et al. [17].
Using this figure and the measurement of the volume strain εv, the
conditions that led to the three aforementioned flow regimes for all for-
mulations and testing conditions were identified:

(1) Isovolume flow: this flow regime was characterized by weak
volume strain εv, typically εvN−2% at the end of the experiment.
This flow regime was also characterized by a nearly constant
evolution of the dimensionless nominal stress ∑⁎. From a phe-
nomenological point of view, this regime was observed
• For a decrease in the volume fraction of fibers f. For instance,
graphs a and b in Fig. 2 show that this regime was present at
a strain rate D33=0.003 s−1 for all volume fractions lower or
equal to 1.4% for HP fibers (r=58) and 0.3% for HD fibers
(r=793), respectively.

• For a decrease in the aspect ratio of fibers r. Graph c in Fig. 2
shows that this regime was obtained at D33=0.003 s−1 for as-
pect ratios lower or equal to 144.

• For an increase in the strain rate D33. For instance, for slender
HD fibers (r=793), this flow regime was present at moderate
strain rates for fiber volume fractions lower or equal to 0.7%
(graph d in Fig. 2). This limit in fiber volume fraction decreased
to 0.3% for low strain rates (graph b in Fig. 2). For moderately
slender HP fibers (r=58), this regime was always present at
and the aspect ratio r (c). Graphs show the evolution of thedimensionless axial stressΣ⋆ as
(a), fiber aspect ratio r=793 and strain rate D33=3×10−3 s−1 (b) or strain rate D33=
HP fibers bundles are represented by white symbols, whereas HD fibers are represented



Fig. 3. Dimensionless axial stress Σ⋆ as a function of the strain rate for the isovolume flow
regime (f=0.7%, r=58, HP fibers).
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moderate strain rates regardless of the studied fiber volume
fractions [17] and disappeared for greater fiber volume frac-
tions and low strain rates (graph a in Fig. 2).

(2) Consolidating flow: this flow regime occurred for greater vol-
ume fraction of fibers, greater aspect ratio of fibers, and weaker
strain rates. The consolidating flow regime was characterized
(i) by an important volume decrease, typically reaching
−10% bεvb−2% at the end of the experiment, and (ii) by a
weak to moderate increase of the dimensionless nominal stress
∑⁎ as a function of the compression strain ε33. For instance,
Fig. 2 shows that this flow regime was reached for suspensions
made up ofweakly slender HPfiberswith a great volume fraction
of fibers f=2.7% that were compressed at low strain rates (graph
a), of HD fibers (r=793)with a volume fraction of fibers f=0.3%
or 0.7% (graphs b and d, respectively) that were compressed at
weak or moderate strain rates. Regardless of the type of fibers,
this regime was also reached for all suspensions containing a
moderate volume fraction of fibers (f=0.7%) with a large aspect
ratio (r=400, graph c).

(3) Consolidating and segregating flow: further decreasing the
strain rate and/or increasing the volume fraction of fibers and/
or increasing the aspect ratio of fibers, a new flow regime oc-
curred. In this new regime, (i) the consolidation was strong, i.e.,
−20% bεvb−10%, (ii) the increase of the dimensionless stress
∑⁎ was extremely large: see, for instance, the results that were
obtained for the strongest volume fraction of fibers shown in
graphs a, b, and d and the strongest fiber aspect ratio in graph
c. Note that these phenomenahave already been reported during
extrusion of other types of cement-based pastes [58]

3.3. Isovolume flow regime: influence of the compression strain rate

Two other strain rates D33=1 s−1 and D33=0.01 s−1 were used
in this section to complete the previous results that were obtained for
a fiber volume fraction f=0.7% of weakly slender HP fiber bundles
(r=58):

• First, regardless of the reached strain, the volume strains εv of each de-
formed samplewereweak and larger or equal to –2%. So, for all testing
conditions, the flow was isovolume.

• Fig. 3 shows that the dimensionless nominal stress∑⁎was also inde-
pendent of the compression strain ε33.

• Fig. 3 also shows that the dimensionless nominal stress ∑⁎ did not
depend on the strain rate D33. Thus, the effect of the fibrous reinforce-
ment on the rheological behavior of renderwas to homogeneously in-
crease the stress level, independently of the compression strain ε33
and the strain rate D33.

