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A B S T R A C T

The simultaneous forming of multiple layers of fabric is being used in industry to increase the throughput of
composite parts. A polymeric binder may be used to stabilise the fabric layers to make it easier to handle,
however, the binder may also restrict relative fibre movement, which may lead to wrinkles during forming.
Despite the increasing interest in using binder-stabilised preforms in the wind industry, defects arising during
forming have scarcely been investigated. This study investigates fibre wrinkling in binder-stabilised preforms
(layers of dry non-crimp fabric stabilised with an interply polymeric binder) during forming. The results from
an experimental campaign are presented, in which full-thickness pre-consolidated preform specimens are being
formed over two different ramp geometries. Wrinkles are observed at the transition edges during forming. To
aid the discussion on wrinkle mechanisms, a numerical model is presented that uses continuum shell elements
for modelling the NCFs and a cohesive law for modelling the interface. This model is capable of predicting
the wrinkle onset and wrinkle location and may be used to study the formability of the preform.

1. Introduction

Fibre-reinforced composite materials are becoming the first choice
in a wide array of applications ranging from sports equipment to
large off-shore wind turbine blades. The size of wind turbine blades
has increased rapidly during the last decade to increase the wind
turbine power output [1]. Current blades exceed 100 metres, and the
dimensions are expected to further increase in the future [2]. Wind
turbine blades are, typically, manufactured using Vacuum Assisted
Resin Transfer Moulding (VARTM), in which dry non-crimp fabric
and inserts are placed in a one-sided mould prior to resin infusion.
Conventional manufacturing of wind turbine blades relies mostly on
manual handling of individual fabric plies, which makes manufacturing
of large blades slow. However, the use of binder-stabilised preforms
has recently received attention in the industry to enable increased
throughput and automation of blade production [3]. Binder-stabilised
preforms are stacks of dry fabric with a polymeric binder in between the
individual layers to stabilise the preform and ensure easy handling [4].
By using binder stabilisation, the critical main blade mould cycle time
can be reduced by using different tools for preforming and moulding.
This also helps minimise undesired fibre movement as the preforming
tools are simpler, and the binder fixates the fabrics. During the last

∗ Corresponding author.
E-mail addresses: phb@mp.aau.dk (P.H. Broberg), elo@mp.aau.dk (E. Lindgaard), ck@mp.aau.dk (C. Krogh), adam.thompson@bristol.ac.uk

(A.J. Thompson), jonathan.belnoue@bristol.ac.uk (J.P.-H. Belnoue), stephen.hallett@bristol.ac.uk (S.R. Hallett), brianbak@mp.aau.dk (B.L.V. Bak).

decades, the use of binder-stabilised preforms in combination with resin
transfer moulding (RTM) has seen several advances in other industries,
such as the automotive industry [5], to obtain fast processing of com-
posite parts while suppressing manufacturing defects [6]. However, a
far greater amount of reinforcement material is needed in wind turbine
blades, which may lead to new mechanisms for defect generation.
Knowledge of the defects arising during the manufacturing of thick
binder-stabilised preforms is, therefore, needed to transfer the preform
technology to blade production.

One of the most significant manufacturing defects in fibre compos-
ites is fibre wrinkling (fibre waviness) [7], which is known to severely
decrease the load-carrying capabilities of the finished cured composite
structure [8–10]. In [10] a knock-down in the strength of over 60% has
been reported for some wrinkle configurations in wind turbine blades.
Wrinkles may arise during all steps involved in the manufacturing of
composite structures [11], but the present investigation focuses on
wrinkles arising during forming of dry reinforcement. Early literature
regards the shear locking angle (the in-plane shear angle at which
the resistance to further shearing increases) as the main wrinkling
mechanism [12]. More recently, the bending stiffness of the fabric and
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process parameters have been shown to significantly influence wrinkle
creation [13,14]. During the simultaneous forming of multiple fabrics,
the interface between the separate fabric layers has a large impact on
wrinkle creation [15]. The main mechanism leading to wrinkles during
forming is inter-ply friction impeding the ply slippage [16–20]. In [21]
the lay-up sequence was also shown to have a significant effect on
out-of-plane wrinkling, whereas ply thickness and fibre friction may
contribute to large wrinkling through coupling effects. Currently, most
studies on wrinkle mechanisms during the forming of multiple fabric
layers are on prepreg systems or non-bindered dry fabrics. To the
authors’ knowledge, no description of binder properties on wrinkle
creation has been reported in the literature. Even though the use of
binder material on dry fabric preforms increases the dimensional stabil-
ity [22], it also impedes fibre slippage, which may lead to out-of-plane
wrinkling at transitions in the mould [23].

