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Consolidation and compression of deformable impregnated fibrous reinforcements:
Experimental study and modeling of flow-induced deformations

A. Hautefeuillea,∗, S. Comas-Cardonaa, C. Binetruya

aGeM - Research Institute of Civil Engineering and Mechanics, UMR 6183, CNRS - École Centrale de Nantes, 1 rue de la Noé, 44321 Nantes, France

Abstract

Continuous fiber-reinforced thermoplastic composites can be produced by compression or consolidation processes at a
temperature above the thermoplastic melting temperature. High production rates or high fluidity thermoplastic (TP-HF) viscosities
can lead to large in-plane displacements of the fibrous network during the process. The same mechanisms appear when viscous
toughened thermosets resins are used. One can assume that the in-plane displacements occur when the liquid thermoplastic
flow sets the deformable fibrous reinforcement in motion. The composite material being manufactured is therefore subjected to
a hydro-mechanical coupling between a liquid flow and a deformable continuous fibre reinforcement. Within this context, the
in-plane flow-induced deformations during transverse consolidation are investigated in this study. An experimental setup is used
in order to localize and quantify fibre tow displacements and large strains as a transient full-field measurement. Then, in order to
identify the driving forces occurring during consolidation, these induced deformations are taken into account in the modeling. The
fibrous reinforcement properties are redefined locally based on the measured full-field strains. The comparison of experimental and
modeling results shows that the local in-plane drag force peaks mainly drive the onset of the fibrous architecture deformation.

Keywords: , B. Optical techniques, D. Process monitoring, C. Process modeling, E. Consolidation

1. Introduction

Structural composites are often processed from
pre-impregnated semi-products (prepregs) which consist
of a blend of continuous or discontinuous fiber reinforcements,
an organic matrix and residual air. Then the composite
process aims at evacuating most of the residual air during a
compression [1, 2, 3, 4, 5] or a consolidation step [6, 7, 8, 9].
The consolidation or compression, driven and controlled by a
transverse out-of-plane unidirectional compaction, generates a
flow of the matrix (liquid at the process temperature) within
the fibrous reinforcement [10]. The consolidation phase is
completed when the saturated fibrous medium reaches the
targeted fibre volume fraction of the final composite part.

The saturated fibrous reinforcement can be subjected to two
different regimes of in-plane flows during the consolidation [11,
12, 13]. When the fluid drag force is lower than the cohesion
forces of the fibrous structure, the liquid flows through an
in-plane static fibrous medium. This regime of flow is named a
percolation or filtration flow. It guarantees the manufacturing of
a flawless structural composite part since its fibrous orientation
is maintained. Another regime occurs when the fluid drag force
is greater than the cohesion forces of the fibrous reinforcement.
The fluid flow has the ability to drag the fibre tows of the
reinforcement: flow-induced displacements develop (Fig. 1).
They modify the fibrous architecture and the orientations of
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the tows of the final part. Sometime both regimes occur, as
illustrated in Fig. 1, where an in-plane flow is generated by
transverse (z-direction) compression. The figure shows that a
filtration flow occurs in the y-direction while the squeeze flow
drags the fibers in the x-direction. Therefore, the transient
hydro-mechanical coupling involved during the consolidation
of saturated fiber reinforcements must be studied and controlled
because it plays a crucial role in the quality of the produced final
composite part.
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Figure 1: Flow-induced displacement of the fibers during transverse
consolidation driven by normal pressure, a) 3D view, b) top view. [12]
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2. Previous work and objectives

Fiber-reinforced composite material processes can be
divided in processes in which (i) the dry fibers are progressively
impregnated or (ii) pre-impregnated fiber reinforcements are
used.
The first category includes the Liquid Composite Molding
(LCM) processes and among them the Resin Transfer Molding
(RTM). During RTM the resin injection can be initiated in
the plane or perpendicularly to the plane of the dry fibrous
reinforcements maintained in a constant cavity thickness. Some
experimental evidences have highlighted the capability of the
fluid flow to induce a fibrous reinforcement displacement
(washout) in both configurations of injections. An early
observation of the washout phenomenon was made by Han et
al. [14], who highlighted the capacity of the fluid to induce
a segregation in the thickness between a fiber-free region and
the fibre-bed during a liquid injection orthogonal to the plane.
The deflection of the fiber reinforcement and the flow front
were measured thanks to a camera through a transparent mold
as the injection was performed. In the case of sandwich
processing, the resin-flow-induced displacements of both the
sandwich foam core and the fiber reinforced skins have been
measured by Al-Hamdan et al. [15] (dynamically thanks to
LVDTs) and by Wirth et al. [16] (thanks to microscopy after
demolding). For in-plane injections, Endruweit et al. [17]
observed visually the flow-induced in-plane displacement of
the fibrous reinforcement during the injection. They found
that the higher the fiber volume fraction, the lower the
in-plane deformation. They also modeled the competition
between frictional and viscous forces experienced by a fibrous
reinforcement. Seong et al. further [18] developped the
experimental bench in order to measure the in-plane transient
displacement of the fiber reinforcement during while the
impregnation at constant flow rate was occurring. The found
that changing the orientation of the fibers from 0◦ to 45◦ to 90◦