According to these results, the compression stress∑33
f can be writ-

ten as a function of the compression strain in isovolume flow conditions
as follows:

∑ f
33 ¼ ∑ 0ð Þ

33 D33; ε33ð Þ∑�
0∑

�
: ð2Þ

This expression has already been proposed by Chalencon et al. [17].
The compression stress ∑33

f mainly depends on the stress ∑33
(0) seen

by the non-reinforced render, which depends on the compression strain
ε33, and the strain rateD33. The compression stress∑33

f is alsomodified
by (i) an ageing stress∑0⁎ [10–12,17], which is here independent of the
render formulation (reinforced render or not) [17], and by (ii) a fibrous
reinforcement stress∑⁎, which depends on the type, the volume frac-
tion and aspect ratio of fibers. As reported by Chalencon et al. [17], the
stress∑⁎ can bemodeled using expressions for semi-dilute Newtonian
fiber suspensions.
4. Initial and flow-induced microstructures for the various regimes

4.1. Local densities profiles

Local density profiles were assessed along the radius of several typ-
ical samples 48 h after t0, i.e., after they were solidified, by measuring
their weight in air and then while submerged in water. The first sample
contained HD fibers (r=793, f=0.007) and was deformed at D33=
0.1 s−1 in the first flow regime. The second sample also contained HD
fibers but was deformed in the second flow regime at D33=0.003 s−1.
The third sample also contained HD fibers (r=793, f=0.014) and was
deformed in the third regime atD33=0.003 s−1. Fig. 4 shows the corre-
sponding density profiles.

• For the isovolume flow regime (regime 1), the density of 1.45±0.02
was spatially homogeneous and equal to that of the non-deformed
sample.

• For the consolidating flow regime (regime 2), the sample became
denser. The average density reached up to 1.56. The density also de-
creased from the center to the outer radius of the sample.

• For the consolidating and segregating flow regime (regime 3), the av-
erage density further increased and reached a maximum of 1.82. The
density gradient was also more pronounced than in the consolidating
flow regime. Note that the density that was reached on the outer radi-
us of the sample was even lower than the density of the first sample
corresponding to the first flow regime. The migration of the liquid
phase that was rich in water from the center of the sample to its
edge and the subsequent evaporation of this phase during solidifica-
tion was probably at the origin of the local increase of the sample
porosity.

4.2. X-ray microtomography analysis

Figs. 5 to 7 show3Dmicrographies thatwere obtained at t0+24h by
3D X-ray microtomography and the results of images analysis per-
formed using small cubic volumes that were also used for themeasure-
ments of local density for each flow regime. These small cubes were



Fig. 4. Density profiles along the normalized radius r/rmax (where rmax is the external
radius of the studied samples) measured from the center to the edge for three samples
corresponding to the three flow regimes.
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extracted at the center and at the side of the compressed samples. A lab-
oratorymicrotomograph (Phoenix Vtomex, INSA-Lyon)was used to ac-
quire these images. A total of 720 X-ray 2D projections of the samples
was acquired during the scans. These projections were obtained by in-
crementally rotating the samples in front of the X-ray source (scanning
time of approximately 30min, 90 kV, 140mA). Then three-dimensional
maps of the X-ray absorption coefficient were reconstructed for each
sample (volumes of maximal size of 2000×2000×1500 voxels, voxel
size = 6 μm). Images that correspond to regimes 1, 2, and 3 are given
in Figs. 5, 6, and 7, respectively. All details of themeasurement protocol
are reported by Chalencon et al. (2010) [17]. In each figure, the volumes
in gray levels of the center (a) and of the edge (b), the corresponding
segmented porous phase of the center (c) and of the edge (d), and the
corresponding segmented fibrous phase of the center (e) and of the
edge (f), are shown:

• The qualitative comparison of the three-dimensional images obtained
in gray levels for the various flow regimes confirmed the microstruc-
tural homogeneity of the renders between the center and the edge of
the sample for regime 1 (Fig. 5a, b). This comparison also confirmed
the moderate and severe consolidations that were revealed by
rheometry tests or the measurements of local density for regimes 2
and 3, respectively, as the sample porosity greatly decreased at the
center of the sample (Figs. 5–7(a)), whereas the porosity moderately
changed at the edge of the sample (Figs. 5–7(b)).