Composite process models may be used to predict manufacturing
defects, which can greatly reduce the cost related to expensive trial and
error experiments in industry. The simulation models can, generally,
be divided into kinematical and mechanical models. The kinematic
models rely on strong assumptions on the fabric behaviour and are
mostly used for draping analysis of a single ply on a mould [24]. The
kinematic models are computationally efficient but do not take the
complex material behaviour and manufacturing process into account.
Mechanical models often use finite element analysis and are suitable
for studying wrinkle creation [14]. In process simulations, the fabric
material is typically modelled on the macro-scale by considering the
fabric as a homogenous continuum [25]. In these models, the bending
and membrane stiffness are often decoupled to account for specific
fabric behaviour associated with relative fibre movement on the micro-
scale. Several ways of decoupling the bending and membrane stiffness
have been explored in literature including using an asymmetric bending
stiffness [26], superimposing shell and membrane elements [27,28],
using a fictive 3-layer laminate layup [29,30], and making user-defined
elements [14].

When stacks of fabrics are formed over an external radius on the
tool, wrinkling may occur due to the relative arc length of the plies
changing during forming. A similar mechanism occurs when stacks of
fabrics are consolidated over a radius on the mould/tool [31]. There-
fore, simulation models for predicting wrinkles during forming and
consolidation will both be covered here. Some models for predicting
wrinkles during the simultaneous forming of multiple fabrics have
considered frictional laws in the interface [19,32]. In some forming
models for prepreg materials, tack between individual plies has been
described with a cohesive law in normal direction [33,34]. Process
models for predicting defects during consolidation additionally include
compaction behaviour to the material models [35–37]. Similar finite
element models have been used to study the creasing and folding of
cardboard material describing the cardboard interface with a cohesive
law [38]. In other literature, a thick interlock reinforcement has been
modelled as a 3D continuum [39]. This modelling approach is efficient
for thick composite parts, however, it cannot consider delamination of
the binder and wrinkle creation through the thickness.

Current studies on the wrinkle creation during forming of multi-
layered preforms primarily focus on prepreg materials [21] or biaxial
NCFs [40]. To the authors’ knowledge, no study has previously investi-
gated fibre wrinkling arising during forming of thick binder-stabilised
stacks of UD-NCF. The aim of this paper is to investigate the mech-
anisms leading to wrinkles in binder-stabilised preforms through an
experimental forming trial over a geometric transition. In addition, a
new preform-forming model will be proposed to aid the discussion on
the wrinkle mechanisms.

The rest of the paper is structured as follows: in Section 2, the
experimental campaign for investigating wrinkle creation in binder
stabilised preforms is presented. This includes a description of the
experimental setup and a presentation of the results. To aid the dis-
cussion on wrinkle mechanisms, a numerical model is presented in
Section 3 with the results from simulating the forming of the preforms.
In Section 4 the mechanisms leading to wrinkles in binder-stabilised
preforms are discussed. Finally, the paper is concluded in Section 5.

Fig. 1. Image of the UD-NCF used in the preform.

2. Experiments

2.1. Description of the preform test specimens

The preform considered in this study consists of 16 layers of glass
fibre non-crimp fabric (NCF) with an area weight of 1380 g/m2. Each
layer consists of 96 wt% H-glass fibres with a fibre diameter of 17 to 24
micrometres oriented at 0◦. There are 4 wt% E-glass backing fibres with
a fibre diameter of 9 micrometres oriented at ±80◦. The fibre angles are
given relative to the warp direction of the fabric, see Fig. 1. The stitch
is a combined tricot-chain stitch of polyester thread. The thickness of
a single layer is approximately 1 mm. The preform is consolidated at
elevated temperatures using a soluble polyester binder with 15 g/m2

dispersed on the roving side of the fabric in powder form. The binder
primarily bonds the backing fibres to the rovings of the adjacent fibre
mat. The total thickness of the preform specimens is approximately
16 mm. After consolidation, the preform is cut into test specimens with
dimensions 1000 mm × 50 mm × 16 mm (Length × Width × Thickness).
The length is measured along the UD-fibre direction and the thickness
is measured in the stacking direction. Transverse normals are painted
on the side of the preform specimen every 20 mm along the length of
the specimen. These are used to measure the transverse shearing of the
preform during loading.

2.2. Description of the benchmark case

Forming of pre-consolidated preform specimens over a mould with a
ramp geometry is considered in the present study, see Fig. 2. The ramp
geometry is very common in wind turbine blades, e.g. at core material
transitions and tapered inserts at the root section [9,10]. The preform
technology for wind turbine blades is still being developed. The closer
the preform geometry is to the final geometry, the more expensive
the manufacturing is due to more complicated tooling and higher
requirements for placement tolerances. For this study, the simplest, and
thus the least expensive from a manufacturing point of view, preform
geometry is chosen.

