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a b s t r a c t

We investigated the effect of rigid spherical inclusions such as microcapsules and fillers on the perme-
ability of fabrics by using glass beads as model inclusions. Beads with a range of diameters (40–
800 lm) and volume fractions (2.5–10%) were sieved between layers of woven E-glass fabric targeting
a fiber volume fraction of 40%. Permeability measurements were completed by X-ray microtomography
to analyze the samples pore structure and estimate their permeability using Computational Fluid
Dynamics simulations. Experimental and numerical estimates were also fitted with a Kozeny model
accounting for porosity and specific surface of samples. We identified a threshold curve related to bead
diameter and volume fraction below which the permeability follows that of a plain packed textile, and
above which a strong departure from this trend is observed, induced by strong distortions of the textile.
This behavior was closely correlated to the internal features of the textile.

� 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Fiber-Reinforced Polymer Composites (FRPCs) are extensively
used in aerospace, automotive, sports and other applications due
to their high strength, stiffness and light weight. These materials
traditionally consist of a fibrous reinforcement and a polymer
matrix. In some cases, a second solid phase, generally in the form
of granular particles, may be introduced. As an example, reactive
or non-reactive binders (or tackifiers) are introduced at the
preforming stage to ease the handling of multiple layers of rein-
forcement and improve the efficiency of processing [1,2]. Particles
may also be integrated to the polymer matrix to improve the
mechanical, thermal and electrical properties of the resulting
composite [3–7]. In addition, for composite functionalization,
self-healing capsules are sieved between the layers of reinforce-
ment [8,9], hollow microspheres are introduced to improve the
buoyancy or to produce lightweight parts [10,11], and powders
are added to tailor capillary effects in porous structures [12].

The effect of the presence of a second solid phase on the resulting
mechanical properties of FRPCs has been extensively investigated
and reported in the literature [2,3,8–10,13–18]. It is alsowell known
that the presence of additional solid phases in FRPCs alter the man-
ufacturing processes. For instance, in Liquid Composite Molding
(LCM) processes, where a fibrous preform is compacted in a mold
and resin is injected into the preform, the preform should be fully
impregnated before resin gelation [19]. Hence, an accurate estimate
of the permeability of a fibrous structure is essential to predict the
flow kinetics and mold filling time [20–23]. Introducing particles
directly in the flowing fluid has been reported to increase its
viscosity but also to lead to progressive clogging of the particles
during processing which results in spatially varying permeability
[24–26]. Flow is either modeled by coupling the resin flow with
particle filtration by a retention function [27–30] or by simulating
the solid-liquid interaction at individual particle level [31–33].

In the case of functionalization by introducing a second solid
phase between the layers of fabric, both in-plane and out-of-
plane permeability are influenced. Shih and Lee [34] studied the
tackification of carbon fiber woven fabrics and used PT 500 binder
from 3 M with various binder sizes between 25 lm and 1000 lm.
They noted that smaller powders led to a better coverage of the
fabric surface and showed that holding the preforms at tempera-
tures higher than the melting temperature of the binder resulted
in an increase of the in-plane permeability. In agreement with
Rohatgi and Lee [35], they attributed the increase of permeability
by the shrinkage of fiber tows following the penetration of molten
binder, resulting in larger channels outside the fiber tows. Both
studies showed that if the system was held at low temperatures,
the binder stayed between the fiber tows and caused a decrease
of permeability at high binder concentrations. Estrada et al. [36]
investigated the binder influence by modeling the flow in unit cells
obtained from micrographs of cut specimens. The unit cell based
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model showed indeed a different permeability in the principal
directions of the anisotropic fabric, but was limited in its predic-
tions as the selected grid was coarse, and the binder distribution
was varying a lot. Recently, Becker and Mitschang [37] investigated
the influence of preforming technologies (sewing, binder applica-
tion, shearing and pre-compaction) on the out-of-plane permeabil-
ity. They reported that the out-of-plane permeability of a glass
fiber woven fabric decreased by addition of both activated and
non-activated binders. Results showed a lower permeability with
activated binder since they caused a more homogenous reduction
of available space while non- activated binders hindered nesting,
thus leaving some flow channels available. In another study [38],
they measured the out-of-plane permeability of preforms manu-
factured by dry fiber placement, which exhibit one to two orders
of magnitude lower out-of-plane permeability than conventional
fabrics and they investigated the potential strategies to enhance
the out-of-plane permeability of these preforms. They evaluated
the effect of binder particle size by sieving three different particle
size ranges: medium sized (125–250 lm), coarse (>250 lm) and
mixed (in delivery condition) at the same concentration. Highest
permeability was observed with the medium sized particles;
coarse binders were expected to result in a higher permeability
by impeding nesting, but as a lower number of binder particles
was introduced to reach the same concentration, the positive effect
of sieving large particles was hence reduced. They also studied the
influence of binder concentration by sieving different amounts of
mixed binders and reported that a slight increase was observed
with increasing binder concentration, but positive effects of pre-
served flow channels were counteracted by blockage of resin flow
at high concentrations.