increases the flow-induced in-plane displacements.
Some studies have covered other LCM processes such as

transverse (out-of-plane) 1D impregnation by compression.
Sommer and Mortensen experimented the forced unidirectional
infiltration of deformable porous media (sponge) by a liquid a
flow (ethylene glycol) [19]. They measured the impregnation
rate and the 1D out-of-plane deformation of the porous media
with a video camera. They noted that the permeability cannot
be taken as constant if the deformation of the porous medium
appears significant. They used the Kozeny-Carman relationship
for the permeability as the fibre volume fraction is locally
slightly modified as the foam deforms. A recent study [20]
numerically investigated the large deformations of a soft porous
material and used the same relation as a local variation of
the permeability. Michaud et al. also experimentally observed
the 1D compaction and decompaction occuring during the
transverse impregnation of liquid within a fiber reinforcement
with a video camera [21]

For the second category of processes such as consolidation
by means of compression of pre-impregnated fibrous
reinforcements, the literature is more sparse concerning the

in-plane deformation measurements. A range of experiments
has been presented by Nixon-Pearson in order to study the
consolidation behaviour of uncured pre-impregnated fibrous
reinforcements [9]. This study exhibits, from post-process
micrographs, both bleeding and squeezing flow mechanisms
during the compaction phase of the process. At a larger
scale, the transverse shear flow of a viscous unidirectional
laminated prepreg has been depicted by Sorba et al. using
thin copper wires as tracers in the inter-ply of the fibrous
architecture [5]. Also a through-thickness analysis has been
employed by Hubert to experimentally quantify the in-plane
deformation of a unidirectional thermoset prepregs [22]. The
latter study proved that percolation flow and shear flow coexist
and depend on fluid viscosity, fibre orientation and fibre bed
constriction. Barnes and Cogswell [13] and later Murtagh et al.
[23] performed squeeze-flow measurements on thermoplastic
unidirectional prepregs. They dynamically measured the
lateral in-plane displacements at the sample boundaries as
the prepreg was compacted. Hautefeuille et al. developed a
real-time monitoring and full-field measurement of the in-plane
fibre tows movements during transverse consolidation [24].
They also retrieved the mechanical signature of the washout
phenomenon (reduced compression response) and linked this
signature to fibre-tows displacements.

Within this context of in-plane flow-induced deformations
of fiber reinforcements during consolidation, the two main
objectives are to:

• Provide a generic method to measure the deformation
fields of any reinforcement as a real time monitoring
during consolidation (section 3);

• Identify and localize the driving force inducing the
displacements (washout) (section 4)

3. Real time monitoring of flow-induced in-plane
deformations

3.1. Materials

A quasi uni-directional weft glass fabric UDT 400P
(400 g/m2 weft + 20 g/m2 warp) from CHOMARAT is used
as fibrous material. It differs from the twill-weaved one studied
in [24] to underline that the proposed method can be applied
to any fabric. Rectangular samples investigated in this study
are unidirectional 6-ply stack of planar dimensions 40× 22 cm.
The components of the in-plane hydraulic permeability tensor
of such sample are measured by a method presented in [25] that
gives the two in-plane principal permeabilities for orthotropic
fibrous reinforcements. The in-plane components (in m2) of the
permeability tensor are fitted to the measured data:

K1(V f ) = 1.2 × 10−11V−3.8
f − 3.1 × 10−11

K2(V f ) = 1.8 × 10−12V−4.0
f − 5.2 × 10−12 (1)

where V f is the fibre volume fraction, K1 the fibre-tow
direction (weft) permeability and K2 the orthogonal one (warp).
The permeability tensor is measured for 0.30 6 V f 6 0.60.
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The fibrous reinforcements samples are saturated with a
calibrated silicone oil (from Roth company) corresponding to
a fluid fraction φs

l = 65 ± 2% and a fibre volume fraction
V s

f = 35 ± 2%. Each oil viscosity has been measured with
a Brookfield DV1 viscometer at room temperature (21◦C) and
reported in Table 1.