When an initially straight fibre preform is formed over a ramp,
wrinkles may arise at the transition edges due to a relative change in
the arc length of the plies. Fibre wrinkling occurs when there is an
excess of fibre material, which may happen if the preform does not
shear sufficiently, see Fig. 2. Please note that the shearing referred
to here is the transverse shearing of the preform and not the in-
plane intra-ply shearing commonly associated with fibre wrinkling. The
transverse shearing of the preform occurs due to a combination of inter-
ply sliding and transverse intra-ply shearing [41]. If the amount of
preform shearing is equal to the angle of the ramp, no wrinkles are
anticipated, as this entails that there will be no excess of material at
the transition edges.

In this study, two different ramp geometries are considered. The
dimensions of the two benchmark geometries are listed in Table 1.
Benchmark 2 is representative of material transitions in wind turbine
blades, while benchmark 1 has an aggressive taper angle for enhancing
effects occurring during forming.
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Fig. 2. Forming of a preform over a ramp geometry.

Fig. 3. Experimental setup.

Table 1
Dimensions of the two ramp benchmark geometries considered.

𝐿𝑡 𝐻𝑡 𝜃𝑡
Benchmark 1 320 mm 150 mm 25.1◦

Benchmark 2 600 mm 60 mm 5.7◦

2.3. Experimental methodology

The experiments are carried out by forming the preform specimens
over the ramp geometry by applying a vacuum on the specimen. A
sketch of the experimental setup is shown in Fig. 3. The preform
specimens are placed on a ramp with the dimensions listed in Table 1.
The ramp is made of MDF plates with acrylic plates on top. The ramp
is hollow, and the acrylic plates allow for a camera to be placed inside
the ramp to record the preform during forming. In this way, the camera
may observe wrinkles not visible from the surface. A vacuum bag is
placed over the specimen and ramp, and the vacuum is applied by
a vacuum pump. A GE Druck DPI705 is used to gauge the vacuum
pressure. The preform specimen is fixed to the ramp by a steel clamp
with a smooth surface to avoid puncture to the vacuum bag during
loading. A small strip of non-slip tape is applied on both the clamp
and acrylic plate to avoid slippage of the preform during forming.

Five tests are carried out on each of the benchmark geometries,
using new specimens for each repeat. Each specimen is loaded until
50% vacuum. The vacuum is applied in the course of 30 s. After 50%
vacuum is reached, the pressure is maintained while images are taken

Fig. 4. Image of the experimental setup prior to vacuum being applied.

and the location and the size of the wrinkles are measured. Two NILA
Zaila Daylight cool LED white light sources are used to illuminate the
preform specimen and a camera is used to film the forming process.
An image of the setup from the camera and an image from the inside
camera is shown in Fig. 4. The experiments are carried out at room
temperature.

2.4. Experimental results

Representative images from the experiments are shown in Fig. 5.
Two types of wrinkles are observed in the experiments: small wrinkles
and large wrinkles (see Fig. 5). The small wrinkles (or roving-buckling)
are wrinkling of the UD-rovings between the stitches. The small wrin-
kles have a length equal to the distance between the stitches. Large
wrinkles (or ply buckling) are wrinkling of the whole NCF ply. The
length of the large wrinkles typically spans multiple stitches. The large
wrinkles can be either located on the bag side (surface wrinkles) or the
mould side (mould wrinkles). Small wrinkles are only observed on the
bag side (external surface), as small mould wrinkles cannot be detected
by the inside camera. The wrinkle pattern for all the tests carried out
on geometry 1 was very similar and is sketched in Fig. 6. The large
wrinkles are measured and quantified by their location, 𝑃 , length, 𝐿,
and amplitude, 𝐴, see Fig. 6. In tests 2, 3, and 5 on geometry 1 two
large wrinkles are observed at the bottom transition. The smallest of
the two wrinkles at the bottom transition in tests 2, 3, and 5 is termed
2nd wrinkle at the bottom transition. The transverse shear angle of the
preform, 𝛾, is measured in the shear region (Fig. 2). On geometry
2, no large wrinkles were observed in any of the five tests carried
out, however, the transverse shear angle in the shear region was still
measured.