Contrary to the binders whose effect on permeability and
microstructure depends on the degree of melting, particle size
and concentration, self-healing capsules are rigid inclusions. Man-
fredi and Michaud [39] investigated the influence of capsule con-
centration on in-plane permeability by sieving capsules with a
size of 125–250 lm. They reported an increase of permeability
by addition of self-healing capsules in comparison to samples with
no capsules, but without a correlation between capsule concentra-
tion and permeability. In the present work, we propose to address,
with the use of a model system, the effect of a rigid dispersed sec-
ond phase in terms of content and granulometry on both the por-
ous structure topology and permeability to develop general
guidelines and constitutive models to optimize flow kinetics, a fea-
ture which lacked in the aforementioned studies on composite
processing.

We thus introduced spherical glass beads with a range of bead
volume fractions and diameters into a woven glass fabric. The 3D
Table 1
Experimental, numerical and normalized permeability, and specific surface results.

Sample
#

Bead properties Permeability, K [10�11 m2

Bead Diameter, db
(lm)

Bead Volume Fraction,
/b (%)

Experiment,
Kexp

Simulatio
Knum

1 0 0 7.92 12.2
2 40–70 2.5 6.50 11.4
3 5.0 4.04 5.77
4 10 1.86 4.29
5 70–100 5.0 3.71 6.78
6 100–200 2.5 4.96 9.70
7 5.0 3.89 7.29
8 10 3.01 5.40
9 200–300 5.0 5.65 10.6
10 300–400 5.0 5.94 10.6
11 400–800 2.5 6.05 12.2
12 5.0 6.50 13.3
13 10 6.84 12.1
porous structure of the reinforcements and the role of the beads
were finely characterized using X-ray microtomography. In paral-
lel, the in-plane permeability of the reinforcements was estimated
using both in-plane permeability experiments and pore-scale Com-
putational Fluid Dynamics (CFD) simulations using the scanned
volumes from microtomography analysis. Guidelines were then
provided to assess the effect of inclusion size and inclusion volume
fraction on the textile permeability, as a function of the
microstructural features of the textile.
2. Materials and methods

2.1. Materials

A 2� 2 twill weave E-glass fabric (Suter Kunststoffe AG) with a
nominal areal weight, gf ¼ 390 g/m2 and a fiber specific mass,
qf ¼ 2:60 g/cm3wasused in this study. The fabricwasmadeof fibers
with a diameter of 9 lm and consisted of 6 ends/cm along the warp
direction and 6.7 picks/cm along the weft direction with 340 and
272 tex, respectively. Rounded glass beads (Microbeads AG, mini-
mum roundness of 0.90) with specific mass, qb ¼ 2:45 g/cm3 were
used as model inclusions. As summarized in Table 1, various bead
diameter ranges, db, were used (40–70, 70–100, 100–200,
200–300, 300–400, and 400–800 lm), as well as various bead vol-
ume fractions, /b (2.5, 5.0 and 10%). Fig. 1a and b shows two typical
micrographs corresponding to the 40–70 and 100–200 lm beads.
The bead-diameter distributions in Fig. 1c were calculated from
the micrographs using the Matlab function imfindcircles (�7600
beads were examined under a microscope for 40–70 lm range,
and similarly �4200 beads for 100–200 lm range).

The samples consisted of n ¼ 8 layers of fabrics. During sample
preparation, the prescribed mass, mb, of beads was manually
sieved between adjacent layers and the resulting stack was then
compacted in a mold of volume Vm and thickness h ¼ 3 mm. The
volume fractions of fibers /f , of beads /b, as well as the porosity
/p of processed samples could thus be estimated as
/f ¼ ðngf Þ=ðhqf Þ ¼ 40:0� 0:1%, /b ¼ mb=ðqbVmÞ, and
/p ¼ 1� /f � /b (see Table 1). For the permeability experiments,
samples had rectangular in-plane dimensions, i.e., 260 mm along
the weft direction (the direction along which the permeability
was measured, see below) and 60 mm along the warp direction.
For X-ray microtomography analysis (see below), the in-plane
shape of samples was circular with a 40 mm diameter.

To characterize the permeability of the samples, a solution of
polyethylene glycol (PEG, Sigma Aldrich, 35,000 M) was diluted
in distilled water with a concentration of 5.7 mmol l�1 to form
] Specific surface, S
[103 m�1]

Normalized permeability, K�

n, Experiment,
K�
exp

Simulation,
K�
num

Semi-
analytical, K�

S

6.31 1.00 1.00 1.00
5.98 0.82 0.93 0.98
8.05 0.51 0.47 0.47
10.1 0.23 0.35 0.23
7.32 0.47 0.56 0.57
6.20 0.63 0.80 0.91
7.01 0.49 0.60 0.62
7.22 0.38 0.44 0.44
6.05 0.71 0.87 0.84
5.67 0.75 0.87 0.95
5.78 0.76 1.00 1.05
5.62 0.82 1.09 0.97
5.01 0.86 0.99 0.92



Fig. 1. Optical micrographs of beads with two different diameters, db ranges: (a)
40–70 lm, (b) 100–200 lm. (c) Corresponding diameter distribution of the beads.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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the test fluid. The shear viscosity l of the PEG solution was mea-
sured using a Couette rheometer (AR 2000ex, TA Instruments) in
continuous flow mode. For characterization of temperature depen-
dency between 18 �C and 25 �C, temperature was increased with a
Fig. 2. Shear viscosity l of the tested PEG solution as a function of temperature (blue cu
figure legend, the reader is referred to the web version of this article.)
ramp of 0.1 �C min�1 and viscosity was measured at a constant
shear rate of 1 s�1. For shear rate dependency between 0.1 s�1

and 100 s�1, the viscosity was measured at a constant temperature
of 20 �C. The PEG solution exhibited a Newtonian behavior as illus-
trated in Fig. 2 in which the shear viscosity l versus temperature
and shear rate was plotted.

