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Abstract

Interdisciplinary development approaches for system-efficient lightweight de-
sign unite a comprehensive understanding of materials, processes and methods.
This applies particularly to continuous fibre-reinforced plastics (CoFRPs), which
offer high weight-specific material properties and enable load path-optimised de-
signs.

This thesis is dedicated to understanding and modelling Wet Compression Mould-
ing (WCM) to facilitate large-volume production of CoFRP structural compo-
nents. WCM combines simultaneous infiltration and draping during processing,
allowing for comparatively low cavity pressures (< 20 bar) and short cycle times
(< 3 min).

In this regard, the first part of this work (cf. Chapter 2) focuses on a system-
atic analysis of the relevant physical process mechanisms. The first experiments
using a transparent tool allow for in-situ visualisation of the flow front progres-
sion during moulding. The trials demonstrate a strong interdependence between
draping and infiltration during processing. Although relevant, current modelling
approaches cannot capture this interaction of local deformation and anisotropic
fluid propagation sufficiently.

The second part (cf. Chapter 3) is dedicated to systematically evaluating the im-
pact of low-viscous infiltration on the deformation mechanism. Novel and mod-
ified test benches are developed in order to investigate dry and infiltrated mem-
brane, bending, compaction and contact behaviour. The trials show that infiltra-
tion with a low-viscous matrix significantly reduces friction between and within
the rovings leading to reduced shear resistance, bending stiffness, and tangen-
tial contact stresses. This improves drapeability allowing for more complexly
shaped parts. Conversely, infiltration further induces rate-dependency, which
can diminish drapability at higher viscosities and processing speeds. Moreover,
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Abstract

the relevance of these experimental findings for process modelling is evaluated
through hyper- and hypoviscoelastic material formulations validated on a com-
plex demonstrator. Investigating the deformation mechanism shows that the in-
filtrated material state should be considered to describe membrane and bending
behaviour. Moreover, it becomes apparent that a modelling of the compaction in
the thickness direction and an accurate prediction of local fibre volume content
are essential for WCM modelling.

A monolithic fully-coupled simulation approach for combined textile forming and
resin infiltration is proposed in the third part of this thesis (cf. Chapter 4), util-
ising the equivalence of Fourier’s law for heat conduction and Richard’s law for
porous media throughflow. The process model is based on modular superimposed
finite elements representing a single textile layer. Usage of continuum shells al-
lows for a three-dimensional material formulation, which makes non-linear com-
paction during forming considerable. A user-developed superimposed fluid ele-
ment (user-element) describes the three-dimensional resin propagation consider-
ing the current deformation state and the local fibre orientation. In this manner,
a fully-coupled analysis in Abaqus/Explicit is employed for a mutual explicitly
formulated solution of deformation and pressure field. Comparison with experi-
mental trials demonstrate an accurate prediction of textile forming and simulta-
neous infiltration within a single simulation run.

Finally, the inherent Fluid-Structure Interaction (FSI) in WCM can cause addi-
tional undesired process defects such as flow-induced fibre displacement (FiFD).
This can have severe negative impacts on the infiltration behaviour and the struc-
tural properties of the final part (cf. Chapter 5). Since existing analytical solutions
are not sufficient, a numerical prediction of FiFD is investigated in the last chap-
ter of the work. For this purpose, a bilateral FSI is implemented and validated
using Terzaghi’s effective stress approach. A comparison with planar experimen-
tal results from literature show a good prediction of FiFD during WCM.

Conclusively, the results of the thesis support a time- and cost-efficient process
and product design at an early stage. The outcomes underline the applicability
and validity of the developed methods. However, they likewise indicate the scope
for further development. Particularly an implementation of heat transfer and cur-
ing are worthwhile additions towards a comprehensive process model.
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Kurzfassung

Entwicklungsansätze für den systemeffizienten Leichtbau vereinen Werkstoff-,
Prozess- und Methodenverständnis. Dies gilt im Besonderen für endlosfaserver-
stärkte Kunststoffe (FVK), die hohe gewichtsspezifische Materialeigenschaften
bieten und lastpfadoptimierte Konstruktionen ermöglichen. Diese Dissertation
widmet sich dem Verständnis und der Modellierung der Nasspresstechnologie,
um die Groß-serienproduktion von endlosfaserverstärkten Strukturbauteilen zu
unterstützen. Nasspressen kombiniert gleichzeitiges Drapieren und Infiltrieren
während der Verarbeitung, was vergleichsweise geringe Werkzeuginnendrücke
(< 20 bar) und Zykluszeiten (< 3 min) ermöglicht.

Der erste Teil dieser Arbeit (siehe Kapitel 2) fokussiert sich auf eine systema-
tische Analyse der relevanten, physikalischen Prozessmechanismen. Versuche
mit einem transparenten Werkzeug ermöglichen eine in-situ-Visualisierung des
Fließfrontverlaufs während der Formgebung. Die Versuche verdeutlichen die
starke Wechselwirkung zwischen Drapierung und Infiltration während der Ver-
arbeitung. Diese Wechselwirkung wird durch herkömmliche, sequenzielle Mod-
ellierungsansätze nicht erfasst.

Der zweite Teil (siehe Kapitel 3) widmet sich der Bewertung des Einflusses der
niedrigviskosen Infiltration auf relevante Deformationsmechanismen. Hierzu
werden neuartige und modifizierte Prüfstände verwendet, um das trockene und
infiltrierte Membran-, Biege-, Kompaktierungs- und Kontaktverhalten zu unter-
suchen. Die Ergebnisse zeigen, dass die Infiltration mit einer niedrigviskosen
Matrix die Reibung zwischen und innerhalb der Rovings signifikant verringert,
was direkt auch die Scherfestigkeit, Biegesteifigkeit und tangentiale Kontak-
tspannungen reduziert. Die verbesserte Drapierbarkeit ermöglicht komplexere
Bauteilgeometrien. Jedoch induziert die Infiltration auch eine Ratenabhängigkeit,
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Kurzfassung

die die Umformbarkeit des Textiles bei höheren Viskositäten und Verarbeitungs-
geschwindigkeiten gleichermaßen verschlechtern kann. Die Relevanz dieser ex-
perimentellen Erkenntnisse für die Prozessmodellierung werden anhand von
Modellen bewertet und abschließend an einem komplexen Demonstrator va-
lidiert. Simulationen zeigen, die Infiltration sollte bei der Beschreibung des
Membran- und Biegeverhaltens berücksichtigt werden. Die Kompaktierung ist
zudem für eine genaue Vorhersage des lokalen Faservolumengehalts entschei-
dend. Demgegenüber ist eine herkömmliche Kontaktmodellierung zwischen Hal-
bzeug und Werkzeug ausreichend, da nur relativ geringe Spannungen auftreten.