3.2. Experimental procedure
A large-scale semi-transparent test bench has been developed

in a previous study [24] in order to continuously track the
in-plane motion of the fibre-tows occurring during a saturated
transverse compression. The set-up is used with a Lx = 36 cm
and Ly = 18 cm rectangular compression platen. The following
Fig. 2 illustrates the elements and systems of the experimental
setup.

Compression	system

Sample

Optical	system

Data	acquisition

Twill-Weave sample Quasi-UD sample

Figure 2: Experimental set-up

An SVS-ECO834 color camera (12 Mpx) with a 16 mm
Muytron low-distortion objective is used as optical system. The
precision of the measured kinematic fields is related to the
resolution of the raw images. The optical uncertainty of the
displacement measurement has been quantified to ∆ = 0.12 mm
for the presented experiments. Two experimental conditions
are discussed here, where process parameters are reported in
Table 1. The first compression experiment (Exp. 1) is carried
out with a low viscosity fluid while in the second one (Exp. 2) a
higher fluid stress is generated on the fibrous reinforcement due
to a higher viscosity.

Table 1: Experimental parameters

Parameter Exp. 1 Exp. 2

Fibrous reinforcement UDT400P UDT400P
Lay-up [90]6 [90]6

Compression speed (|ḣ|) 1.5 mm/min 1.5 mm/min
Fluid viscosity (µ) 0.09 Pa.s 4.58 Pa.s
Fibre fraction at saturation (V s

f ) 35% 35%
Temperature (T ) 21◦C 21◦C

3.3. Displacement field computation
An in-house algorithm has been developed [24] in order

to compute the in-plane (x, y) displacement field of the fibre
tows during the transverse (z) consolidation imposed by the
compression platen. The algorithm is based on tracking and
registration techniques for the measurement of the displacement
of a particle-cloud, represented by the UV-reactive markers
added to the fibrous architecture (top of Fig. 3), between two
images. The motion tracking pattern and an example of nodal
displacement of a unit cell is shown at the bottom of Fig. 3.

Compressed sampleSample UV markers pattern

e1=x

e2
=y

e3=z

Reference configuration X 

Deformed configuration x

Unit cell deformation :

ua

ub

uc

c

a b

Figure 3: Illustration of in-plane (x, y) motion tracking pattern (top) and
example of nodal displacements of a unit cell, from the reference configuration
to the deformed one (bottom)

In Fig. 3, for each particle, the position of the node in
the deformed configuration (xn, yn), can be computed from
the reference position of the node (Xn,Yn) and the nodal
displacement (un, vn). This relation explicitly writes in the
Cartesian coordinates frame (~x, ~y):xn

yn

 =

Xn

Yn

 +

un

vn

 or x = X + u (2)

where x is the position vector of the node in the deformed
configuration at any step of the consolidation, X the position
of the material point in the reference configuration and u
the displacement vector. The complete displacement field
is then calculated on raw images at the nodes (UV-markers)
and interpolated on the compression surface. Constant strain
triangles and first order shape functions are used to compute
the strain-field, based on the nodes displacement triangulation,
presented in section 3.5. Fig. 4 presents the displacement field
and the shape of reconstructed fibre tows of the sample during
the consolidation, at different time steps, for both Exp. 1 and
Exp. 2. In this figure, the dashed line represents the boundary
of the compression platen applying the consolidation stress on
the top face of the sample. The corresponding fibre volume
fraction, normal force and applied stress are also indicated for
each snapshot.
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(c)  Fz= 2,7 kN  - h= 2.0 mm - Vf = 50%

(a)  Fz= 0 kN  - h= 3.3 mm - Vf = 30%

(b)  Fz= 0,5 kN  - h= 2.5 mm - Vf = 40%

(d)  Fz= 15,2 kN  - h= 1.7 mm - Vf = 60%

x

y

Exp. 1

(c)  Fz= 65.5 kN  - h= 2.0 mm - Vf = 50%

(a)  Fz= 0 kN  - h= 3.3 mm - Vf = 30%

(b)  Fz= 17 kN  - h= 2.5 mm - Vf = 40%

(d)  Fz= 150 kN  - h= 1.7 mm - Vf = 59%

Exp. 2

Figure 4: Displacement field computed for Exp. 1 (left) and Exp. 2 (right) at stages V f = 30, 40, 50 and 60%. of the consolidation