2.2. Permeability experiments

Permeability measurements along the weft direction of the fab-
rics were conducted under constant injection pressure using the
mold illustrated in Fig. 3a and b. The guidelines proposed in a
recent round-robin study for 1D flowwas followed [21] except that
a different test-fluid was used. The saturated permeability,
denoted as Kexp, was measured in all experiments using the injec-
tion pressure, p, as well as the temperature of the test fluid,
recorded by a Keller S35X piezoresistive transmitter (0–10 bar,
0.02 bar accuracy for pressure, �20 to 150 �C, 0.05% relative accu-
racy for temperature) placed between the pressure pot and resin
inlet. A Mettler Toledo PM2500 scale was placed at the exit to
record the mass with an accuracy of 0.001 g at a data acquisition
rate of 8 Hz. Mass flow rate was calculated using the acquired mass
and time data; additionally, the density of resin was used for calcu-
lating the volumetric flow rate, Q . Absence of bead wash-out was
ensured by (i) tracking the fluid in the exit tube to observe if there
was any bead flowing with the test fluid and (ii) confirming the
constant value of mass flow rate over time which would fluctuate
in the presence of bead movement. The saturated permeability was
then calculated as

Kexp ¼ ðQlLÞ=ðAcDpÞ ð1Þ
where L is the specimen length along the flow direction (260 mm),
Ac is its cross-sectional area (60 mm � 3 mm) and DP is the pressure
drop between the inlet and exit and is equal to injection pressure p
in this case, as the sensor is calibrated to indicate 0 at atmospheric
pressure.

In order to determine the permeability of the plain fabric (with-
out beads) for a range of fiber volume fractions, the experiments
rve) and shear rate (red curve). (For interpretation of the references to colour in this



Fig. 3. (a) Experimental setup used for permeability measurements, (b) schematic of the experimental permeability measurement setup, (c) an X-ray microtomography
sample. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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initially conducted at h = 3.0 mm were also carried out at h = 2.8
and 2.5 mm, and the following empirical exponential relation
between Kexp and /f (a first order polynomial relation between
lnKexp and /f ) was fitted to the experimental data

Kexp ¼ Ae�b/f ð2Þ

by a least-square method to determine the constants A and b.

2.3. X-ray microtomography

2.3.1. Image acquisition
Cylindrical fabric samples with a diameter of 40 mm were

prepared for all configurations listed in Table 1, inserted into
cylindrical PMMA containers and compacted to the same thick-
ness, h, of 3 mm as in the permeability experiments, with help of
cylindrical PMMA covers held in place with pins (see Fig. 3c). The
samples’ microstructures were characterized using a laboratory
X-ray microtomograph (RX Solutions, 3SR Lab, Grenoble, France).
To acquire the 2500 radiographs of size 1840 � 1456 pixels during
the 360� rotation of samples with respect to the X-ray source, the
generator voltage and the current intensity were set to 120 kV and
83 lA, respectively. After suitable reconstruction, filtering and
smoothing operations, 3D greyscale images of the sample absorp-
tion coefficients were obtained with a voxel size of
9.85 � 9.85 � 9.85 lm3. Regions Of Interests (ROIs) of size
1244 � 1244 � 304 voxels were then extracted and subjected to
the image analysis procedure detailed hereafter. Fig. 4 shows small



Fig. 4. 3D images (304 � 304 � 304 voxels) showing the structure of (a) a plain sample (i.e., with no beads), and samples with embedded beads with diameters of (b) 40–
70 lm, (c) 100–200 lm, and (d) 400–800 lm. Sample thickness, h, in z direction is the same in all samples in (a)–(d); and volume fraction of beads is /b ¼ 10% in all samples
in (b)–(d).
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crops (304 � 304 � 304 voxels) achieved inside the reconstructed
ROIs to qualitatively illustrate the typical 3D microstructures of
four different samples.
2.3.2. Image analysis
In order to assess relevant microstructure descriptors from the

scanned samples (see below), the 3D images were first segmented
using ImageJ [40] so that the porous phase, the fibers and the beads
could be extracted and analyzed independently. The segmentation
of the porous phase was readily achieved using a standard thresh-
olding operation due to its strong absorption contrast with respect
to the glass fibers and beads. Because of the poor absorption con-
trast between the beads and the fibers, and additional procedure
was needed to extract the beads features from the overall glass
phase (see Fig. 5). Thus, in each greyscale slice along the thickness
of the imaged samples, i.e., along the z direction, the structure ten-
sor was computed using the plugin FeatureJ of ImageJ [41], and
beads were isolated as they exhibited a more isotropic shape than
the fibrous network (see Fig. 5b and c). Thereby, additional analy-
ses were conducted:

� The bead segmentation allowed us to locate the beads. Conse-
quently, the normalized z-distribution of the bead content
was computed as /�

bz ¼ /bz=/b where /b is volume fraction of
beads in the entire specimen and /bz is the bead content in each
slice parallel to xy plane (i.e., fraction of the slice occupied by
the beads). We also built in-plane 2D maps of the bead content
/bxy, defined as the volume fraction of beads in the vertical
column of height h and cross section area of 1 pixel located at
the position ðx; yÞ. Thus, /bxy can take a value between 0 and
100% such that /bxy ¼ 100% if all of the 304 slices have a bead
at a pixel coordinate of ðx; yÞ.