The average wrinkle metrics and transverse shear angles with stan-
dard deviations for the five tests of the experiment on geometry 1 (steep
ramp) are listed in Table 2. The maximum value, minimum value, and
coefficient of variation (CoV) for the wrinkle metrics are included in the
table. The coefficient of variation is not included for the wrinkle place-
ment as this value depends on the zero point. In each of the five tests,
a large mould wrinkle is observed at the top transition. The location of
the wrinkle at the top transition varies between −11 mm (relative to
the top transition) and 0 mm. The large mould wrinkles are not visible
from the surface of the top layer. At the bottom transition, large surface
wrinkles are observed in all tests for geometry 1. The location of the
1st wrinkle at the bottom transition varies between −23 mm (relative
to the bottom transition) and 60 mm. This variation is greater than
for the mould wrinkle at the top transition. This may be due to the
uncertainties and variations in how the load is applied and variability in
the specimens. Furthermore, in some of the tests, small surface wrinkles
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Fig. 5. Representative images from the experiments. For the specimens formed over geometry 1, large wrinkles are observed at the top and bottom transition, (a), while small
wrinkles are observed in the specimens formed over geometry 2, (b).

Fig. 6. Naming convention and metrics for the wrinkles and transverse shear angle.
The 2nd large wrinkle at the bottom transition is measured similarly to the 1st large
wrinkle.

(roving-buckling) are observed at the bottom transition. These small
wrinkles may also be present at the top transition, however, they cannot
be detected since the backing side is facing the camera placed inside the
ramp. The average transverse shear angle of the preform specimens was
measured to 7.1◦. The angle of the geometry is 25.1◦, which means that
there is a difference of 18◦ between the transverse shear angle and the
ramp angle. By assuming that the preform deforms in simple shear and
the fibres are inextensible, this amount of shear difference causes an
excessive fibre length of 𝛥𝑆 = 𝑡 × tan (𝛥𝜃), where 𝑡 is the thickness of
the preform and 𝛥𝜃 is the difference between the transverse shear angle
and the angle of the ramp. This results in an excessive fibre length of
𝛥𝑆 = 5.2 mm at each transition, which may cause the observed fibre
wrinkling.

Table 2
Results from the experimental forming on geometry 1.
Large wrinkle at the top transition

Avg ± SD Min Max CoV FE-sim
𝑃 −2.8 ± 4.3 mm −11 mm 0 mm – −17 mm
𝐿 13 ± 4.3 mm 8 mm 21 mm 33% 30 mm
𝐴 3.5 ± 1.1 mm 2 mm 5 mm 31% 12 mm

1st large wrinkle at the bottom transition
Avg ± SD Min Max CoV FE-sim

𝑃 +29 ± 28 mm −23 mm +60 mm – −2 mm
𝐿 37 ± 8.6 mm 26 mm 50 mm 23% 54 mm
𝐴 4.6 ± 1.4 mm 3 mm 7 mm 30% 11 mm

2nd large wrinkle at the bottom transition
(test 2, 3, and 5)

Avg ± SD Min Max CoV FE-sim

𝑃 +57 ± 48 mm −10 mm +100 mm – –
𝐿 13 ± 4.7 mm 10 mm 20 mm 36% –
𝐴 2.3 ± 0.5 mm 2 mm 3 mm 22% –

Transverse shear angle
Avg ± SD Min Max CoV FE-sim

𝛾 7.1◦ ± 1.0◦ 5.3◦ 8.2◦ 14% 4.5◦

In geometry 2, no large wrinkles are observed at the transition edges
in all the tests carried out, see Fig. 5. There are, however, small surface
wrinkles observed at the bottom transition for all five tests, but none
at the top transition. The average, min and max transverse shear angle
for the test on geometry 2 are listed in Table 3. The average transverse
shear angle is 1.9◦ and the ramp has an angle of 5.7◦, which means
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Fig. 7. Sketch of the numerical model. (a) The NCFs are modelled using continuum shell elements (SC8R in ABAQUS) with a fictive 3-layer laminate layup for decoupling the
bending and membrane stiffness. (b) The binder is modelled as a cohesive interface with a mixed-mode traction-separation law.

Table 3
Results from the experimental forming on geometry 2.

Transverse shear angle
Avg ± SD Min Max CoV FE-sim

𝛾 1.9◦ ± 0.2◦ 1.7◦ 2.2◦ 11% 2.5◦

that there is a difference of 3.8◦ and an excessive fibre length of 1 mm
at each transition.