Im dritten Teil dieser Arbeit (vgl. Kapitel 4) wird ein monolithischer Simulations-
ansatz für die kombinierte Textilumformung und Harzinfiltration entwickelt, der
auf der Äquivalenz des Fourierschen Gesetzes für die Wärmeleitung und des
Richardschen Gesetzes für die Durchströmung eines porösen Mediums beruht.
Das Prozessmodell basiert auf überlagerten finiten Elementen zur Beschreibung
der Einzelschicht. Die Verwendung von Kontinuumsschalen ermöglicht eine
Berücksichtigung der Kompaktierung während der Umformung. Ein entwick-
eltes Fluid-Element (User-Element) beschreibt die dreidimensionale Harzaus-
breitung unter Berücksichtigung des aktuellen Verformungszustandes und der
Faserorientierung. Auf diese Weise wird eine vollständig gekoppelte Analyse in
Abaqus für eine gemeinsame explizit formulierte Lösung von Verformungs- und
Druckfeld genutzt. Der experimentelle Vergleich zeigt eine gute Vorhersagegüte.

Die inhärente Fluid-Struktur-Interaktion (FSI) im Nasspressen kann zu unerwün-
schten Prozessdefekten wie strömungsinduzierter Faserverschiebung (eng: FiFD)
führen. Dies kann negative Auswirkungen auf Infiltration und strukturellen
Eigenschaften des fertigen Bauteils haben. Im letzten Kapitel der Arbeit wird
die numerische Vorhersage von FiFD untersucht (siehe Kapitel 5). Zu diesem
Zweck wird ein beidseitige FSI implementiert und validiert. Ein Vergleich mit
experimentellen Ergebnissen zeigt eine gute Vorhersagegüte von FiFD während
der viskosen Kompaktierung.

Die Erkenntnisse dieser Arbeit unterstützen eine frühzeitige zeit- und kostenef-
fiziente Prozess- und Produktgestaltung. Die Ergebnisse verdeutlichen die An-
wendbarkeit und Validität der entwickelten Methoden. Sie zeigen aber gleicher-
maßen wichtige Forschungs- und Implementierungsfelder wie Wärmetransport
und Aushärtung auf.
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Acronyms
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Acronyms and nomenclature
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FEM Finite Element Method

FiFD Flow-inducted fibre displacement
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IP Integration point
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LCM Liquid Compression Moulding
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OAT Off-axis tension test

PF Picture frame

PP Ply-Ply interface

RBT Rheometer bending test

RTM Resin Transfer Moulding

(S)RVE (Statistical) Representative Volume Element

S3R Triangular reduced integrated shell element in Abaqus

SC6R Reduced integrated continuum shell element (SC) inAbaqus

TP Tool-Ply interface

UD unidirectional
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Acronyms and nomenclature

VARI Vacuum-assisted Resin Injection

VD Finite Differences

WCM Wet Compression Moulding

WF Woven fabric

Applied subroutines in ABAQUS/EXPLICIT

Vumat User-defined material behaviour

Vugens User-defined bending behaviour

Vuinteraction User-defined contact behaviour

Vuexternaldb User-defined runtime operations and information exchange

Vufield User-defined node-based operations
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a In-plane anisotropy ratio of K
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b Specimen width

Bi Elastic bending stiffness

BCan
w Width-normalised cantilever bending stiffness
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Acronyms and nomenclature

cp Heat capacity

ct,con Tangential penalty contact stiffness

cP
N, c

T
N Penalty stiffness during normal pressure/tension (contact)

Chyd Hydraulic capacity

C
(n)
s Averaged contact state [−1, 1] at interface

dt,con Tangential penalty contact damping

ds Shear damping

dP
N, d

T
N Contact damping during normal pressure/tension

Ef,i Fibre moduli

Einit
f,i Initial fibre moduli

Eend
f,i Maximal fibre moduli

EMat
3 Modelled part of the thickness modulus during compaction

ELock
3 Additional material locking modulus during compaction

Elim
3 Final locking modulus during compaction

ESC
0 Base stiffness of the continuum shell element in e3

f Point force

fmax
T,3 Maximal tacking force (contact)

fraw Measured raw force (Tensile testing machine)

fshear Measured shear-related reaction force

ffric Frictional forces in bearings

ffluid Fluid-induced forces

fcomp Compaction forces in e3

Fg Length-related weight force of the specimen

gz Z-component of gravity vector g

G12 In-plane shear module
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Acronyms and nomenclature

h Ply thickness

hcav Cavity height

hrim Flow channels height

hexo Specific reaction enthalpy

i, j, n,m, l, k Frequently used indices

Ii Set of N invariants i = [1, N ]
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12 Parameter for invariant-based membrane model

J Jacobian matrix
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l Polynomial coefficients of P2 with l = [1, 4]

Kf1 Permeability in weft direction (woven fabric, fibre frame)

Kf2 Permeability in warp direction (woven fabric, fibre frame)

K3 Permeability in thickness direction

Kf Permeability in fibre direction (UD-NCF)

K⊥ Permeability perpendicular to fibre orientation (UD-NCF)

K0
11 Undeformed permeability in weft direction (woven fabric)

K0
22 Undeformed permeability in warp direction (woven fabric)

Kr Permeability in radial direction

lbend Bending length during cantilever

L Total edge length

msl Sledge weight

mprox Proximity point number associated with the current salve
node

M Bending moment

M0 Initial threshold bending moment
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Acronyms and nomenclature

p Fluid pressure

pinj Injection pressure

p
(N)
k Nodal pressure at node N of every element k

pN Normal contact pressure

r Point heat source

rff Flow front position (radial)

rinj Injection radius

rScan
N Scanning radius for node N (interface flows)

rScan
i,MP Scanning radius for element midpoint i (interface flows)

Rbend Bending radius

R2,Γ Yield surface for coupling ε⊥ and γ12 (UD-NCF)

R12,Γ Yield curve for shearing (UD-NCF)

s Curvilinear coordinate of the spline (edge)

S Saturation

Sk Saturation of element k

Sθ,τ Scale factor for tangential contact stress

t Time

tinj Injection time

tsoak Soaking time before processing

T Temperature

Tg Glass transition temperature

uraw Measured raw displacement

ucomp Measured displacement during compaction

ucomp,ply Measured displacement per ply during compaction

u⊥ In-plane disp. perpendicular to fibre orientation (UD-NCF)
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Acronyms and nomenclature

uT Tool displacement

u̇T Tool velocity

V̇
(i)

flow,k Flow rate at each surface i of every element k

vFluid Fluid velocity

Vk,1 Current element volume

V void
k Void volume of each element k

V fluid
k Fluid volume of each element k

V fibre
k Fibre volume of each element k

V +
k,fluid Local fluid overflow volume of each element k

wA,0 Measured areal weights in undeformed state

wγ12
A Measured areal weights at different shear states

wsp Width of the bended specimen

ymem
state Membrane state in each element

Wdiss Dissipation energy

xff Flow front position (linear)

xLoc,i Strip position i along the specimen

Greek

α Degree of cure

αmax Maximal reachable degree of cure

αΓ Drag coefficient for interface slip

βrot Ellipse rotation angle

β+
0 , β

+
1 Penalty parameter for pressure field modification

γ12 In-plane shear angle

γ1 Angle between X1 and f1
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γ2 Angle between X2 and f2

γ12,lock In-plane locking angle

γ̇12 In-plane shear rate

γ̇eq Scalar equivalent of the deformation rate

Γporous Domain interface

εf,1 Strain in weft direction (woven fabric)