� From the binary image of the porous phase, it was possible to
estimate the pore size distribution: (i) by using successive dila-
tion and erosion morphological operations with a cubic struc-
tural element; (ii) by counting the remaining voxels after
these operations; and (iii) by repeating these operations for
increasing sizes of the cubic element [42,43].

� We estimated the mean intercept number of the images, the
chord lengths of pores in three principal directions (lx, ly, and

lz), their mean values (lx, ly, and lz) as well as the specific surface
S of the porous structures, using the method proposed by Rol-
land du Roscoat et al. [44]. Ratio of mean chord lengths,

rxy ¼ lx=ly, rxz ¼ lx=lz and ryz ¼ ly=lz were calculated to quantify
the anisotropy of the pores. The specific surface S, defined as
the surface area of the pore-solid interface per unit volume, is
closely linked to the permeability [45]. For example, the follow-
ing Kozeny equation for unidirectional porous media relates the
permeability K to the radius of fibers, R as introduced by
Williams et al. [46] and used in composite literature [47,48]:

K ¼ R2

4c
/3

p

ð1� /pÞ2
ð3Þ

where c is the Kozeny constant. Considering that the porous
structure is uniquely made of a network of non-overlapping
cylinders of radius R and volume fraction /f , one gets
S ¼ 2/f =R so that:

K ¼ /3
p

cS2
ð4Þ



Fig. 5. (a) Slice along thickness direction (i.e., in xy plane) of a sample with 100–200 lm beads at /b = 10%. (b) The beads are seen as white circles after the image treatment of
the same slice. (c) 3D volume (304 � 304 � 304 voxels) showing the segmented beads (see Fig. 4c for 3D reconstruction of the original volume).
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These equations will be further discussed in Section 3.

2.3.3. Numerical estimation of permeability
The permeability of the samples along the weft direction was

also estimated numerically. For these estimations, fluid flow simu-
lations were performed using the commercial Finite Volume soft-
ware GeoDict [49]. Using the CFD module FlowDict and the
Explicit Jump-Stokes (EJ-Stokes) solver, localization Stokes flow
problems, deduced from the homogenization method with multi-
ple scale asymptotic expansions [50], were solved within the 3D
binary volumes of the pore structures with sizes of
812 � 812 � 304 voxels; the local velocity field as well as the first
order pressure fluctuation field were considered as in-plane peri-
odic and the in-plane macroscale pressure-gradient was imposed
[51,52].

3. Results and discussion

3.1. Permeability measurements

3.1.1. Experimental results
Experimental values of the textile in-plane permeability Kexp;i

for each tested sample i (the index i ¼ 1 stands for the twill weave)
are reported in Fig. 6a and b as a function of porosity and bead
diameter, respectively. They have also been gathered in Table 1.
The permeability of plain fabrics decreased with increasing /f ,
and thus with decreasing /p, as expected. The parameters of Eq.
(2) were found to be A = 5.99 � 10�8 m2 and b = 17.2. Fig. 6a shows
that increasing /b of the smallest beads category (40–70 lm), thus
decreasing /p, had a similar effect on permeability as increasing /f

of the plain fabric. Permeability decreased as /b increased with a
similar trend of the permeability curve as for the plain samples,
except for the lowest bead content where the permeability was
slightly higher than that recorded for the twill weave at the same
volume fraction of solid. Introducing beads with 100–200 lm
diameters had a similar effect on permeability and caused an initial
decrease in permeability for increasing volume fraction /b. How-
ever, when /b P 5:0%, the trend for this range of bead diameter
diverged from the trend observed with the plain fabrics, the
decrease of permeability with decreasing porosity being less pro-
nounced. Surprisingly, for the largest beads (400–800 lm), when
/b P 2:5%, the deviation from the plain fabrics data was
significant and such that the permeability even increased when
increasing /b, although the overall porosity decreased. In addition,
data plotted in Fig. 6b for /b = 5.0% shows that the permeability
was in the same range for db < 200 lm (samples #3, #5 and #7),
whereas it was significantly higher for db > 200 lm (samples #9,
#10, and #12). These trends suggest that small beads have mainly
filled the existing pores while larger ones have deformed the fabric,
mainly forming new pores and/or enlarging existing ones.