The total height of the preforms is measured to 15.5 mm during
loading on both geometry 1 and 2. This means that the preforms have
compacted with 0.5 mm due to the vacuum pressure. The excessive
fabric length at a convex transition due to the compaction can be
estimated kinematically with 𝛥𝑆compaction = 𝑆before − 𝑆after [35]. 𝑆before
is the arc length of the top layer of fabric at the transition before
compaction, which is given by 𝑆before = (𝑅 + 𝑡) × 𝜃t, where 𝑅 is
the transition radius, 𝜃t is the transition angle, and 𝑡 is the initial
preform thickness. 𝑆after is the arc length of the top layer of fabric
after compaction, which is given by 𝑆after = (𝑅 + 𝑡c) × 𝜃t, where 𝑡c is
the compacted thickness. Inserting the expressions for the fabric length
before and after compaction results in an excessive fabric length of
𝛥𝑆 = (𝑡− 𝑡c) × 𝜃t due to compaction. This results in an excessive length
of 𝛥𝑆 = 0.25 mm on geometry 1 and 𝛥𝑆 = 0.05 mm on geometry
2. The compaction-induced effects are, thus, much smaller than the
forming-induced effects.

3. Modelling

3.1. Numerical model

To help understand the mechanisms leading to the wrinkles ob-
served in the experimental program, a numerical model is developed.
The model is made using conventional approaches for modelling fabrics
and weak interfaces. Similar modelling approaches have previously
been shown to represent wrinkle creation in preforms [42]. These
methods are adapted to the preform material considered and can be
used to study strain distribution and damage degradation associated
with wrinkle creation. The numerical model was run in ABAQUS using

an explicit finite element analysis. The preform is modelled on a macro-
scale, which means that the NCF plies are considered as a homogenous
continuum and the binder interface is modelled as a homogenous
interface. This macro-scale model allows for computationally efficient
solutions while still providing information on the inter-ply mechanisms
and ply wrinkling. A schematic of the model is shown in Fig. 7. The
NCF plies are modelled using 3D continuum shell elements (SC8R). 3D
continuum shell elements are used instead of shell elements as they
improve the contact formulation between the NCFs by describing the
interface with a well-defined geometry [43]. In this study, the stiffness
in the stacking direction (𝐸3) does not influence the critical time step as
a reasonably fine discretisation of the elements is used (𝐿e = 0.005 m)
to represent the wrinkling. The element discretisation is chosen based
on a mesh convergence study. Further refinement of the model yields
similar wrinkling behaviour. The location of the wrinkle at the bottom
transition is slightly sensitive to changes in mesh size. This results from
the wrinkle at the bottom transition generally being more sensitive to
small variations, which is also evident from the experimental results. To
decouple the bending and the membrane stiffness of each NCF ply, each
layer is represented by a single SC8R element through the thickness
with a 3-layer fictive laminate layup [29]. The fictive laminate layup
is chosen as it is directly applicable with the continuum shell elements.
The fictive layup, as illustrated in Fig. 7, consists of two different layer
stiffnesses. 𝐸1,1 for layer 1 and 3, and 𝐸1,2 for layer 2 and given by:

𝐸1,1 =
3𝐷11 − 𝐸1𝑡2m𝑡∕4

𝑡3∕8 − 𝑡3m∕8 − 𝑡2m(𝑡 − 𝑡m)∕4
(1)

𝐸1,2 =
𝐸1𝑡 − 𝐸1,1(𝑡 − 𝑡m)

𝑡m
(2)

To solve the equations above, the bending stiffness, 𝐷11, membrane
stiffness, 𝐸1, and the thickness of the middle layer, 𝑡m are needed. 𝑡m
should be chosen as large as possible to reduce the resulting stiffness
for layer 2, 𝐸1,2, but without causing negative stiffnesses for layer 1
and 3, 𝐸1,1. For the current study the thickness of the middle layer is
chosen as 𝑡m = 0.1 × 𝑡.

The binder is modelled with a mixed-mode traction separation
law, see Fig. 7, using ABAQUS’ built-in cohesive interface formulation.
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Table 4
Model input parameters.

Material Interface

𝐸1 50 GPa 𝐾n 15 GPa/m
𝐸3 0.1 GPa 𝐾s 5.0 GPa/m
𝐺13 2.0 GPa 𝑡0n 5.0 × 104 Pa
𝜈13 0.0 𝑡0s 1.0 × 108 Pa
𝐷11 5.0 × 10−2 N m 𝐺Ic 1.6 × 102 J/m2

𝜌 1.38 × 103 kg/m3 𝐺IIc 1.0 × 103 J/m2

Damage is initiated once the maximum onset traction is reached:

max

{

|𝑡n|
𝑡0n

,
𝑡s1
𝑡0s1

,
𝑡s2
𝑡0s2

}

(3)

where 𝑡n is the normal traction, 𝑡s1 is the transverse traction along
direction 1 and 𝑡s2 is the transverse traction along direction 2. The su-
perscript 0 indicates the onset traction, which is a material parameter.
Once the damage is initiated, the critical energy release rate, 𝐺, is used
to determine the damage evolution,