εf,2 Strain in wrap direction (woven fabric)

ε⊥ In-plane strain perpendicular to fibre orientation (UD-NCF)

ε3 Compressive strain

εI-III Material parameter for compaction behaviour

εlim
3,s Start compression strain for locking

εlim
3,e End compression strain for locking

η Viscosity

ηPP Contact viscosity (Ply-Ply)

ηD Bending viscosity

ηt,con Tangential contact viscosity (Cross model parameter: µ0, µ∞,m, n)

θ Relative fibre angle at interface

ΘS Stokes domain

ΘD Darcy domain

Θfill Filling domain boundary

Θsat Saturated domain boundary

κTS
11 Transverse shear stiffness in weft direction

κTS
22 Transverse shear stiffness in warp direction

κTS
12 In-plane transverse shear stiffness

κ̇ Curvature rate
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Acronyms and nomenclature

κ̄el Averaged mean curvature

µTP Coefficient of friction (Tool-Ply)

µPP Coefficient of friction (Ply-Ply)

µt,con Contact CoF

ξ3 Normal contact distance

ξmax
T,3 Displacement at maximal tacking force

ξTT
3 Normal contact tracking thickness

ρ Density

τ Tangential contact stress

τcrit Tangential contact yield stress (user-defined contact)

τmax
+1,0,−1 Center and factor levels for maximal tangential (built-in con-

tact)

ϕcan Cantilever plate angle

Φset Level set function

ϕ Fibre volume content (FVC)

φ Porosity

Φ Isotropic contact yield function (sliding)

ψ Stored strain energy function

ω Deflection angle

ω̇ Deflection rate

Vector symbols (1st order)

Latin

bvec
grav Fluid body force vector due to gravity

f External body forces
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Acronyms and nomenclature

fd Viscous drag forces (FSI)

fg Gravity-induced drag forces (FSI)

fp Pressure-induced drag forces (FSI)

g Gravity

Msec Section moments

n Outward normal surface vector

Nsec Section forces

N Normal contact forces

pvec
k Nodal pressure vector

rdiff Nodal diffusive flux vector

S+,vec Nodal source vector for pressure modification

t Tangential surface vector

tseg,i Line segment with i = [1, 2]

T Tangential contact forces

u Displacement

vD Macroscopic fluid velocity (Darcy)

vf Fluid velocity

vs Solid velocity

Z Combined contact forces

Greek

ξt Tangential in-plane contact slip with t = [1, 2]
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Tensor symbols (2nd and higher order)

Latin

B Operator matrix based on the shape functions

C Right Cauchy-Green deformation

C Stiffness tensor

D Rate-of-deformation

E Green-Lagrange strain

fR Nodal reaction force matrix

F Deformation gradient

G Metric coefficients

I Unit tensor

J Jacobian matrix

K Permeability

Mmass Mass matrix

Nshape Linear shape function matrix

P ∗ Nominal stress tensor

R Orthogonal rotation tensor

S 2nd Piola-Kirchhoff stress

U Right stretch tensor

Greek

ε Logarithm strain

λ Heat conduction

σ Cauchy stress

τ Kirchhoff stress
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Acronyms and nomenclature

Coordinate frames and configurations

Note. For the 2D case applies i, j = [1, 2] and for the 3D case i, j = [1, 3].

B0 Initial (reference) configuration

B1 Current configuration

{ei} Orthogonal Green-Naghdi’s frame

{fi} Non-orthogonal principal material frame

{gi} Covariant non-orthogonal frame

{gj} Contravariant non-orthogonal fram

{xrot,i} Rotated, orthogonal ellipse frame

{Xi} Fixed, orthogonal assembly COS on Abaqus

{ςi} Isoparametric element configuration

{ξi} Orthogonal contact COS at proximity point

Operators, math symbols and additional notations

div(•) Divergence

grad(•) Gradient

det(•) Determinant of a matrix

tr(•) Trace

(•)⊤ Transpose of a matrix, e.g. A⊤
ij = Aji

(•)−1 Inverse of a matrix

· Single contraction, e.g (A · B)ijkl = AijBjk

: Double contraction, e.g. (A : B)ijkl = AijBij

⊗ Dyadic product, e.g. (A ⊗ B)ijkl = AijBkl

(•)◦ Volumetric part
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Acronyms and nomenclature

(•)dev Deviatoric part

(•)∗ Normalised by norm

˙(•) Material time derivative

(•)′ First order spatial derivative

(•)′′ Second order spatial derivative

|•| Absolute value

||•|| Euclidean tensor norm

•̄ Averaged quantity

•̃ Voigt notation

•̂ With respect to Abaqus’ Green-Naghdi’s frame {ei}

•e Elastic part

•v Viscous part

•p Plastic part

•0 In undeformed reference configuration/state

△• Incremental value during explicit time integration

Clarifications. The term ’pre-infiltrated’ or ’infiltrated’ is consistently
used throughout this thesis to address a fully-infiltrated material from
micro- to macro-scale. In this work, the term ’weak FSI’ describes a one-
sided coupling between fabric deformation and fluid progression where
only the current deformation affects the pressure field, but not vice versa.
In this regard, a ’strong FSI’ addresses a both-sided coupling.
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1 Introduction

This chapter motivates the presented thesis (cf. Section 1.1) and provides
an overview of the related literature (cf. Section 1.2). Subsequently, the
main objectives are defined (cf. Section 1.3). This chapter concludes with
an outline of this thesis (cf. Section 1.4) and the applied material in Sec-
tion 1.5.

1.1 Motivation

Lightweight design is a development strategy, which aims to realize func-
tionality through a system of minimum mass while ensuring its reliabil-
ity. Therefore, it implies a holistic development strategy to enhance the
system’s efficiency through the combined optimal use of material, pro-
cess and joining innovations [1, 2]. When focusing on composite mate-
rials, it becomes particularly evident that a comprehensive approach is
required. These materials provide exceptionally high lightweight poten-
tial due to their excellent weight-specific material properties and their
capability to be tailored to specific applications. However, they also pose
high requirements for product and process design, both economically and
technically [3].

While the aerospace industry successfully applied high-performance com-
posite materials for years [4], the automotive sector still primarily uses tra-
ditional materials such as steel and discontinuous glass fibre-reinforced
composites [5]. This difference originates from different requirements in
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1 Introduction

the respective industries. In the aerospace industry, smaller quantities
and reduced part complexity, compared to the automotive industry, limit
the necessary investments for manufacturing processes. Moreover, min-
imised aircraft downtime increases weight-reduction benefits, thereby
compensating the initially higher material prices of high-performance
composite materials.

Compared to the aerospace industry, similar lightweight construction
achievements are harder to accomplish within the automotive industry.
First, the intense price competition dominates material selection. Sec-
ond, low scrap rates and high throughput rates require robust manufac-
turing processes. Besides, the demanding transition of the automotive
industry towards more sustainable mobility involves high levels of invest-
ments, which only partially benefit lightweight construction [6, 7]. Ad-
ditionally, life cycle assessment (LCA) and economically affordable re-
cycling concepts for composite applications are necessary for providing
sustainable lightweight composite solutions for the future [8, 9]. Besides,
high growth potential is forecasted [10] for composite materials within
the automotive sector if critical success factors such as structural reli-
ability, robust process technology and continuous design concepts are
implemented [7].