As shown in Fig. 4, two kinds of in-plane flow may
occur during the consolidation of the reinforcement. First a
percolation flow (i.e flow of the resin through an in-plane static
fibre bed) is generated in Exp. 1 (left of Fig. 4). As a matter
of fact, the measured in-plane displacement of the fibre tow
is negligible at the scale of fibre tows because these latter
do not move. However, in Fig. 4 (right), Exp. 2 displays
progressive in-plane displacements up to 25 mm at the end
of the experiment. As the flow-induced deformations are
addressed in this study, the analysis of Exp. 2 will be performed
in the following. From those results, one can sense that the

fibre tows washout distance is macroscopically symmetrical
with respect to the part center and increases with the distance
from that point. However, a thin asymmetry of the washout
distance is noticed on experimental results, likely due to the
geometrical variability of the fibrous reinforcement. Also,
while the experimental conditions impose null fluid pressure
and gradient outside the compression platens, this boundary
represents a limit to the fibres movement. This phenomenon
can be observed in the end stages of Exp. 2 in Fig. 4. One can
see in (d) of Exp. 2 that the tows accumulate at the edge of the
compression platen.
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3.4. Solid velocity computation
The velocity field of the fibrous reinforcement is calculated

by temporal derivation of the displacement field. The Fig. 5
presents the Euclidean norm of the fibre tows in-plane velocity
at several steps of the consolidation process.

(c)  Fz= 65.5 kN  - h= 2.0 mm - Vf = 50%

(a)  Fz= 0 kN  - h= 3.3 mm - Vf = 30%

(b)  Fz= 17 kN  - h= 2.5 mm - Vf = 40%

(d)  Fz= 150 kN  - h= 1.7 mm - Vf = 59%

x

y

Figure 5: In plane tows velocity for Exp. 2 at stages V f = 30, 40, 50 and 59%
of the consolidation

Measurements show that for this test configuration, the solid
velocity in-plane magnitude remains below 0.75 mm/s during
the consolidation process. An acceleration of the tows occur
between steps (b) and (c) of the consolidation, which can be
attributed to the setting in motion of the fibrous architecture. At
the final stages of the consolidation, the in-plane velocity of the
tows decreases. This phenomenon results from the combination
of two phenomena. First, once the deformations have become

significant within the fibrous architecture, the viscous drag
forces are expected to drop. This point is further discussed in
section 4.3. Secondly, the friction forces are most likely high in
the final stages of the consolidation (friction forces are directly
related to the compressive force by friction law).

3.5. Deformation field computation
3.5.1. Green-Lagrange strain tensor

Data reported in section 3.3 showed that the fibrous
reinforcement is subjected to large strains. As the
displacement field u includes rigid body motions, one
must use the deformation-gradient tensor F that excludes
rigid body translations to extract the deformations. The
deformation-gradient tensor F writes:

F = ∇u + I (3)

where u is the particle-cloud displacement field and I
the second order identity tensor. Then, the Green-Lagrange
strain tensor E is used in this study for its capacity to fully
eliminate the remaining rigid body rotations. Based on the
deformation-gradient F, the Green-Lagrange strain tensor E
writes:

E =
1
2

(
FT · F − I

)
=

1
2

(C − I) (4)

where C is the right Cauchy-Green deformation tensor. For a
u = (u, v) displacement field, the explicit expressions of the
components of the 2D Green-Lagrange strain tensor Ei j are
written in Eqs (5-7). Note that as the strains are large (finite),
the components of the Green Strain tensor contain small (first
order) strain contributions and quadratic ones.

Exx =
∂ u
∂X

+
1
2

(∂ u
∂X

)2

+

(
∂ v
∂X

)2 (5)

Eyy =
∂ v
∂Y

+
1
2

(∂ u
∂Y

)2

+

(
∂ v
∂Y

)2 (6)

Exy =
1
2

(
∂ u
∂Y

+
∂ v
∂X

)
+

1
2

[
∂ u
∂X

∂ u
∂Y

+
∂ v
∂X

∂ v
∂Y

]
(7)

In the experimental configuration of Exp. 2, the Exx

component is orthogonal to the fibre tows while the Eyy

component is co-linear to them. The Exy component represents
the shear of the fibrous architecture. The Exx component
is predominant in this experimental configuration due to the
axial inextensibility of fibre tows. Fig. 6 presents the Exx

component field of the sample during Exp. 2, at several stages
of the consolidation. In addition to the in-plane (x, y) full-field
measurements, the total compression force Fz and the thickness
h are reported at each stage of consolidation.