The relationship between pore size and permeability is detailed
in the following sections. A first simple approach can be taken by
considering the Hagen-Poiseuille equation (DP ¼ 8lLQ=pr4),
describing the flow in a tube of radius r, which indicates that the



Fig. 6. Textile permeability measured along the weft direction as a function of (a)
porosity and (b) bead diameter. In (b), permeability at zero bead diameter
corresponds to the permeability of the twill fabric without beads, the horizontal
error bars indicate the range of particle size within one type of sample and the
vertical error bars are standard deviations in three samples. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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permeability of a simple tube scales with r2. At equal porosity, a
single channel with a large radius should thus provide a higher
permeability than multiple channels with a smaller radius. This
simple model intuitively explains the higher permeability of sam-
ples with large beads compared to the samples with small beads,
since the addition of small beads results in the formation of many
small channels whereas addition of large beads results in less but
larger channels.
3.1.2. Numerical results
Table 1 reports numerical estimations of the permeability Knum;i

based on the acquired 3D images and pore-scale fluid-flow simula-
tion (see Section 2.3.3). In this table, a single value is reported for
each sample, after verifying that chosen size of the representative
volume (812 � 812 � 304 voxels) was large enough so that the
estimated permeability did not show a significant variation among
the volumes cropped from different regions of the full 3D volume
(1244 � 1244 � 304 voxels). As seen in Table 1, simulated trends
were in good agreement with the experimental results from a qual-
itative standpoint. However, as already observed for other fibrous
structures [53], numerical values were higher than experimental
ones: the ratio, Knum=Kexp ranged between 1.43 and 2.31. Various
factors can cause this discrepancy. The two most probable ones
may be related to the spatial resolution used for scanning the sam-
ples and to the subsequent image analysis operations. Indeed, we
chose a voxel size of (9.85 lm)3 in order to have sufficiently large
images with representative volumes of the textiles and beads.
However, in doing so, microstructure details lower than the char-
acteristic length of voxels (9.85 lm), such as the fiber scale surface
roughness and narrow channels in between fiber bundles or inside
fiber bundles, could not be numerically captured very well,
although they could significantly contribute to the fluid drag
[54,55]. In addition, the filtering and smoothing operations
required to delete noise and contributions from other tomography
artefacts could have smoothed these microstructural features and
thus led to slightly overestimate the permeability. Taking into
account these uncertainties, permeability results were normalized
in order to provide a suitable quantitative comparison between
experimental and numerical results [52,53]. Thus, the following
dimensionless experimental K�

exp;i ¼ Kexp;i=Kexp;1 and numerical
K�

num;i ¼ Knum;i=Knum;1 permeability were introduced. Here, Kexp;1

and Knum;1 denote the experimental and simulated permeability
results of the plain sample (i.e., sample #1). As seen in Table 1
and Fig. 7, values of K�

exp;i and K�
num;i were very similar quantita-

tively, the numerical estimates being slightly higher: both of them
captured the effects of the bead content and diameter well.

3.2. Microstructures

3.2.1. Spatial bead distributions
Fig. 8a and b are 2D maps of the bead content /bxy for samples

#7 and #13 (see Table 1 for details of samples), respectively.
Although the beads were sieved manually, a random bead distribu-
tion was achieved when large beads were used (in Fig. 8b), and a
quasi-periodic pattern formed when small beads accumulated into
the crossing zones of warp/weft bundles (Fig. 8a). These trends are
confirmed in Fig. 8c and d, which show the change of /�

bz along the
thickness direction of sample #7 (/b = 5%, db = 100–200 lm) and
sample #13 ((/b = 10%, db = 400–800 lm)), respectively. In these
graphs, the mean values of /�

bz are close to 1 with corresponding
/bz being 5.80% and 9.69% respectively, the small deviations being
attributed to the fact that only a small section of a sample was ana-
lyzed (the overall volume of a sample was

ðpð20 mmÞ2Þ � 3 mm ¼ 3770 mm3 while the evaluated volume
was 12 mm� 12 mm� 3 mm ¼ 432 mm3). In Fig. 8c, /�

bz varies
with a smooth and quasi-periodic oscillatory distribution where
seven peaks are observed, which correspond to interlayer spaces
within which beads tend to accumulate during the sample fabrica-
tion (see also Fig. 4b). On the contrary, in accordance to what is
observed in Fig. 8b, such a quasi-periodic distribution is not
observed in Fig. 8d. During the fabrication of these samples, the
large beads rather deformed the fibrous fabrics, mainly by consol-
idation but also bending fiber bundles: this is clearly illustrated in
Fig. 4d in the case of beads with db of 400–800 lm, where fiber
bundles are severely bent along the z direction. It should be noted
that for all the samples with db smaller than 200 lm (samples #2–
#8), the distribution of /b was similar to that of sample #7
showing quasi-periodic in-plane and out-of-plane distributions.
In addition, for samples with db larger than 200 lm (samples



Fig. 7. Normalized permeability as a function of /p for samples with diameter ranges of 40–70 lm (a), 100–200 lm (b), 400–800 lm (c), and as function of bead diameter for
samples with /b of 2.5% (d), 5.0% (e) and 10% (f). Colored clouds around experimental trends account for the experimental uncertainties. All values are normalized with
respect to the results of plain sample with /p of 60%. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)

8 B. Caglar et al. / Composites: Part A 99 (2017) 1–14
#9–13), in-plane and out-of-plane distributions were similar to
that of sample #13 with a more pronounced deviation from the
smooth oscillatory behavior for increasing bead diameter.