Among composite materials, continuous fibre-reinforced polymers (Co-
FRP) provide the highest lightweight potential. The automotive indus-
try demands low cycle times, which, for thermoset-based CoFRPs, can
only be achieved via Resin Transfer Moulding (RTM) or Wet Compres-
sion Moulding (WCM). Here, cycle times between 1.5 and 3 minutes can
already be achieved by a combination of dry engineering textiles/fabrics
and fast curing resin systems [2, 9, 11]. Alternatively, continuous fibre-
reinforced thermoplastics (CoFRTP) are gaining importance due to low
cycle times, material efficiency and recyclability [3]. They are produced
from tape-layed, pre-infiltrated and pre-consolidated stacks, which are
pre-heated and thermoformed.
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CoFRTP are well suited for structural components [12]. Nevertheless, full
exploitation of the existing lightweight potential of this material class can
only be achieved by an optimal adjustment of applied material, defect-free
manufacturing and appropriate design. This provides a challenging and
complex task, where interdisciplinary expertise is required [13,14]. For ex-
ample, structural performance can be improved by a load-path-oriented
fibre layout. At the same time, interdependencies between individual
process steps (forming, infiltration and curing) need to be considered to
prevent defects such as dry spots, fibre undulations, gaps, or wrinkles.

For these reasons, detailed knowledge about the occurring physical mech-
anisms and their reliable modelling as well as consideration throughout
the whole manufacturing process is essential to enable time- and cost-
effective process and product design [2, 15]. Several methods and guide-
lines have been successfully developed and applied in various engineering
disciplines.

Following a Concurrent Engineering approach, Kärger et al. [15] have
introduced a virtual process chain (CAE chain) for composite materials
(cf. Figure 1.1).

Figure 1.1: Illustration of a continuous CAE chain for virtual analysis of manufacturing and
structural behaviour of continuous fibre-reinforced polymers (CoFRP) [15].

The individual process steps are virtually modelled and relevant infor-
mation is retained and passed on successively to subsequent simulation
steps. These CAE chain can be modularly adapted to all commonly used
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thermoset and thermoplastic composites. Yet, this approach heavily re-
lies on suitable experimental expertise and corresponding process models
for the individual process steps. This work is specifically about develop-
ing such a model for draping and infiltration during WCM to incorpo-
rate the advantages of high-performance composite materials into reli-
able processes and part designs (cf. Figure 1.1). The following, selected
literature outlines the extensive research conducted in multiple fields and
disciplines related to composite processing and simulation approaches of
CoFRP.

1.2 State of the art

First, commonly processed CoFRP materials and their respective manu-
facturing processes are outlined (cf. Section 1.2.1). Second, material char-
acterisation methods related to forming (cf. Section 1.2.2) and mould-
filling (cf. Section 1.2.3) under consideration of process conditions and
their interdependencies are presented. Based on this, relevant simula-
tion approaches in both areas are introduced in Sections 1.2.4 and 1.2.5.

1.2.1 Composite materials and processing

CoFRP materials are made out of fibrous reinforcements embedded into
a polymer-based ’matrix’. Fibres contribute high stiffness and strength,
whereas the matrix material ensures their geometrical arrangement, shape
and load transmission, as well as environmental protection [16]. This
modular concept provides one of the main advantages of composite ma-
terials as it enables highly tailored solutions [1,12]. As outlined in the fol-
lowing, this interaction between fibres and matrix causes several mutual
dependencies during processing. For example, the forming behaviour
of CoFRPs are governed by fibrous material [17] but simultaneously af-
fected by the fluid pressure and curing state [18]. Similarly, mould-filling
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strongly depends on the matrix viscosity [19], but the resulting in-mould
pressure is directly affected by the local fibre volume (FVC) content and
fibre orientation [20]. The inherent anisotropy of composites originating
from the fibre architecture needs to be considered during forming and
mould-filling [21].

1.2.1.1 Reinforcements

CoFRP, similar to other reinforcements polymers, benefit from the high
tensile stiffness of the embedded fibres. The fibre’s shape also provides
statistical ’size effect’, which originates from the smaller the volume of
the filaments, which reduces chances for imperfection. Depending on
the intended application, different reinforcements such as natural fibres
(e.g. wool, hemp, banana), organic fibres (e.g. polyethene, aramid, car-
bon) or an-organic fibres (e.g. glass) are applied. This work focuses on
carbon fibres (CF) for high-performance applications. For this material,
fibre production itself already leads to a strong predefined orientation on
the molecular scale, introducing anisotropy even before the material is
composed. Comprehensive reviews on this matter are exemplarily pro-
vided by Schürmann [16] or Long [22].

CoFRPs are commonly distinguished into dry and pre-impregnated tex-
tiles. Woven fabrics and non-crimped fabrics (NCF) are the most wide-
spread representatives of dry engineering textiles for shell-like structures
[1, 23]. The individual material behaviour of fabrics differs depending on
pre-treatment, fibre material and either weaving architecture or stitching
and yarn pattern [16]. These materials are usually processed using RTM
or WCM. Pre-impregnated textiles are often referred to as ’prepregs’, are
infiltrated with a thermoset or thermoplastic resin before the actual form-
ing process. Furthermore, thermoset prepregs can utilize bi-staged resin
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systems to support handling after preforming before subsequent process-
ing and solidification. Thermoplastic prepregs, often denoted as organo-
sheets and unidirectional (UD) tapes, are processed using stamp- or ther-
moforming [1, 2, 24].

1.2.1.2 Matrix materials

The chemical structure of the matrix material significantly affects pro-
cessing by contributing to density, hygrothermal expansion behaviour,
drapeability and viscosity [16]. Furthermore, it is decisive for the struc-
tural behaviour of the final part by affecting its stiffness (transverse), ther-
mal application limits, possible warpage, thermal expansion limits and
relaxation.

Figure 1.2: Chemical structure of polymers | (a) amorphous thermoplastic; (b) semi-
crystallised thermoplastic; (c) elastomer; (d) spatially cross-linked thermoset
[16].

Thermoset polymers (e.g. epoxy or vinyl resins) provide the highest final
part performances due to a strong three-dimensional (3D) cross-linking
(curing) during processing (cf. Figure 1.2 (d)). Their major drawback is dif-
ficult recyclability [25]. Their curing behaviour depends on the local tem-
perature history and strongly affects resin rheology. This directly affects
the mould-filling during processing and must be carefully monitored and
controlled [19, 26, 27].

In contrast, thermoplastic polymers (e.g. polyamide, polypropylene) are
not reactively cross-linked (cf. Figure 1.2 (a,b)), which makes solidification
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reversible. However, this comes at the cost of reduced mechanical per-
formance compared to the thermoset systems. During processing of ther-
moplastics, temperatures and corresponding crystallisation of the poly-
mer must be carefully adjusted as material properties change significantly
around glass transition temperature Tg [28–30].