• Despite the moderate quality of the 3D images and the large number
of various phases, which hindered the segmentation of the fibrous
phase, and regardless of the flow regimes, fibers clearly appeared as
being planar orientated in Figs. 5–7(e, f). Note also the presence of
several clusters of HD fibers. The origin of these clusters was certainly
a bad scattering of HDfiber bundles duringmixing. The fibrousmicro-
structure also appeared denser and more disaggregated at the center
than at the edge of the sample for regime 3 (Fig. 7(e, f)). However,
this observation should be confirmed using images with an enhanced
quality.

• The porosity of the imaged sampleswas quantitatively obtained using
the segmented images of the porous phase (Figs. 5–7(c, d)). The vol-
ume fraction of pores thatwere larger than 6 μmdrastically decreased
during deformation at the center of samples for regimes 2 and 3,
whereas this porosity did not evolve for regime 1 and was approxi-
mately 30%, 15%, and 7% for regimes 1, 2, and 3, respectively. At the
sample edge, the porosity did not change as much, as it was 30%,
29%, and 31% for regimes 1, 2, and 3, respectively.

• Still using the segmented images of the porous phase (Figs. 5–7(c, d)),
the pore size distribution was also estimated for pores larger than
48 μm and for all flow regimes [17,18]. Fig. 8(a) shows that the
isovolume flow regime (regime 1) did not practically have any effect
on the pore size distribution. This observation has already been re-
ported by Chalencon et al. (2010) [17] for this type of flow regime.
The same remark holds for the edge of deformed samples for regimes
2 and 3 (Fig. 8(b,c)). In contrast, the pore size distribution greatly
changed at the center of deformed samples for regimes 2 and 3 during
deformation, as shown in Fig. 8(b, c). This phenomenon was more
pronounced for regime 3. For instance, the pore size distribution
that was obtained for the consolidating and segregating flow regime
3 was sharper and centered over a smaller pore size (dpores=
100 μm) than for the moderately consolidating flow regime 2
(dpores=150 μm).

5. Flow regimes and render workability

Three flow regimes were identified for the fiber self-reinforced ren-
ders. These regimes depend on the fiber fraction and aspect ratio aswell
as on the compression strain rate these granular and porous fiber sus-
pensions are subjected to. It must be pointed out that these flow re-
gimes are likely to occur in practical processing conditions since we
have observed them for fiber contents and aspect ratios as well as for
strain rates typically encountered in practice.

The first flow regime is isovolume, homogeneous, and one phase.
This behavior ismainly inherited from the complex rheological behavior
of render without fibers. The microstructural properties of the
render associated with this flow regime are homogeneous and remain
close to that of the microstructure of the non-deformed render. This
flow regime is preferential for all the use operations of render, from its
manufacturing to its placement.

The two other flow regimes correspond to deformation modes that
are heterogeneous, compressible, and multiphase. Stress levels needed
to make the render flow are higher than those required for the first
flow regime. Thus, the last two flow regimes should be avoided dur-
ing processing and placement. This conclusion is reinforced by the
drastic changes in the microstructure and in the resulting end-use
physical properties of render, for instance, permeability (see next sec-
tion). Note that these types of deformation modes have been qualita-
tively reported for granular saturated suspensions [25–35],
concentrated fiber suspensions [36–41] and fresh reinforced cement
materials [4,8,9,14,56–58]. However, micro-mechanisms at the origin
of these flow regimes are not well known. To date, only macroscopic,
phenomenological, and multiphase modeling approaches based on
mixture theories [42,43] are proposed for the prediction of these
phenomena.

For the studied renders and the investigated strain and strain rate re-
gimes, one of the potential microstructural origins of the aforemen-
tioned flow phenomena could be attributed to the entanglement of
fibers, which may restrain the mortar flow. This mechanism is well
known for concentrated fiber suspensions [24]. A similar mechanism
is involved in cement-basedmaterials [9,10]. The entanglement offibers
in the render structure is closely related to the number of fiber–fiber
contacts per fiber Cf, here estimated using the tube model [44,45,47]
as follows:

C f ¼ 4 f
2
π
rΦ1 þΦ2 þ 1

� �
: ð3Þ



Fig. 5. Three-dimensional micrographs obtained using X-ray microtomography showing the microstructure of the isovolume sample (HD fibers, f=0.7%, compression strain rate D33=
10−1 s−1). Panels a and b show the non-segmented images of the render microstructure. Panels c and d show the segmented porous phase of the same sample, whereas panels e and f
show its segmented fibrous phase. Images on the left-hand side show the sample center and images on the right-hand side show the sample edge.
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This compact expression of the fiber connectivity shows that Cf is an
affine function of the content f, aspect ratio r, as well as the orientation
of fibers, i.e., the orientation functions Φi (Φi=2/π for planar fiber
orientation).