𝐺 = 𝐺I + 𝐺S ≥ 𝐺c (4)

where 𝐺I is the mode-I energy release rate and 𝐺S is the shear loading
mode which is the combination of the mode II and mode III energy
release rate. For the quasi-2D case considered in this study, mode III is
not relevant. 𝐺c is the critical energy release rate that is interpolated
between the critical energy release rate for mode-I, 𝐺Ic, and mode-II,
𝐺IIc using the Benzeggagh–Kenane criterion [44],

𝐺𝑐 = 𝐺Ic + (𝐺IIc − 𝐺Ic)𝐵𝜂 , 𝐵 =
𝐺S

𝐺I + 𝐺S
(5)

where 𝜂 is a power coefficient, which is a fitting parameter to experi-
mental results. For the following model 𝜂 = 1 is chosen, which gives a
linear interpolation of the critical energy release rate.

The model is constrained to plane strain deformations by only
modelling it with one element in the width direction and fixing all
DoFs in the 2-direction (see Fig. 7). The model may be used in 3D
forming problems by characterising properties in the other direction.
Furthermore, the model is fixed at the left end (where the clamp is
applied in the experiments), and free at the right end. The vacuum
pressure is modelled as a hydrostatic pressure on the top layer of the
preform. The load is applied in the course of 1.5 s to decrease the
computational time of the model while still keeping inertial effects
minimal. To ensure smooth forming of the preform, the load is applied
in two smooth steps: the first applies 5.0 ⋅ 103 Pa in the course of 1.0 s
and the second step increases the load to 5.0 ⋅ 104 Pa in the course of
0.5s. The model is kept at full pressure for 0.5 s to ensure that it is in
equilibrium.

3.2. Material characterisation

The three governing material parameters for describing preform
deformation and formation of wrinkles have been experimentally char-
acterised in previous works by the authors [41,42,45]. These are the
bending stiffness, 𝐷11, the transverse shear stiffness, 𝐾s, and the crit-
ical energy release rate of the bindered interface, 𝐺IC (to describe
binder delamination). The characterisation is carried out by a cantilever
bending test [45,46] for the bending stiffness, a transverse shear test
[41] for the transverse shear stiffness and a T-peel test [42] for the
critical energy release rate, see Fig. 8. The resulting constant material
properties are listed in Table 4. More information on the experimental
characterisation can be found in the mentioned references.

Other than the characterised material properties the stiffness in the
1- and 3-direction (𝐸1 and 𝐸3) are needed. Both stiffnesses potentially
influence the critical time increment. 𝐸1 is chosen as 50 GPa and
𝐸3 is chosen as 0.1 GPa as this gives a reasonable computational

Fig. 8. Experiments carried out for characterising material properties for the model:
cantilever bending test for the fabric bending stiffness (a), t-peel test for the binder
toughness (b), and transverse shear stiffness for the preform transverse shear stiffness
(c) [41].

time while not introducing spurious compaction. The transverse shear
stiffness should be as high as possible without influencing the critical
time step to avoid influencing the bending behaviour of the NCF. It
is chosen as 𝐺13 = 2.0 GPa, as this value does not impact the critical
time step, while limiting intra-ply shear deformation of the plies. Note
that, even though intra-ply transverse shearing is expected [41] the
transverse shear behaviour is modelled through the interface only to
avoid it influencing the bending behaviour. Poisson effects for NCF
are disregarded and the mass damping coefficient is set to 50 in the
simulation. For the interface model 𝐾n, 𝑡0n, 𝑡0s , and 𝐺s have been fitted
to the model by a parameter study, again by balancing computational
time. All material properties for the model are listed in Table 4. The
friction coefficient between the preform and the mould is set to 0.1.

3.3. Simulation results

The results from the simulation are shown in Figs. 9 and 13 for
geometry 1 and 2, respectively. The wrinkle metrics and transverse
shear angles for the two simulations are listed in Tables 2 and 3. In
Figs. 10 and 14, the compressive strains in the preform on geometry 1
and 2, respectively, are plotted. The strains are plotted with the max
value envelope, meaning that elements with a negative max value are
in compression in all integration points through the thickness.