3.2.2. Pore size distributions
All results of frequency plots versus pore size indicated that,

above the resolution of the X-ray Tomograph (9 lm) which did
not capture the fiber spacing within tows, the pore size distribu-
tion showed a single peak, and only its shape and the magnitude
and location of the peak changed. In this case, cumulative pore size
distributions are considered more relevant to distinguish the
effects, and are plotted for three different db ranges (40–70,
100–200, and 400–800 lm) as a function of pore size in Fig. 9a–c
(colored curves) along with the pore size distribution of the plain
sample (black curve). Fig. 9a reveals that the cumulative frequency
increased faster with increasing /b values so that corresponding
curves were skewed towards the left. Though the effect was not
very clear for the smallest /b value of 2.5%, for larger /b values it
is obvious from this graph that large pores present in the plain
samples were progressively filled with increasing /b. In Fig. 9b, a
similar trend is observed for samples containing beads with a lar-
ger diameter range of 100–200 lm. In Fig. 9c, the opposite trend is
observed so that cumulative pore size distribution were skewed
towards right with increasing /b, due to formation of new and lar-
ger pores when the embedded beads have db = 400–800 lm (see
previous subsection).

To better understand the effect of bead diameter on pore size
distribution, Fig. 9d–f shows the pore size distribution for the sam-
ples with beads at a fixed /b of 2.5%, 5.0%, and 10%, respectively,
along with the pore-size distribution of the plain sample. The
pore-size distribution of the samples with /b of 5.0% in Fig. 9e ver-
ifies that sample #9 had a similar pore-size distribution as the



Fig. 8. Analysis of bead distribution in slices along thickness direction, z. (a)–(b) Superposed bead distribution at pixels, /bxy , (c)–(d) variation of /�
bz within 304 slices along z

direction of samples #7 and #13, respectively. Dashed lines in (c) and (d) correspond to the mean /b values of 5.80% and 9.69%, respectively. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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plain sample (#1), indicating that the embedded beads with
db ¼ db;critical = 200–300 lm did not alter the pore-size distribution.
This is attributed to an equilibrium between the opposite effects of
pore filling by small beads and pore formation by large beads
resulting in a completely different topology than the plain sample
but with a similar pore size distribution. Beads with db < db;critical

and db > db;critical altered the distribution with opposite effects and
samples with a bead diameter smaller than 200 lm (samples #3,
#5, and #7) had pore size distributions that skewed curves towards
left with a more pronounced effect as the bead diameter decreased.
In addition, the opposite is true for samples with bead diameter
larger than 300 lm (samples #10, and #12) where larger pores
were formed by the consolidation and the bending of fiber bundles.
Even though only three different diameter-ranges were studied for
/b of 2.5% and 10%, similar behavior in pore-size distributions was
observed, i.e., beads with diameter smaller than 200 lm filled the
existing pores whereas beads with diameter larger than 300 lm
formed larger pores as seen qualitatively in the 3D reconstructions
in Fig. 4b–d.

The change in dimensionless permeability reported in Fig. 7d–f
directly relates to the aforementioned results. Indeed, at fixed
porosity, the permeability is highly affected by the pore space,
which is in turn affected by the dimensions of solid (fiber and
beads) which make up the porous medium [56–58]: increasing
the particle diameter, or more generally shifting the particle size
distribution towards larger characteristic lengths usually leads to
an increase of the permeability. As shown in Fig. 7d–f, this is in
accordance with the results, except for samples with /b ¼ 2:5%
and 5% of the smallest beads. Presumably, particle locations for
these samples may have differed from those observed for other
beads contents or sizes. Similarly, increasing the bead content for
large beads results in a shift towards larger characteristic lengths
and an increase of permeability, but with a natural limit as shown
by the gradual differences between samples #12 and #13 in
Figs. 7c and 9c, respectively.
3.2.3. Pore shape anisotropy
Anisotropy ratios of the mean-pore chord-lengths were calcu-

lated, rxy ¼ lx=ly, rxz ¼ lx=lz and ryz ¼ ly=lz and plotted as a function
of /b of samples with db = 100–200 lm in Fig. 10a and plotted as
a function of db of samples with /b = 5.0% in Fig. 10b. Both figures
indicate that the pores exhibited flat shapes. The in-plane aniso-
tropy (rxy) of the twill sample without beads, due to inherent dif-
ference between the warp and weft directions of the fabric, was
reduced by introduction of the beads. In Fig. 10a, increasing /b

resulted in a transition towards more isotropic pores, highlighted
by the significant decreases in rxz and ryz. Similar trends were
observed among the samples with db = 40–70 lm and db = 400–
800 lm, which were not plotted here for the sake of brevity. In



Fig. 9. Cumulative pore size distribution of samples with embedded beads which have a diameter range, db , of 40–70 lm (a), 100–200 lm (b), 400–800 lm (c); and a fixed
bead-volume-fraction, /b , of 2.5% (d), 5.0% (e) and 10% (f). Pore size distribution of twill sample alone (/b = 0) is included in the plots for comparison. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 10b, no clear dependency of anisotropy was observed on db,
yet all the samples were less anisotropic than the plain sample
and same behavior is observed among the samples with /b = 2.5%
and 10%, again not plotted for the sake of brevity.
3.2.4. Specific surface and semi-analytical permeability estimation
Values of the computed specific surface, S, are listed in Table 1.