Fig. 9(a) shows the evolution of Cf as a function of f for all aspect
ratios r of all types of fibers used in this study (white symbols are
used for HP fibers, whereas black symbols are used for HD fibers,
the size of the symbols being proportional to the fiber aspect ratio).
For Cfb1, the suspensions can be considered to be semi-dilute, i.e.,
some rare fibers are in contact. For CfN2 (gray area in the graph in
Fig. 9(a)), the suspensions are concentrated as the fibers form a
fully interconnected network. Thus, the motion of each fiber becomes
increasingly hindered by the presence of the neighboring fibers as Cf
increases.

Fig. 9(b) is a “workability” diagram that is useful for practical appli-
cations. Indeed, this figure shows the domains thatwere experimentally
identified for the three aforementioned flow regimes in a diagram
where the compression strain rateD33 is represented versus thenumber
of contacts Cf for all types offibers. This diagramshows that a too impor-
tant increase in Cf leads to the consolidating flow regime 2 that first
arose at the lowest compression strain rates for Cf≈2. Then an increase
in Cf eventually leads to the segregating flow regime 3. This flow regime
was always observed for CfN15 over the range of tested compression
strain rates D33. Note also that HD fibers preferentially led to flow re-
gimes 2 and 3, whereas the less slender HP fibers mostly led to regime
1. In addition, the higher the strain rate, the larger was the workability
zone, i.e., regime 1.

6. Permeabilities of flow-induced render microstructures

As pointed out in Section 4, the formulation of the renders as well as
flow conditions have drastic effects on the render microstructure and
consequently on their use properties, for instance, their permeability.
To illustrate these effects, we estimated the permeabilities of the
renders in their hardened state, using (i) the 3D images shown in
Figs. 5–7(a, b), (ii) the theoretical framework of the homogenization



Fig. 6. Three-dimensional micrographs obtained using X-ray microtomography showing the microstructure of a consolidated sample (HD fibers, f=0.7%, compression strain rate D33=
3×10−3 s−1). Panels a and b show the non-segmented images of the rendermicrostructure. Panels c and d show the segmented porous phase of the same sample, whereas panels e and f
show its segmented fibrous phase. Images on the left-hand side show the sample center and images on the right-hand side show the sample edge.
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method with multiple asymptotic expansions [48–50], (iii) and pore
scale fluid flow numerical simulation using the 3D images. This ap-
proach has already been successfully used to estimate the permeability
of porous materials such as papers [51–53], fibrous reinforcements of
compositematerials [59], or snow [60]. Details related to this procedure
are provided in Appendix 1. In practice, the pore scale fluid flow simu-
lations were performed using the software GeoDict, well adapted for
solving Stokes localization problems using segmented 3D images as cal-
culation volumes. The problem was numerically solved using a finite
volume method where each voxel of the images represented a finite
volume. Volumes of 600×600×600 voxels of the studied render for
each flow regime were used to perform the permeability calculations.
These volumes were subdivided in eight cubic sub-volumes i of
300×300×300 voxels to reduce the number of degrees of freedom to
a maximum of 108. The components of the permeability tensor were
calculated for each sub-volume. As the principal components of the per-
meability tensor were close to each other for all sub-volumes, an aver-
age permeability ki was defined for each sub-volume and the
permeability k of the entire volume was calculated as the average of
all permeabilities ki. The as-calculated permeabilities k corresponded
to a statistic determination of the permeability of the studied render
[55]. Finally, adimensional permeabilities were also calculated as
follows:

k�i ¼ ki=kinit and k� ¼ k=kinit; ð4Þ

where kinit=6.8×10−12 m−2 was the average permeability of the non-
deformed render. The dimensionless permeabilities ki⁎ (small marks)
and k⁎ (big marks) are plotted in Fig. 10 as a function of the porosities
Φi or Φ of their corresponding volumes. Each type of marks represents
samples that were deformed in one of the three identified flow regimes.
The black marks represent volumes that were extracted at the center of
the samples of render, whereas thewhitemarks represent samples that
were extracted at the edge of the samples.