The model predicts a large mould wrinkle at the top transition and
a large surface wrinkle at the bottom transition for the simulation on
geometry 1. This agrees with what is observed in the experiments.
The location of the simulated wrinkle at the top transition is −17 mm
(relative to the transition), which is 6 mm from the wrinkles observed
in the experiments. The amplitude of the simulated wrinkle is three
times as large as the average amplitude measured in the experiments,
while the length of the wrinkle is approximately twice as large in the
simulation. The simulated wrinkle at the bottom transition is located
at −2mm relative to the transition edge. This means that it is located
between the max and min observed wrinkles in the experiments. The
amplitude of the wrinkle is approximately twice as large as for the
measured wrinkles, and the length is approximately 50% as large.
From Fig. 9 it can be observed that the model predicts binder damage
(delamination) at the wrinkle sites, while limited damage to the binder
is predicted in the shear region. This corresponds with what is observed
in the experiments where the preform after deformation has a ‘hinge-
like’ behaviour at the wrinkle sites. This is shown in Fig. 11. The
evolution of the wrinkles during loading is shown in Fig. 12. After
0.88 s the binder starts to degrade at the top transition and after 1
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Fig. 9. Results from the simulation of the specimen being formed over geometry 1. The zoomed-in areas show interfacial damage predicted by the model, with blue areas being
undamaged interfaces and red areas being fully damaged.

Fig. 10. Compressive strains in the preform when formed over geometry 1. The strain values are the maximum strain values in each element (max strain envelope).

Fig. 11. Wrinkle at the top transition during loading (left), after the load is removed
(centre), and in the FE-simulation (right).

s a wrinkle has formed at the transition with binder damage limited to
the wrinkle site. At 1.28 s the wrinkle at the bottom transition arises,
which causes the wrinkle and damage at the top transition to propagate.
In Fig. 10, it is observed that there are larger compressive strains close
to the fixed end than the free end where the fabric layers can slide.
These compressive strains indicate an increased risk of small wrinkles
appearing close to the fixed end.

For the simulation at geometry 2, the model predicts no wrinkling
at the bottom transition, which corresponds well with what is observed
in the experiments. As the model is made at the macro-scale, it should
not be capable of predicting the small wrinkles observed in the ex-
periments. The model, however, predicts some large wrinkling at the
top transition, which is not observed in the experiments. However,
based on the compressive strains in Fig. 14 there may be some small
wrinkling at the top transition that cannot be captured by the camera
placed inside the ramp. The model predicts that there is no damage to
the binder except at the top transition. In the experiments, no hinge-
like behaviour was observed after loading on geometry 2 (except for
test 5), which indicates that the binder interface is intact. In test 5
however, hinge-like behaviour was observed at the top transition after
unloading, which suggests that there is damage to the binder and

associated ply wrinkling. This may indicate that the preform is more
prone to wrinkling at the top transition as the model also predicts.

To study the influence of removing the binder material on preform
forming, the simulation on benchmark geometry 1 has been carried out
with a frictional law instead of a cohesive law in the fabric interface.
The results show that a fabric without binder forms easily without any
wrinkling. The reason for this, is that most deformation occurs before
the preform contacts the tool, as seen in Fig. 12.

4. Discussion

Based on the results and observations from the experiments and sim-
ulations the wrinkle mechanisms in stabilised preforms are illustrated
in Fig. 15. When the preform is loaded in bending, buckling of the
rovings occurs at low loads. The experimental and numerical findings in
this study suggest that roving-buckling does not cause any delamination
of the binder. The rovings may buckle both out-of-plane (as sketched in
Fig. 15) and in-plane [13]. As the load increases, larger wrinkles appear
due to the whole NCF buckling, which is associated with damage to
the binder material (delamination between plies). The damage is, thus
occurring during development of the ply wrinkling.

When forming the preform over a mould with a ramp, large wrin-
kling occurs at the geometric transitions. As discussed in Section 2.4,
this wrinkling is associated with excessive fibre length at the transitions
due to a difference in transverse preform shear and ramp angle. The
behaviour of the binder is expected to play a huge role in the transverse
shear stiffness of the preform. To obtain wrinkle-free forming a trade-
off between the ability of the binder to stabilise the NCF layers (see
Fig. 15) and the increase in transverse shear stiffness (decrease in
formability) is, therefore, sought. At the bottom transition (concave
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Fig. 12. Evolution of the wrinkles during loading.

Fig. 13. Results from the simulation of the specimen being formed over geometry 2. The zoomed-in areas show interfacial damage predicted by the model, with blue areas being
undamaged interfaces and red areas being fully damaged.

Fig. 14. Compressive strains in the preform when formed over geometry 2. The strain values are the maximum strain values in each element (max strain envelope).

Fig. 15. Sketch of the mechanisms leading to wrinkling in the preforms.

transition) the wrinkles are facing towards the bag side, while the
wrinkles at the top transition (convex transition) are facing towards

the mould. The wrinkles at the top transition are, therefore, critical as
they may be difficult to detect in an industrial setting. Furthermore,
the results from simulating forming of the preform over geometry
2 indicated that the preform is more prone to wrinkling at the top
transition. One reason for the preform being more prone to wrinkling at
the top transition is that the curvature of the preform is smaller at the
bottom transition due to bridging of the preform, see Fig. 16, while the
preform may be more compacted at the top transition [47,48]. This will
allow the excessive length of the plies to be distributed over a larger
arc length at the bottom transition than at the top transition. Another
explanation for the model predicting wrinkles at the top transition is
that the binder is damaged at the top transition first and thus has more
time to develop. The wrinkles at the top transition are, therefore, more
critical for two reasons: they may be triggered more easily (due to a
higher curvature) and they are not visible from the surface.