From those results, one can conclude that the in-plane fibre
tows transverse deformation Exx follows a different behaviour
depending on its position along x. The induced deformation of
the fabric propagates towards the center of the sample during
consolidation. In addition, this deformation peaks at the edge
of the part due to the stopping of the fibre tows at the edge of
the compression plate.
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(c)  Fz= 65.5 kN  - h= 2.0 mm - Vf = 50%

(a)  Fz= 0 kN  - h= 3.3 mm - Vf = 30%

(b)  Fz= 17 kN  - h= 2.5 mm - Vf = 40%

(d)  Fz= 150 kN  - h= 1.7 mm - Vf = 59%

x

y

Figure 6: Exx field computed for Exp. 2 at V f = 30, 40, 50 and 59%

3.5.2. Local area variation
The measurement of the local area variation ∆S on the

sample area can be expressed as the ratio between the area
of a deformed material mesh element to its area in the initial
configuration defined by the UV markers (Fig. 3). The Jacobian
determinant J expresses this ratio and reads as:

∆S = J(x, i) = det(F) (8)

where ∆S is the normalized local area variation, J is the
Jacobian determinant and (x, i) the position of the material point
in the 2D surface at the ith step of the consolidation. Fig. 7
presents the local area variation ∆S during consolidation at
V f = 30, 50 and 59%, in Exp. 2.

x

y

(c)  Fz= 65.5 kN  - h= 2.0 mm - Vf = 50%

(a)  Fz= 0 kN  - h= 3.3 mm - Vf = 30%

(b)  Fz= 17 kN  - h= 2.5 mm - Vf = 40%

(d)  Fz= 150 kN  - h= 1.7 mm - Vf = 59%

Figure 7: ∆S field computed for Exp. 2 at V f = 30, 40, 50 and 59%

One can observe a maximum of 40% of surface increase
for most of off-centred regions. In the case of deformable
and compliant porous media such as continuous fibre
reinforcements, the solid constituents (fibres) and the fibre tows
are unstrechable along their length. Then all the deformations
consist in the rearrangement of the tows and the resulting
macroscopic porous network. The experimental methods
described in this section paved the way to localize the in-plane
displacement, deformation and solid velocity magnitude as
a continuous field measurement during the consolidation of
saturated fibrous reinforcement. This local tows reorganization
modifies the properties of the fibrous material as described in
the next section.
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4. Modeling

The experimental results presented above revealed that
the material undergoes local non-homogeneous in-plane
deformations during consolidation. Identification of the
in-plane washout driving force requires to take into account
these local changes. Starting from the local modification of
the geometric properties of the material (fibre content and then
permeability), the pressure field in the deformed sample is
computed for each step of the consolidation. From this pressure
field the pressure gradient field is extracted, thus allowing the
identification of the viscous drag force field.

4.1. Local modification of the material properties

The measured deformations are projected onto an
interpolation grid, used to locally redefine the material
properties. Fig. 8 shows the projection method of the
deformations measured on the interpolation grid of 100 × 100
elements.

Interpolation grid
(Material properties)

Raw Image
(Experimental data)

Deformable mesh
(Deformation measure)

Figure 8: Material properties grid

As the UV marker pattern does not cover the entire
consolidation surface, a ”nearest value” extrapolation is
performed on the non-measured zones in order to define
material properties on the entire consolidation surface. The
extrapolation surface decreases from 25% in the early stages
to 15% of the compression surface at the end stages of the
experiment, the deformable mesh covering more and more
surface area all along the experiment.