• For all scanned volumes, the heterogeneity of the render microstruc-
ture is illustrated by the large scattering of the porosities Φi that
were obtained for the sub-volumes compared to the porosity Φ for



Fig. 7. Three-dimensional micrographs obtained using X-ray microtomography showing the microstructure of a segregated sample (HD fibers, f=1.4%, compression strain rate D33=
3×10−3 s−1). Panels a and b show the non-segmented images of the render microstructure. Panels c and d show the segmented porous phase of the same sample, whereas panels e
and f show its segmented fibrous phase. Images on the left-hand side show the sample center and images on the right-hand side show the sample edge.
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the entire volumes. This microstructural heterogeneity resulted
in a large scattering of the permeabilities ki⁎ compared to the perme-
ability k⁎.

• The permeabilities k⁎ of volumes that were extracted from the
samples that were deformed in the isovolume flow regime (regime
1) and from the edges of samples that were deformed in the consoli-
dating flow regime (regime 2) or in the segregating flow regime
(regime 3) were very close to each other. These permeabilities were
also very close to the permeabilities for the non-deformed samples.
The porosity and the pore size distribution for all these samples
were in a narrow range for all these samples, which explained this
result.

• For flow regimes 2 and3, volumes thatwere extracted from the center
of samples exhibited large microstructural rearrangements. These
changes resulted in a sharp decrease in the permeabilities of the ren-
der. In regime 2, the permeability was divided by 10 compared to the
permeability of the non-deformed render, whereas the permeability
was divided by 100 in regime 3.
The render permeabilitieswere also compared to the static ks⁎ and ki-
nematic kk⁎ estimates for granular systems proposed by Boutin [50] (see
Appendix 2 for their expressions). Fig. 10 shows that these estimates are
very close in the considered porosity domain. Note also that all the nu-
merical values that were estimated using the sub-volumes and the en-
tire volumes were also close to the analytical predictions. This shows
that these estimates could be used as good first-order analytical predic-
tors of the render permeability.

7. Conclusion

In this study, we investigated by lubricated compression tests the
rheology of afiber-reinforced cementmortar used as render for external
wall insulation. The analysis was achieved using strain rates, fiber
contents, and aspect ratios representative to those experienced in prac-
tical conditions. An original use of X-ray microtomography three-
dimensional images enabled the microstructural modifications to
be finely measured by comparing the porosity and the pore size



Fig. 8. Comparison of the pore size distributionϕ between a non-deformed sample and the
center and the edge of three samples that were deformed in the isovolume flow regime 1
(a), the consolidating flow regime 2 (b), and the consolidating and segregating flow
regime 3 (c).

Fig. 9. (a) Tube model prediction for the evolution of the fiber volume fraction f as a
function of the number of fiber–fiber contacts per fiber Cf and for various fiber aspect
ratios r. Square symbols correspond to HP fiber bundles and circular symbols to HD
fibers. (b) Regions covered by each of the three observed flow regimes in a D33−Cf
diagram. Symbols show all experimental results that were obtained for all types of fibers
and all tested strain rates D33. The size of the symbol increases with the strain rate D33.
In graph b, white symbols correspond to regime 1, and black symbols to regimes 2 and 3.
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distribution in both the non-deformed and the compressed states.
These imageswere also used for numerically and analytically estimating
the flow-induced evolution of the permeability of fiber-reinforced
renders.

Three flow regimes were revealed: a homogeneous isovolume
flow regime and two heterogeneous flow regimes, i.e., a consolidat-
ing regime and a consolidating and segregating regime. Typically,
the lower the compression strain rate or the higher the fiber content
or the fiber aspect ratio, the higher was the flow heterogeneous, i.e.,
the higher were the variations of density or those of the porosity and
the pore size distribution along the radius of samples. For the consol-
idating and segregating regime, a liquid phase was also expelled
from the granular and porous structure of render. In contrast, the mi-
crostructure of the isovolume samples was similar to that of non-
deformed samples.