The model can be used to predict the creation of large wrinkles
(wrinkling of the whole NCF), but not small wrinkles (roving-buckling)
as it is a macro-scale model that assumes the NCF to behave as a
homogenous continuum. Comparing the wrinkles predicted by the
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Fig. 16. (a) When the preform is formed over the bottom transition bridging may
occur, which causes the real radius of curvature of the top ply (𝑅𝑟) to be larger than
the radius of curvature for ideal preform forming (𝑅𝑖). (b) Bridging observed in the
experiments and model.

model and the wrinkles observed in the experiment, the size of the
wrinkles is over-predicted by the model. One reason for this is that
the bending stiffness of the NCFs is modelled as constant, whereas,
the UD-NCF considered in this study has a highly non-constant bending
stiffness [46] with the bending stiffness decreasing at high curvatures
(hinge behaviour). Another reason why the model may over-predict
large wrinkles is due to its inability to capture the small meso-scale
wrinkles observed in the experiments due to the macro-scale nature
of the model. These small wrinkles better distribute the excess length,
which will reduce the size of the larger wrinkles. A possible way
to incorporate this into the model would be to increase the com-
pliance of the material model in compression. The modelling of the
vacuum bag may also contribute to different wrinkles predicted by
the model. Specifically, a vacuum bag that does not conform to the
mould causes membrane stresses, which may increase the pressure at
convex transitions. [36]. In the model, the vacuum is modelled with
a hydrostatic pressure. By modelling the vacuum bag, the pressure at
the top transition may increase, which can result in smaller wrinkles
predicted by the model. The friction between the bag and the top layer
is not expected to influence the results as the main deformations occur
due to forming, see Fig. 12, where the normal loads on the preform
are small. The small wrinkles may also cause a critical knock-down
in strength [10]. One way to account for them in the model is to
consider the compressive strains of the NCFs. Small wrinkles may be
then expected if the compressive strains are high.

5. Conclusion

This paper presents the results of an experimental campaign on
wrinkles arising during forming of binder-stabilised preforms over a
ramp geometry together with a new numerical preform model that
can predict the creation of wrinkles. The experimental test is carried
out with full-thickness preforms, consisting of 16 layers of UD-NCF
stabilised with a polymeric binder, on two different ramp geometries
with a ramp angle of 25.1◦ (steep) and 5.7◦ (gentle), respectively.
During testing the preforms are loaded to 50% vacuum. When the
load is applied, the wrinkles and transverse shear angles are measured.
For the test carried out on the steep ramp geometry, large surface
wrinkles are observed at the transition edge with the wrinkles at the
top transition facing towards the mould and the wrinkles at the bottom
transition facing towards the surface. The average transverse shear
angle is measured to 7.1◦, which is less than the ramp angle. On
the gentle ramp geometry, small surface wrinkles are observed at the
bottom transition, while the average transverse shear angle is measured
to 1.9◦.

The macro-scale numerical model considers the NCFs as a homo-
geneous continuum and the binder as a homogenous interface. To
account for the micro-mechanical effects of the NCFs the bending and
membrane stiffness is decoupled using a fictive 3-layer layup, while
the binder interface is modelled with a mixed mode traction-separation
law. The model is able to accurately predict the creation of wrinkles and
is used to aid the discussion on wrinkle mechanisms during forming of

the preform over the ramp geometry. For future studies on the preform
model, it is recommended that material non-linearities be modelled to
improve the capability of the model to accurately represent the size of
the wrinkles.

Through the studies, the following wrinkle mechanisms were iden-
tified:

• Wrinkles may arise in binder-stabilised preforms when bending
over geometric transitions in a mould.

• At the top transition (convex transition) the wrinkles face the
mould side, while the wrinkles at the bottom transition (concave)
face the bag side.

• The wrinkles are associated with excessive fabric length arising
due to the difference in transverse preform shear and transition
angle, which cause compression of the plies.

• For low compressive loads small wrinkles (buckling of UD-rovings)
are present in the preform while the binder remains undamaged.

• For large compressive loads large wrinkles (buckling of NCF plies)
arise in the preform together with damage in the binder material.

• The preform may be less prone to buckle at the bottom transition
(concave) due to the bridging of the preform.
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