1.2.1.3 Fast CoFRP processing

When targeting cycle times below three minutes, as required for automo-
tive mass production, only three processes are applicable and economi-
cally relevant for CoFRP. RTM and WCM with fast-curing polymers and
thermoforming processes using thermoplastic organosheets or tape lami-
nates [2]. Other established liquid moulding techniques, such as Vacuum-
assisted Resin Injection (VARI), cannot achieve comparable processing
times due to long infiltration paths and a considerable amount of manual
process steps [21, 26].

Resin Transfer Moulding. The conventional RTM process is an in-
mould resin-injection process, which is established in industry for many
decades [26]. It consists mainly of a preforming and an injection step with
subsequent curing as illustrated in Figure 1.3. Significant effort and re-
search have been conducted to qualify this process for large volume pro-
duction [2,26,31,32]. Handling and dosing equipment for highly reactive
resins are supplied to meet these requirements [21, 27, 33, 34]. Further-
more, modifications of the process route and control including increased
injection pressure (High Pressure (HP-RTM)) [35, 36] and an additional
compression phase (CRTM) during mould closure [31, 32, 37–40] are pro-
posed.

The preforming step (cf. Figure 1.3 (top)) includes draping of a flat pre-
product into a complex, 3D shaped dry (bindered or non-bindered) fab-
ric. Corresponding operations can also contain near-net shaped forming
and application of binder and activation of the applied binder to ensure
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Figure 1.3: Schematic illustration of main process steps preforming, injection and curing
during HPRTM for manufacturing of complex CoFRPs [2].

dimensional stability for further processing [26]. Effects and defects can
occur during draping. Expected effects are reorientation of fibres during
large deformations, inter-ply slip between individual layers of the stack
and changes in the FVC. Common draping defects are gapping, undula-
tions or wrinkles. Both, effects and defects influence subsequent infiltra-
tion, curing and final part performance [2, 17, 41].

To prevent these defects, the draping behaviour is often systematically
manipulated by introducing additional membrane tension forces through
local grippers or global blank holders [22,42–45]. The occurrence of drap-
ing defects has been successfully reduced by these concepts. Especially
the occurrence of wrinkles has been reduced, in which mechanisms and
remedies are understood comprehensively [46–49]. The downside of ad-
ditional blank holder applications is required additional material, which
prevents near-net shaped forming [2]. Moreover, draping effects could be
provoked or intensified by misplaced grippers [42, 45, 50] .

Furthermore, alternative strategies to prevent such defects are suggested
in the literature. Nezami et al. [45] have presented a piezo-active ma-
nipulation concept based on metal layers to reduce the intra-ply friction
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and improve drapeability. Another possibility is a sequential draping pro-
cess based on a segmented tooling sequence or active local robot-based
manipulation of the stack. This concepts aim to resemble the manual
smooth-out movement of wrinkles within a fully automatised forming
process [51,52]. Instead of draping a part as a whole, the draping task itself
can be simplified using a segmentation into sub-preforms. Moreover, the
local drapeability of fabrics can be directly influenced by stitching pat-
terns [53, 54] of UD-NCF or weaving architectures of woven fabric [55].
An appropriate assembly of the sub-preforms can minimise loss of me-
chanical performance [56]. Forming simulation, which will be outlined in
Section 1.2.4, can provide vital support for the outlined challenges.

The injection and curing step (cf. Figure 1.3 (bottom)) comprises the dos-
ing of the highly-reactive resin into the fully or partly closed mould cavity
as well as the curing of the manufactured CoFRP [19, 26]. High injection
rates, initialised curing before injection and fast cavity vacuumisation can
enable cycle times between three to five minutes [31]. Challenges pri-
marily arise from the usage of high reactive resin systems [27, 34], which
can lead to increased viscosity and thus to high cavity pressures [2, 31].
This may even result in adverse effects such as local fibre-washout [57,58]
e.g. pressure-induced undulations or flushing out rovings, or macroscopic
flow-induced fibre displacements (FiFD) of several decimetres [58–60].
Furthermore, air entrapments [21, 22, 61] and in partly saturated regions,
especially on micro-scale [62–66] and local resin channels [67] may occur.

The aforementioned effects can complicate the manufacturing process
and reduce its robustness. Similar to the numerical prediction of pre-
forming, mould-filling simulation can provide crucial support in terms
of mould design development, optimisation of injection strategy and the
prediction of dry spots (cf. Section 1.2.5) [15, 21, 61, 68].

Wet compression moulding. WCM is a closed-mould process, which
was established more broadly in the automotive within the last decade,

9



1 Introduction

exemplary of as part of large volume production of structural parts within
the car bodies of the BMW i3 and i8 [11, 69, 70]. As illustrated in Figure
1.4, two process variants can be distinguished.

(a) Direct process variant

(b) Indirect variant

S

1 2

E

3

2 3 41

Preforming Resin Transfer Mouldingapplication

Cutting and Curing and
DemouldingStacking

Figure 1.4: WCM steps | (a) Direct process with simultaneous draping and infiltration; (b)
Indirect variant, where the resin is applied on-top of the already preformed part.

Starting with the direct process variant (cf. Figure 1.4 (a)), individual fabric
layers are cut (S), stacked (1) and resin is applied on the topside (2), by using
a wide slit nozzle. The resin seeps into the fibrous stack, while the partly
infiltrated stack is transferred into the mould. In the third, most cru-
cial step (3), infiltration and textile forming occur simultaneously [69,71].
Thus, in contrast to RTM, injection is not a process step subsequent to
forming. Due to a large pre-infiltration of the stack, thickness-dominated
flow progression and short infiltration distances are achieved. This re-
sults in comparatively low cavity pressures, making WCM more attractive
compared to conventional liquid composite moulding processes such as
the above introduced RTM/CRTM [9, 72, 73].
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In contrast, the indirect process variant (cf. Figure 1.4 (b)) comprises an
additional preforming step (1). Here, the resin is applied on top of the al-
ready preformed stack (2). The moulding step (4) resembles almost com-
pletely the CRTM compression step. As draping and infiltration are de-
coupled within the indirect process variant, the RTM-related mechanism,
challenges and numerical methods outlined above are involved.

The direct WCM variant is economically more attractive although more
difficult to model, since draping, infiltration and curing take place simul-
taneously during moulding. The latter can minimise cycle times down to
two to three minutes [2, 74]. Like for other liquid compression moulding
(LCM) processes, experimental and numerical investigations of WCM
show strong mutual dependencies between involved physical mecha-
nisms, especially between resin flow and textile forming [9, 11, 69, 75].
The combination of forming and infiltration step disqualifies sequential
modelling approaches as outlined above for RTM.

Available literature focuses on an experimental assessment of key process
parameters, advanced tooling concepts or the effects of process parame-
ters on structural performance. Among the first, Bergmann et al. [11, 74]
have outlined correlations between part quality and process boundary
conditions such as stack weight, mould temperatures, resin amount, in-
filtration time and moulding sequence. They evaluate the part quality
using surface characteristics such as wrinkles, undulations and dry spots.
A physical-based process analysis is prevented by overlapping of the dis-
cussed effects.