4.1.1. Fibre volume fraction
As during consolidation, the imposed thickness decrease is

controlled by the press, the average fibre volume fraction in the
fibrous reinforcement evolves as h decreases according to:

V f =
NAw

ρh
(9)

where N is the number of plies, Aw the areal weight of a
fabric ply, ρ the density of the solid phase constituent (glass
fibre here) and h the thickness. This relation leads to a
constant spatial fibre volume fraction in the whole specimen
during the consolidation. However, the in-plane flow-induced

deformations modify the local areal weight and then the local
fibre volume fraction according to the position x of the material
point. This modification paves the way to the definition of
a fibre volume fraction field V f (x, i) for each i step of the
consolidation:

V f (x, i) =
Aw(x, i)

A0
w

.V f (i) with Aw(x, i) = ∆S (i) × A0
w (10)

Or
V f (x, i) = J(x, i).V f (i) (11)

where A0
w is the original fibrous reinforcement areal weight,

∆S (i) is the surface change field at the i step of the consolidation
which respectively transforms the original areal weight and
global fibre volume fraction into localized one Aw(x, i) and
V f (x, i). The Jacobian determinant J is then directly related to
the fibre volume fraction. Fig. 9 illustrates the fibre volume
fraction field V f (x, i) evolution during the consolidation, at
average V f = 30, 40, 50 and 59%.

x

(c)  Fz= 65.5 kN  - h= 2.0 mm - Vf = 50%

(a)  Fz= 0 kN  - h= 3.3 mm - Vf = 30%

(b)  Fz= 17 kN  - h= 2.5 mm - Vf = 40%

(d)  Fz= 150 kN  - h= 1.7 mm - Vf = 59%

y

Figure 9: V f (x, i) field for Exp. 2 at V f = 30, 40, 50 and 59%
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The results show that for a given thickness, the local fibre
volume fraction in the sample can locally vary by 30% for
Exp. 2. As a consequence, these large variations induce local
changes in the porosity and in the permeability of the sample.

4.1.2. Permeability in-plane tensor
If the fibrous reinforcement does not experience any in-plane

deformations during the transverse consolidation, the in-plane
permeability components can be updated according to:

Kx = K2(V f )
Ky = K1(V f )

(12)

where K1 and K2 are the reference components of the
permeability tensor presented in Eq. (1). If in-plane
deformations of occur during the transverse consolidation, the
in-plane permeability components are then computed from:

Kx = K2(V f (x))
Ky = K1(V f (x))

(13)

where K1(x) and K2(x) are the permeability fields calculated
from the local (x = (x, y)) fibre volume fraction determined in
Eq. (10).
This first analysis assumes that in the presence of local in-plane
deformations, components of the permeability tensor only
depend on the fibre volume fraction. Fig. 10 illustrates results
obtained from the raw image to the permeability tensor field for
Exp. 2.

Figure 10: Permeability field identification in the deformed state of the fibrous
reinforcement in Exp. 2 (here, V f = 59%)

This illustration shows that the permeability components
are locally increased in regions where the local fibre volume
fraction is increased by flow-induced deformations. This effect
has repercussions on the whole structure averaged permeability.
Fig. 11 illustrates the in-plane permeability components for the
undeformed state (Eq. (1)) and the surface averaged one for
deformed state of the material for Exp. 2.

At the scale of the whole structure, one can sense that the
spatially averaged permeabilities of the deformed fabric are
greater than the non-deformed ones.

Figure 11: Comparison between the reference permeability (Eq. (1) in
undeformed state) and the average of K1 and K2 during Exp. 2 (deformed state)

4.2. Pressure field computation

For continuous transverse compression of a saturated porous
media, the fluid pressure is governed by the continuity equation
combined with Darcy’s law [10]. Assuming a planar flow, and
that the permeability tensor does not rotate (i.e neglecting the
off-diagonal Kxy terms of the permeability tensor) it writes:

∂

∂x
(Kx

∂P
∂x

) +
∂

∂y
(Ky

∂P
∂y

) = −µ
ḣ
h

(14)

where Kx and Ky are the permeability tensor components in
the x and y flow directions, P the fluid pressure, µ the fluid
viscosity, ḣ the compaction velocity, and h the thickness. In this
study, ∂Kx,y

∂x,y
∂2P
∂x2,y2 /Kx,y

∂2P
∂x2,y2 ≈ 10−3. Therefore, the consolidation

equation simplifies in:

Kx
∂2P
∂x2 + Ky

∂2P
∂y2 = −µ

ḣ
h

(15)

The solution of Eq. (15) is calculated by the finite difference
method with the use of Successive Over-Relaxation (SOR)
iterative method. The pressure field calculated for Exp. 2 from
Eq. (13) and Eq. (15) is shown in Fig. 12. The transparent
field displayed on the figures is the solution calculated without
taking into account the in-plane washout phenomenon (Kx and
Ky are spatially constant in Eq. (15) and Eq. (12)).