Recall that these values were obtained with a voxel size of
(9.85 lm)3, i.e., with a characteristic length close to the fiber radius
(9 lm): they can be considered as mesoscale values, well suited for
fiber bundles and beads only. For the sample without bead (#13),
following the S ¼ 2/f =R relationship, R was evaluated from the
measured surface area and was on the order of hundred microns,
which is comparable to the geometric mean of the semi-minor
and semi-major axes of ideally elliptical fiber bundles. By embed-
ding beads into a fabric preform, values reported in Table 1 prove
that the specific surface S of the overall media (fabric preform and
beads) exhibited complex trends due to various competing
mechanisms:

At a fixed bead diameter, (i) increasing the bead content was
prone to increase S. However, at the same time, this could induce
(ii) the consolidation of the fiber bundle and thus a decrease of
the mesoscale specific surface. As shown in Table 1, mechanism
(i) governed the structure of the assemblies at low bead diameters,
whereas mechanism (ii) was predominant at higher bead diame-
ters: for samples with bead diameter higher than 100–200 lm,
the resulting specific surfaces were even lower than those recorded
for the twill weave alone.

At a fixed volume-fraction of solids, (iii) decreasing the bead
diameter was also prone to increase the mesoscale specific surface,
provided that subsequent consolidation mechanisms of the fiber



Fig. 10. Anisotropy ratio as a function of bead volume fraction /b for samples with bead-diameter range of 100–200 lm (a), as a function of bead diameter db for samples
with bead-volume-fraction of 5.0% (b). In (a), /b = 0 corresponds to the twill sample alone. In (b), db = 0 of db of samples with /b of 5.0% in Fig. 10b. In Fig. 10a, and the vertical
dashed lines correspond to the lower and upper bounds for each diameter range. (For interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)
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bundles were restrained. Table 1 verifies that mechanism (iii) gov-
erned the mesostructures of the assemblies for the two highest
investigated bead contents. For the lowest investigated bead con-
tent, mechanism (iii) seemed to be important above bead diame-
ters of 100–200 lm. Below this diameter range, mechanism (ii)
might be predominant.

Lastly, dimensionless semi-analytical permeability values based
on S measurements, K�

S;i ¼ KS;i=KS;1, were calculated using Eq. (4) as
follows
K�
S;i ¼

S21/
3
i

S2i /
3
1

ð5Þ
under the assumption that Kozeny constant, c, was equal for all con-
figurations. These estimates are reported in Fig. 7 and Table 1. As
obvious from this figure and this table, K�

S;i follow rather closely
the trends given both by the experiments (K�

exp;i) and the pore scale
CFD simulations (K�

num;i) and the correlation between K�
S;i and K�

num;i
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is better as analytical and numerical estimates were obtained from
the same volumes. Thus, these results indicate that from a ‘‘simple”
analytical model and the knowledge of the specific surface of the
samples, reliable semi-analytical estimate of K�

S;i can be obtained,
emphasizing the role of porosity /b and specific surface S on the
permeability.

3.2.5. Pore chord length and bead diameter relationship
As reported in Figs. 6 and 7 for /b = 5.0 and 10%, a change in per-

meability regime occurred at critical bead diameters db of �100–
200, and 40–70 lm, respectively. Above these critical values, the
specimens’ permeability was higher than that of the twill weave
alone at the same volume fraction of solid. This transition was
attributed to the extensive deformation of fabric (consolidation
and distortion) as large beads were introduced. A similar transition
was observed for the pore-size distribution (see Fig. 9d) and bead
distribution along the thickness direction (see Fig. 8c and d), the
relation between the geometrical characteristics of the fabric and
pore diameter and content should be revealed.

An analysis on the smallest chord length of the twill weave
without bead, i.e., the out-of-plane pore chord length lz, showed
that (i) the porosity exhibited a strong out-of-plane anisotropy
(Fig. 10) and (ii) adding beads into the twill weave mainly resulted
in yarn distortion along the z direction (see Fig. 4c and d). The con-
tinuous line in Fig. 11 plots the dependence of the cumulative
porosity /pz on the out-of-plane chord length lz. Due to the voxel
size used to image the sample (9.85 lm)3, /pz goes from 0 to
/pz;max ¼ 35%, this value being obviously lower than the overall
porosity of the twill weave (60%). However, this difference does
not affect the relationship between the pore-size distribution of
the mesostructures and the bead diameters, since the smallest of
the studied beads has a diameter range of 40–70 lm, which is sig-
nificantly larger than the voxel size. Thus, for a given value lz;i, the
corresponding porosity value /pz;iðlz;iÞ represents the volume frac-
tion of pores with chord lengths equal to or smaller than lz;i. This
also means that chords larger than lz;i occupy a porosity of
/pz;max � /pz;iðlz;iÞ. Therefore, bearing in mind that pores are highly
anisotropic (see Fig. 10), it is reasonable to imagine two possible
Fig. 11. The black continuous curve represents the cumulated porosity of the twill sample
two regions: in one region K � Kplainð/f þ /bÞ; and in the other region K > Kplainð/f þ /b

combinations, the former classifies the combinations respecting the K � Kplainð/f þ /bÞ be
in this figure legend, the reader is referred to the web version of this article.)
scenarios when beads with a diameter db close to lz;i are added into
the twill weave:

(a) They first fill the empty space of porosity /pz;max � /pz;iðlz;iÞ,
without causing significant consolidation or bending of fiber
bundles (see Fig. 4b). This would be possible as long as the
volume content of beads in these pores remains below a crit-
ical bead content which we can here approximate, as a first
approach, as the maximal random close packing fraction for
spherical particles /lp � 0:64 [59].