Beyond that, Bockelmann [9] investigated the through-thickness infiltra-
tion during moulding using fluorescent photography. Using this infor-
mation, he proposes a new tooling and infiltration concept based on a
spatially distributed resin carrier frame. This carrier-integrated process-
ing (CIP) can be used to achieve very homogenous infiltration results
inside the stack and increases process robustness due to a much closer
controlled fluid progression. Moreover, he presents an LCA comparing
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WCM (with and without the proposed CIP) to the conventional RTM. En-
ergy consumption, energy costs and environmental impact favours an ap-
plication of WCM because cycle times are shorter and cavity pressures
are lower. Both reduce the required amount of pressing forces and dwell
times, leading to smaller and less energy and capital-consuming process
equipment.

Also focusing on a direct comparison between RTM and WCM, Stan-
glmaier [70] investigated the infiltration quality and structural perfor-
mance with special emphasis on thickness transition areas and local
patches. He shows that a shafted layout of the wall thickness transitions
is recommendable. Infiltration of these shafted areas and can be achieved
without reducing the mechanical performance of the final part. However,
positioning and fixing of the material transitions must be ensured during
infiltration. A generalisable dimensioning concept for transition areas
has not been presented.

Albrecht et al. [73] experimentally compared the two WCM process vari-
ants (cf. Figure 1.4) by applying it to the manufacturing of a complex
sledge-shaped demonstrator part. Not only lower processing times could
be achieved for the direct variant, but infiltration quality in terms of dry
spots is also better for simultaneous infiltration. This results from an ear-
lier infiltration of critical areas before significant deformations take place
inside the mould. The results directly indicate the importance of coupled
draping and infiltration.

In addition, a comprehensive study of the direct WCM process has been
provided by Senner [69]. He focuses on the in-mould forming behaviour
and tool design, aiming to increase process robustness. Neglecting in-
filtration, he proposes geometrical relations for blank holders and crimp
seals dimensioning (german: Quetschsicken).

Focusing on structural performance, Heudorfer et al. [76] have investi-
gated the influence of resin amount and infiltration time on the inter-
laminar shear strength and the tensile strength. They report the amount
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of resin to be decisive for the obtained mechanical properties of their part.
Yet, the scattering of their results prevents a unambiguous conclusion.

An analysis of the compressive-strength-after-impact of non-crimped
fabrics manufactured using the WCM process has been presented by Lee
et al. [77] recently. They show that a good mechanical impact performance
could be achieved if a low void content can be realised.

Thermoplastic tape forming. Manufacturing of continuous fibre rein-
forced thermoplastics (CoFRTP) utilizes semi-finished products such as
organosheets or UD tapes to achieve low cycle times [2,3]. Organosheets
are fully pre-impregnated plates with embedded woven fabrics. UD tapes
are impregnated stripes with unidirectional reinforcement supplied on a
role [30, 78]. This tape enables the usage of near-net shaped laminates,
which reduces waste and increases material usage rate [1, 79].

UD tape Laminate

[79][78]

Tailored layup Part

Thermostamping [49]

Figure 1.5: Illustration of the thermoplastic tape forming process chain including pre-
consolidation of the laminate and subsequent thermostamping into a complex
geometry (based on [49, 78, 79]).

A common processing route is shown in Figure 1.5. The UD tape stripes
are layed to form a tailored laminate. For pre-consolidation, transver-
sal pressure is applied while the laminate cools down below the melting
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temperature. Subsequent drying of the laminates can prevent deconsol-
idation during reheating [80] but increases energy consumption. Before
processing, the pre-consolidated laminate is heated well above melting
temperature, usually applying an infrared heater or convection ovens and
thermoformed into a complex shaped part [79]. Afterwards, additional
cooling time is required. During this time, transverse pressure is ap-
plied [49].

Analogously to the RTM preforming step, forming defects such as win-
kling, gapping, or fibre undulations can result from the manufacturing
process and are studied extensively in literature [24,49,78,81,82]. In gen-
eral, the presence of the viscous polymer can favour sticking and stacking
(thickness direction) between the plies, which leads to increased contact
stresses and lower drapeability if the temperature history is not carefully
adjusted [49,83]. Depending on the material, local crystallisation can sig-
nificantly affect the material behaviour during processing.

Using thermoplastic prepregs, Sachs [78] has demonstrated that uni-
directional reinforcements tend to provoke more wrinkling than simi-
lar organosheets in critical areas. Furthermore, increasing relative fibre
orientation between individual plies of the stacked laminate tends to in-
crease the likelihood for wrinkling [84]. Substantial temperature- and
rate-dependencies are reported for all deformation mechanisms during
forming. These findings suggest utilising process simulation at an early
stage during the process and part development [28,85–87] to prevent time-
and cost-consuming iterations for part and process design [2, 49].

1.2.2 Characterisation of forming behaviour

CoFRPs are multi-scale materials. In this regard, deformation mecha-
nism can be described on a macro-, meso- and micro-scale [22, 88–90].
Whereas a microscopic view aims to investigate the forming behaviour of
individual filaments inside a roving [91,92], the mesoscopic scale focuses
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on the interaction and compaction of rovings for different fabric archi-
tectures and proper consideration of stitching patterns during deforma-
tion [93–96]. This thesis focuses on a macroscopic view. At this scale, the
CoFRP is considered as a homogenised, anisotropic continuum.

Macroscopic forming behaviour of a CoFRP stack during moulding refers
to several different deformation mechanisms, which are commonly cate-
gorised into intra-ply and inter-ply mechanisms (cf. Figure 1.6) [24,49,97].

Draping mechansims

Intra-ply Inter-ply

Membrane

Bending

Compaction
+

Tool-ply-slip

Ply-ply-slip

Tacking

Tool stroke

Lower tool

Fabric stack

Upper tool

g

Schematic cavity cut

Figure 1.6: Macroscopic deformation mechanism during forming, categorised into intra-
ply and inter-ply mechanism.

Moreover, possible tacking between the contact interfaces due to impreg-
nation may occur. In-plane shearing is normally the dominant deforma-
tion mode as the shear stiffness is several orders of magnitude lower than
the tensile stiffness of the fibres. For unidirectional NCFs, membrane
behaviour is additional strongly influenced by the stitching pattern and
yarn behaviour [51, 96].

Experiments reveal a high membrane stiffnesses in fibre direction and
comparably low bending stiffnesses. The latter originates from the intra-
roving slip between the filaments [98]. Moreover, transverse compaction
determines the resulting forming forces and the final thickness of the
plies. Consequently, compaction is an important deformation mode and
is decisive for the infiltration as it strongly affects the local FVC.
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Several experimental setups are proposed in literature to characterise the
macroscopic deformation mechanisms (cf. Figure 1.6) introduced here.
The most relevant ones are outlined in the following.

1.2.2.1 Intra-ply shear and tensile behaviour1

Membrane related deformation mechanisms of engineering textiles dur-
ing draping (cf. Figure 1.6) are usually divided into in-plane shear, fi-
bre tensioning and longitudinal fibre-compaction. Moreover, interwoven
fibres can lead to a ’tension-shear coupling’, which interconnects both
mechanisms and leads to increased shear resistance when fibre tension
is present [42].