From these results it can be seen that the fluid pressure profile
and intensity are modified as soon as the washout phenomenon
is taken into account. The maximum pressure remains centered
due to the macroscopic symmetry of the deformation. Also,
there is a pressure drop in the deformed areas due to the
increased permeability. The integration of the fluid pressure
field on the compression surface S comp gives the fluid force
F f luid:

F f luid =

∫
S comp

P dS comp (16)

8



P
re

ss
ur

e 
(P

a)

P
re

ss
ur

e 
(P

a)
P

re
ss

ur
e 

(P
a)

P
re

ss
ur

e 
(P

a)

Figure 12: Fluid pressure field for Exp. 2 computed with Eqs.(13 & 15), semi-transparent field refers to the non-deformed case computed with Eqs.(12 & 15)

In Fig. 13, the experimental fluid force obtained for Exp. 2
is compared to Eq. (15) solved with Eq. (12) and then
with Eq. (13). The experimental fluid force is obtained by
subtracting the lubricated fibrous reinforcement compression
response to the total force applied on the sample. The latter
compression response being evaluated at the same compression
speed. One could use more refined theoretical fibrous response
such as the one described in [26].

V
V

Figure 13: Comparison of the experimental fluid forces for Exp. 2 with the
numerical fluid force computed from Eqs.(12 & 15) (constant permeability
field) and Eqs.(13 & 15) (variable permeability field)

The average error of each model has been computed for
Exp. 2 along the saturated consolidation step (0.40 6 V f 6
0.60). For Exp. 2, the consideration of deformation in the
permeability fields reduces the averaged error from 83% to
16%. At first order, taking into account in-plane deformations
to calculate the local fibre volume fraction V f (x) and then the
local permeability tensor K(x) allows a good prediction of
the fluid pressure and the force response when flow-induced
deformations occur.

4.3. Viscous drag force identification

The flow of a newtonian fluid within a porous medium
generates a drag force experienced by the fibrous structure. In
[27], Tucker defined the total fluid-solid interaction force fT as
the result of 3 contributions: the viscous drag force fd exerced
by the fluid, the gravity-induced pressure gradient in the fluid
fgh and the average effective fluid pressure (form drag) fP.

fT = fd + fgh + fP (17)

As a constitutive modeling, Slattery derived the force exerted
upon the solid by the fluid in porous media known as the viscous
drag [28]. Under some realistic assumptions, the viscous drag
fd is assumed to be a function of the velocity of the fluid relative
to the solid as well as material parameters such as:

fd = R
[
< vl >

l − < vs >
s
]

(18)

where R is considered as a scalar resistance vector which
depends on the fluid viscosity, porosity and on local length scale
of the porous medium. <vl>

l and <vs>
s refer respectively to the

intrinsic phase averaged (l and s) liquid and solid velocities.
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φ<vl>
l = <vl> is the Darcy’s or superficial velocity of the

fluid through the pore space. Assuming a proper symetry
between the liquid and the solid phase, one can sense that
(1 − φ)<vs>

s = <vs> [29]. A further dimensional analysis
expresses the viscous drag force (force per unit volume in
N/m3) experienced by an homogeneous porous media as [27]:

fd = φµK−1 [< vl > − < vs >] (19)

where K is the permeability tensor of the porous material.
Suggesting that inter-tow flow is very dominant in the case of
a dual-scale flow, Pillai retrieved the same expression for flow
through woven reinforcement [30]. Using the Darcy’s law [31]
(<vl> − <vs> = − K

µ
.∇P), the drag force reads:

fd = −φ~∇P (20)

where φ = 1−V f refers to the porosity of the fibrous medium,
and ~∇P is the pressure gradient that can be calculated from the
solving of Eq. (15).

The non-homogeneous deformation of the fabric gives rise to
the form drag fP, which is related to the gradient of fibre volume
fraction in the fabric

fP = −P~∇φ (21)

where P is the fluid pressure and ~∇φ is the porosity gradient
in the porous medium. This contribution can be neglected if
the porosity gradient is null or very small in comparison to the
viscous drag force fd. Neglecting the gravity induced pressure
gradient (fgh = 0), the total fluid-solid interaction writes:

fT = fd + fP = −~∇(φP) (22)

For Exp. 2, the surface-averaged value of each contribution
of the fluid-solid interaction force are computed throughout the
entire consolidation experiment and presented in Fig. 14.