(b) Above such a bead content, a consolidation of fiber bundles
and/or an out-of-plane bending of fiber bundles takes place;
the prevalence of one of the two aforementioned mecha-
nisms may occur as follows:
i. The lower the bead diameter, the higher the bead content

to reach regime (b) and the higher the consolidation of
the twill weave, as illustrated in the example shown in
Fig. 4c.

ii. Conversely, the higher the bead diameter, the lower the
bead content to reach regime (b), and the higher the dis-
tortion of the fabrics that result in significant pore open-
ing (Fig. 4c and d).

Fig. 11 reports the values of db;/b=/lp used in the tested sam-
ples, in order to emphasize whether scenarios (a) or (b) (i.e., the
points below or above the black curve, respectively) were prone
to occur. In addition, the green rectangular points in Fig. 7 indicate
that the experimental dimensionless permeability K�

exp of the sam-
ples was close to the permeability of the consolidated twill weave
without bead, K�

plainð/f þ /bÞ. Similarly, red circular points indicate
samples whose experimental dimensionless permeability K�

exp was
higher than K�

plainð/f þ /bÞ. Fig. 11 clearly proves that all samples
located above the continuous black curve, i.e., those corresponding
to the bead-filling scenario (b), exhibited a higher permeability
than the twill weave at the same porosity. In addition, as illus-
trated in Fig. 4c and d, these samples all exhibited pronounced
bundle bending, i.e., following filling mechanisms (b-ii) with pore
opening. Consequently, the prevalence of bundle distortion during
without bead as a function of chord length in z direction lz , dividing the domain into
Þ. and denote the experimentally studied bead diameter and volume fraction
havior and the latter classifies the rest. (For interpretation of the references to colour
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the filling of the twill weave with adequately big beads induced
pore opening and limited the increase of, or even decreased, the
sample specific surface. Thus, in spite of the overall decrease of
the sample porosity, the decrease in sample permeability was less
pronounced than the twill weave alone, or even increased (see Eq.
(5)).

In addition, as emphasized in Fig. 11, data located below the
continuous black curve correspond to filling scenario (a). It is inter-
esting to notice that at given volume fraction of pores, the perme-
ability of most of them is rather close to that of the fabric without
bead (see also Fig. 7). For these situations, filling mechanisms thus
resulted in specific-surface changes similar to those encountered
during the compaction of the twill weave alone. This general trend
is however not fulfilled by the sample at the lowest bead content
and diameter; as mentioned previously, the bead placement of this
sample might have differed from the other samples during filling.
4. Conclusion

This study investigated the influence of spherical inclusions on
textile permeability. For that purpose, we carried out a systematic
analysis using a glass twill weave and glass beads with various
diameter ranges (40–70, 70–100, 100–200, 200–300, 300–400,
and 400–800 lm) and volumetric concentrations (2.5, 5.0 and
10%). The analysis was carried out by combining 3D imaging of
the fabric mesostructures (using X-ray microtomography) together
with experimental and numerical estimations of fabric in-plane
permeability (using a permeability setup and pore scale CFD
simulations, respectively). Experimental and numerical results
were in good agreement and indicated that the dimensionless
permeability was a complex function of the bead content and
diameter. For low bead contents and diameters, a permeability
decrease was observed with introduction of beads, which mostly
followed the trend of the twill weave alone at the same porosity.
At a sufficiently large bead diameter, a reversion of this trend
was observed.

Pore-size distributions as well as specific-surface estimations
were in agreement with experimental and numerical permeability
estimations, showing that the in-plane permeability was a function
of two competing mechanisms, namely pore filling (mostly in the
case of small beads) and new pore formation and/or pore opening
due to fabric distortion (mostly in the case of large beads). In addi-
tion, we showed that from the knowledge of the sample porosity
and specific surface, together with a Kozeny-like permeability
approach, it was possible to give relevant semi-analytical esti-
mates of the dimensionless in-plane permeabilities of the filled
fabrics. This could be used for guidelines if one lacks access to
experimental or numerical facilities.

Analysis of pore mean chord length inside the 3D images of the
samples also showed that both in the absence and in the presence
of beads, pore shapes were strongly anisotropic and exhibited flat
shapes. The anisotropy was reduced by introduction of the beads,
in comparison to the twill sample, especially the anisotropy
between in-plane directions. The mean chord length along the
thickness direction remained significantly lower than the in-
plane values. In addition, critical pairs of parameter (db;/b) were
emphasized. Below these critical values, beads mainly fill the fabric
without pronounced modification of its mesostructure. Under such
circumstances, both the sample specific surface and permeability
follow trends of the compacted fabric alone. Above these values,
beads induce consolidation and high distortion of the fiber bundles
(mainly out-of-plane bending), pore opening, modification of the
specific surface towards slight increase or even decrease with
respect to what could be expected with the compacted fabric,
and thus higher permeability. We also showed that the critical
pairs of parameters (db;/b) were closely correlated to the distribu-
tion of pore chord lengths of the plain twill weave along its thick-
ness. Thus, a simple analysis of the plain fabric mesostructure is
sufficient to construct first estimates of the influence of a given
volume fraction and size of inclusions on permeability.
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