For the characterisation of the shear behaviour of dry woven and UD-
NCF, the Bias-Extension Tests (BET) [98, 100, 101] or Picture Frame (PF)
tests [100, 102–104] are usually applied (cf. Figure 1.7 (a,b)). Both tests
have advantages and disadvantages [105, 106]. Still, comparable results
are reported for woven fabrics [100, 107, 108]. While the BET provides
a straightforward and often simpler characterisation of shearing, several
authors observed drawbacks in terms of mesoscopic effects such as inter-
tow slip, crosspoint slip and fibre bending during the characterisation of
dry fabrics [101,106, 109]. These effects prevent a direct extraction of the
mechanical properties with analytical solutions [49].

On the contrary, the deformation modes for shear and tension can be de-
coupled using PF tests. This enables an investigation of shear-tension-
coupling for woven fabrics [42, 44, 110–112] or UD-NCFs [69], where fea-
sibility depends on the yarn stiffness. However, missalignment and in-
plane bending of the fibres can provide challenges when adopting the

1 Section 1.2.2.1 contains extracts of: C. Poppe, D. Dörr, F. Henning, L. Kärger: Experimen-
tal and numerical investigation of the shear behaviour of infiltrated woven fabrics, Composites
Part A, 114:327-337, 2018 [99].
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(a) Picture Frame [42] (c) Off-Axis-Tension [105](b) BET [42]

Figure 1.7: Shear characterisation setups for engineering textiles.

PF test [42, 44, 103, 113]. Schirmaier et al. [51, 105] has proposed Off-
Axis-Tension (OAT) trials for a more comprehensive characterisation
of unidirectional NCF (cf. Figure 1.7 (c)). So far, no test benches for
the shear characterisation of engineering fabrics infiltrated with a low-
viscous fluid have been proposed in literature.

For prepreg, organosheets and thermoplastic UD-tapes, strong depen-
dencies between the matrix material state (viscosity) and mechanical
properties during shear are reported in comprehensive investigations
[49, 82, 85, 86, 98, 114]. For thermoplastic UD tapes, the well-established
torsion bar test, which has been proposed by Haanappel et al. [85] is usu-
ally applied.

The relevance for an experimental assessment of the fibre tension be-
haviour depends on the material type. For woven reinforcements, non-
linear and tensile behaviour is observed in both fibre directions [115–117].
Initial undulations are eventually stretched out during tensile load, which
leads to increasing tensile forces during testing. No biaxial and only less
pronounced non-linear behaviour is observed for the tensile behaviour of
biaxial NCFs [118]. On the contrary, high sensitivity to the clamping sit-
uation is reported for the transverse tensile behaviour of unidirectional
NCF due to a strong impact of yarn behaviour and stitching pattern [105].
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1.2.2.2 Intra-ply bending1

To characterise bending behaviour, a systematic deflection is applied on
the specimen often by utilising gravity-induced slag or rotating measure-
ment devices. A comprehensive review on bending characterisation has
been presented by Boisse et al. [47].

The cantilever test, also referred to as Peirce test [120, 121] (cf. Figure 1.8
(a)), is commonly applied for bending characterisation of dry woven fab-
rics. The Peirce method [120] assumes a linear relationship between cur-
vature and bending moment. Bilbao et al. [122] and Liang et al. [123, 124]
have presented an additional optical measurement technique to analyse
the shape and deformation of the specimens during testing. Their work
demonstrates that the moment-curvature-relation is non-constant, with
a maximum at the clamped end. A modified cantilever test, which has
been presented by Bilbao et al. [122], enables the investigation of elasto-
plastic bending behaviour by applying variable bending length in addi-
tion to optical evaluation. An additional effort through optical detection
and evaluation methods is required to obtain bending rate and plastic be-
haviour during cantilever tests. This is necessary, because the curvature
rate distribution along the specimen’s length is nonlinear. In this regard,
the cantilever test is most suitable for straightforward determining the
elastic bending stiffness [47]. [47, 125–128] and UD-NCF [51].

Beyond that, vertical arrangements of the tests have been presented, e.g.
by Dangora et al. [126] (cf. Figure 1.8 (a)), which aim to reduce the influ-
ence of gravity loadings for small deflations and to enable rate-dependent
characterisation.

The Kawabata bending test (KES-FB2) [130] and its expansions impose a
constant curvature and curvature rate distribution on the specimens by

1 Section 1.2.2.2 contains extracts of: C. Poppe, T. Rosenkranz, D. Dörr, L. Kärger: Com-
parative experimental and numerical analyis of bending behaviour of dry and low-viscous infil-
trated woven fabrics, Composites Part A, 124:105466, 2019 [119].
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(b) Kawabata KES-FB2(a) Peirce’s Cantilever test (horizontal) [125]; (vertical) [126]

(c) Rheometer-Bending-Test [129] (d) Three-point bending test [47]

bending test [122]

Figure 1.8: Common bending characterisation setups.

rotation of one of the two clamps (cf. Figure 1.8 (b)). This test gives direct
access to the moment-curvature-relation, even when several loading and
unloading cycles are applied. Nonlinear and hysteretic material response
is reported for several materials [122,131,132] due to internal friction be-
tween the rovings and filaments [133, 134]. In contrast to the cantilever
test, the KES-FB2 enables rate-dependent bending characterisation.

The most significant modification of the KES-FB2, the rheometer bend-
ing test (RBT), was presented by Sachs [87, 129] and allows for an investi-
gation of the rate- and the temperature-dependent bending response of
thermoplastic composites (cf. Figure 1.8 (c)).

Moreover, Boisse et al. [47] have proposed to apply a three-point bending
test for thick interlock fabrics (cf. Figure 1.8 (d)). This test produce origi-
nates from cured composites in solid-state [135,136], because they require
a sufficiently large bending stiffness of the material, which is only achiev-
able by either thick laminates or short specimens [47].
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No attempts have been published to characterise the bending behaviour
of engineering fabrics infiltrated with a low-viscous fluid. The required
viscosity range during testing (20−250 mPas) is significantly lower than
comparable pre-impregnated semi-finished products investigated in lit-
erature.

1.2.2.3 Intra-ply compaction1

During the last decades, compaction (consolidation) of composites has
been subject of many studies. Most of the available literature is related
to LCM processes such as RTM [138–144] or VARI [145]. This originates
from the strong relationship between compaction and local FVC, which
is decisive for the infiltration behaviour in this process. Moreover, it is
vital for an accurate prediction of the final part thickness, FVC and tool
forces during moulding [59, 61, 146, 147]. Furthermore, compaction is an
ongoing research topic within the processing of thermoplastic UD tapes,
to reduce voids during consolidation [148].

(a) (b)

Punch

Chamber Injection
gate

fComp
uComp

Figure 1.9: Common setups for transverse compaction tests with (a) additional injection
gate [149] or (b) additional optical tacking of in-plane deformation [147].