Figure 14: Comparison between the surface-averaged values of the viscous drag
force fd and the form drag fP components of the total fluid/solid interaction
force fT during the consolidation experiment

Results show that the contribution of the viscous drag force
is preponderant in the total fluid-solid interaction force within
the fibrous reinforcement. Hence, it is assumed here that the
additional form drag fP arising from the porosity gradient is
marginal compared to the viscous drag force.
Fig. 15 shows the correlation between the mid-width (y =

0) x-component of the viscous drag force and the mid-width
deformation Exx of the fibrous architecture.

Lx

Ly
fd,x

Exx

Figure 15: Correlation between the viscous drag force (x direction) and the
in-plane (x direction) deformation of the fibrous reinforcement at the mid-width
of the part

From the top plot of Fig. 15, at V f = 30%, the maximum drag
force occurs at the edges of the platens. As the consolidation
progresses (middle plot, V f = 50%), the drag force displays
2 peaks (symmetrically to the center of the platen). The
location of the 2 peaks corresponds to the location of the
onset of the fibrous reinforcement deformation. The bottom
plot (V f = 59%) shows the same behavior but the drag
force peaks and deformations are further moved toward the
center of the sample. This correlation shows that the in-plane
deformation starts where the the viscous drag force reaches a
peak. Also, the viscous drag force drops right after the onset of
the deformation, which is due to the increase of permeability
linked to the deformation. Therefore the viscous drag force

10



peaks tend to reach the center of the part as the consolidation
proceeds. This is due to the re-centering of the pressure gradient
maximums as a result of the in-plane deformation of the fibrous
architecture.

5. Conclusion

In this study related to impregnated fiber reinforcement
sample subjected to consolidation, a method that dynamically
measures flow-induced in-plane deformations has first been
proposed. Then, the driving forces (drag forces) inducing
the fiber tow deformations have been identified and localized.
Among the forces applied to the fibrous network, the drag force
is greater than the form drag.

Experiments carried out in this study have shown that
important changes in fibrous architecture can be caused by
the in-plane washout phenomenon. The deformation and
area change fields have been computed from the displacement
field of the fibre tows using a continuum mechanics based
approach. As the consolidation proceeds, deformations
propagate in the fibre tow transverse direction, starting at
the edge of the sample and propagates towards its center.
Once the localization and quantification of these deformations
are known, the consolidation is modeled through local
modifications of material properties. The areal variation of
the material elements locally modify the permeability tensor
of the fibrous reinforcement. Also, the solid phase (fiber tows)
velocity has been quantified and then neglected in the resolution
of the consolidation equation. Neglecting the solid-phase
velocity compared with the average local liquid velocity is
proved acceptable given the simplicity and agreement with
experimental data it provides. Prediction could be refined by
taking into account the solid phase velocity field and developing
a model to relate the current permeability to the deformed
fibrous network. In the longer term, the viscous drag force
will be compared to friction forces present in the sample during
consolidation. This comparison will pave the way to the control
of flow induced deformations during composite manufacturing
processes that include a consolidation stage.
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Nomenclature

Symbol Quantity unit

A0
w Native areal weight kg/m2

Aw Areal weight kg/m2

C Right Cauchy-Green tensor -
E Green-Lagrange tensor -
fd Viscous drag force N/m3

fgh Gravity-induced pressure gradient N/m3

fT Fluid-solid interaction force N/m3

fP Form drag N/m3

F Deformation gradient tensor -
F f luid Fluid force exerted on compression platen N
Fz Compression force N
F Deformation gradient tensor -
h Thickness m
ḣ Compression speed m/s
I Identity tensor -
J Jacobian determinant -
K Permeability tensor (2D) m2

K1 Permeability along fibre tows m2

K2 Permeability transverse to fibre tows m2

Kx Permeability along platen length m2

Ky Permeability along platen width m2

Lx Compression platen length m
Ly Compression platen width m
N Number of plies -
P Pressure field Pa, N/m2

∇P Pressure gradient field Pa/m, N/m3

S Area of the compression platens m2

∆S Local area variation -
T Temperature ◦C
u = (u, v) Displacement field m
< Vl,s > phase averaged velocity m/s
< Vl,s >

l,s intrinsic phase average m/s
V f Fibre volume fraction -
V s

f Fibre volume fraction at saturation -
V f (x) Fibre volume fraction field -
x = (x, y) Material position vector m
X = (X,Y) Material reference position vector m
µ Viscosity Pa.s
φ Porosity -
φs

l Fluid fraction at saturation -
ρ Density kg/m3
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