For the isovolume flow regime, the compression stresswas split into
three contributions. The first contribution was inherited from the be-
havior of the non-reinforced render, the second one from an ageing ef-
fect and the third one froma reinforcement effect due to fibers. Thefiber
contribution was shown to be strain-rate independent for the
isovolume flow regime. In contrast, the compression strain rate affected



Fig. 10. Evolution of the dimensionless permeabilities k⁎ that were numerically (symbols)
or analytically (continuous lines) calculated as a function of the porosity of the deformed
sample for each of the three flow regimes.
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the contribution of fibers to the compression stress for the two hetero-
geneous flow regimes.

We have shown that flow-induced structural modifications drasti-
cally affected the render permeability, and thus the performance of
EWI systems. Numerical and analytical estimates of the permeability
were in accordance. Both approaches showed a decrease in the perme-
ability of the render of two orders of magnitude for the densest samples
of the consolidating and segregating flow regime compared to samples
of the isovolume flow regime.

The microstructural origin of the flow inhomogeneity was related to
the entanglement of fibers within the render granular structure. An in-
crease in the content or in the aspect ratio of fibers corresponding to an
increase of the number of fiber–fiber contacts per fiber could lead to the
formation of a network of fibers that may hinder the motions of grains.

The observed heterogeneous flow regimes should be avoided. For
that purpose, we proposed a workability map showing flow regimes
in a diagram of the compression strain rate versus the number of
fiber–fiber contacts per fiber, i.e., the two parameters governing the
flow regimes. This workability diagrammay be useful either for the for-
mulation of the renders or for the prediction of the strain rate range they
should be subjected to exhibit isovolume homogeneous flows.
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Appendix 1

The theoretical framework proposed by the homogenization meth-
od with multiple-scale asymptotic expansions gives an equivalent and
continuous macroscopic law for the behavior of a complex and hetero-
geneous porousmaterial, assuming that this medium can be seen as the
periodic juxtaposition of a representative elementary volume (REV) Ω
and that the size L of the medium exhibits a good scale separation
with the size l of the REV, i.e., ε= l/Lb b1. The prediction of this model
for the laminar flow of incompressible Newtonian fluid with viscosity
μ in the REV Ω of a connected porous and rigid medium in which the
fluid occupies the domain Ωf and the solid occupies the domain Ωs
shows that the divergence of the macroscopic equivalent velocity
field vmacro,

vmacro ¼ v 0ð Þ
D E

¼ 1
Ω

Z
Ω f

v
0ð Þ
dV ð5Þ

is zero,

divvmacro ¼ 0 ð6Þ

and that vmacro is a function of the macroscopic pressure gradient
the medium is subjected to, by the well-known Darcy's law [54] as
follows:

vmacro ¼ −
1
μ
K :gradpmacro; ð7Þ

where K is the permeability tensor of the equivalent medium. The
components of K are obtained by solving a Stokes-like localization
problem on the REV with no-slip boundary conditions at the interface
Γ between the fluid domain Ωf and the solid phase Ωs [51–53]:

divv 0ð Þ ¼ 0
gradpmacro þ gradεp 1ð Þ ¼ μΔv

0ð Þ

( )
in Ω

v 0ð Þ:n ¼ 0 on Γ n is a normal vector to Γð Þ
ð8Þ

where the pressure gradient gradpmacro is a constant input. The periodic

unknowns εp(1) and vð0Þ correspond to the first-order fluctuation of the
pressure p and to the order 0 of the velocity field v, respectively.

The permeability tensor K is calculated using Eq. (9) by successively
imposing:

gradpmacro ¼ ei i ¼ 1;2;3ð Þ: ð9Þ

Appendix 2

Using the homogenization method with multiple scale asymptotic
expansions and self-consistent estimates Boutin proposed static ks⁎ and
kinematics kk⁎ estimates for the permeability of granular systems [50]:

k�s ¼
φ Φð Þ

φ Φinitð Þ ð10Þ

and

k�k ¼
Ψ Φð Þ

Ψ Φinitð Þ ð11Þ

with

φ Φð Þ ¼ 1−Φ1=3

18Φ1=3 4−5
Φ1=3 1þΦ1=3

� �
1−Φ2=3

� �
1−Φ5=3

0
@

1
A ð12Þ

and

Ψ Φð Þ ¼ 1−Φ1=3

3Φ1=3 1−
1−Φ5=3

1−Φ1=3
� �

3þ 2Φ5=3
� �

0
@

1
A; ð13Þ

where Φinit is the porosity of the initial sample.
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