1 Section 1.2.2.3 contains extracts of: C. Poppe, C. Krauß, F. Albrecht, L. Kärger: A 3D
process simulation model for wet compression moulding, Composites Part A, 145:106379,
2021 [137].
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Compaction behaviour is commonly investigated straightforward using
plate-to-plate or punch-to-plate tools on tensile testing machines [149].
More sophisticated approaches additionally allow for an controlled injec-
tion [146], optical tracking of in-plane deformation [147] or fluid pressure
during compaction [75] (cf. Figure 1.9).

A characteristic non-linear shape for the reaction forces can be expected
when engineering textiles are subjected to transverse compaction [150].
Similar to other deformation modes, stress relaxation, rate-dependency
and hysteresis effects need to be taken into account for most woven rein-
forcements and prepregs [149,151,152]. Beyond that, even higher reaction
forces are received when dry textiles are additionally subjected to shear
deformation, which originates from increased material density as out-
lined by Ivanov and Lomov [153]. Moreover, obtained reaction forces in-
crease further when pre-infiltrated specimens are exposed to compaction
because of the superimposed fluid pressures below the punch, for exam-
ple, shown by Bickerton and Abdullah [149]. In contrast to membrane and
bending behaviour, investigation of the compaction behaviour of dry and
low-viscous infiltrated specimens is common in literature.

1.2.2.4 Inter-ply behaviour

Experimental characterisation of inter-ply slip is commonly conducted
via relative motion between two interfaces with controlled transverse
pressure. Several configurations (cf. Figure 1.10) are proposed in lit-
erature [78]. They can be applied to tool-ply and ply-ply interfaces. A
benchmark study by Sachs et al. [87] have revealed consistent results for
the presented setups for the same material. Special attention is recom-
mended in terms of systemic errors. Those can originate from mesoscopic
effects and fibre architecture, leading to stick-slip-effects [154–156] or in-
homogeneous load distributions within the interface clamped area. En-
largement of the contact area and application of pull-through tests are
recommended to alleviate these problems.
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(a) Pull-out-test (c) Horizontal sledge(b) Pull-through-test

Figure 1.10: Common setups for interface friction characterisation (extract from [87]).

In literature, pressure- and rate-dependency is reported for dry woven
fabrics [87, 155–160], unidirectional NCF [93], pre-impregnated organo-
sheets [161, 162] and UD-tapes [83, 85, 163].

Regarding low-viscous infiltrated contact interfaces, Hüttl et al. [156]
have compared the Coefficient of Friction (CoF) obtained from dry and
pre-infiltrated specimens using a horizontal sledge in combination with
a fluid reservoir. For tool-ply contact interfaces, infiltration increases
the measured tangential stresses compared to the dry reference. In con-
trast, they report that infiltration decreases the tangential stresses for the
inter-ply contact. Rate dependency has not been investigated as always a
constant velocity of 100 mm/min was applied.

Despite tangential friction, tacking in normal direction can an impor-
tant issue for pre-infiltrated textile interfaces. For thermoplastic UD-
taps [49, 83, 85] an explicit tacking-stiffness is considered during mod-
elling. However, a direct experimental assessment with process-related
boundary conditions is challenging. A comprehensive review focusing on
prepreg tacking during automated fibre placement has been published
by Budelmann et al. [164] recently. Yet, the outlined mostly peel-based
setups cannot be directly applied, as detachment during forming is com-
monly not caused by peeling.
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1.2.3 Characterisation of mould-filling

Besides draping, the relevant macroscopic mechanisms during WCM are
mould-filling related. These interconnected mechanisms can be subdi-
vided according to infiltration, heat transfer and curing (cf. Figure 1.11).
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Figure 1.11: Macroscopic mould-filling-related mechanism, categorised according to
through- and superficial flow mechanism and accompanied by non-isothermal
curing of the matrix.

The above-outlined forming behaviour (cf. Figure 1.6) results in a de-
formed, anisotropic porous fibre network, which is being simultaneously
infiltrated by the resin during moulding. Infiltration on the macro-scale
can be categorised into through- and superficial-flow related mechanism.
Whereas throughflow accounts for fluid progression within the deformed
stack, superficial squeeze-flow results from fluid being pushed over the
stack surface by contact with the tooling or from one ply into another. In
addition, curing within the thermoset polymer is initialised through con-
tact with the hot tool surfaces [19, 27]. Curing history affects the resin’s
viscosity and resulting residual stresses.

In general, a macroscopic view focuses on the prediction and optimisa-
tion of mould-filling and injection strategies on part level [19, 32]. Simi-
lar to draping, infiltration is a multi-scale phenomenon (cf. Figure 1.12),
including different mechanisms for the micro- or meso-scale that are ho-
mogenised when a macroscopic view is adopted [2, 61].
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Figure 1.12: Illustration of micro-, meso- and macro-scale during injection of CoFRPs [2].

At the micro-scale, resin flow inside the rovings is investigated, whereas
meso-scale focuses on the flow between them. Investigations at both
scales focus on minimising void formation and virtual material charac-
terisation [64, 165, 166].

For a characterisation of the material, infiltration of the stack foremost
depends on the ratio between permeability tensor of the fibrous medium
K and the matrix’ viscosity η as Darcy’s law proved suitable for a descrip-
tion [167]:

vD =
K(ϕ)
η φ

grad (p) . (1.1)

Here, vD is the macroscopic fluid velocity, which takes the porosity φ =
1 − ϕ and the FVC ϕ into account.

The origin of Darcy’s law will be outlined in more detail within Section
1.2.5. The related literature describing the experimental characterisation
of permeability (cf. Section 1.2.3.1 as well as resin reaction kinetics and
chemo-rheology (cf. Section 1.2.3.2) is outlined in the following.

1.2.3.1 Permeability

An accurate determination of permeability is important for all LCM pro-
cesses as it strongly affects infiltration behaviour and flow front progres-
sion during injection or moulding [21]. Consequently, comprehensive
research has been conducted in this field for more than 40 years [138].
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Among others, Arbter et al. [168] and Vernet et al. [169] have provided
comprehensive reviews, recommendations and worldwide benchmarks.

At macroscopic scale, Darcy’s law (cf. Eq. 1.1) suitably describes the fluid
progression within a homogenous porous medium. During characterisa-
tion, a constant pressure or injection rate is applied to a one-dimensional
(1D) flow scenario. A predefined measurement gap is used, which needs
to be completely occupied by the porous medium (textile). A 1D formula-
tion of Darcy’s law is subsequently applied to calculate the permeability
based on the pressure difference between inlet and outlet in the station-
ary regime. This approach implies that the completely saturated perme-
ability is characterised [170, 171]. In contrast, the transient permeability
can be obtained by optical tracking of the flow front [75,172–176] or with
a linear array of pressure sensors [177,178]. The transient permeability is
better suited for mould-filling-related parameter extraction, as the flow
front progresses through a dry textile resembles the boundary conditions
during the injection. A comparison of saturated and unsaturated per-
meability measurements in literature is given by Park et al. [171]. They
outline the discrepancies between both approaches and the reasons for
the general uncertainty during permeability measurements.

Several studies focus on the anisotropy of the permeability tensor, which
arises from in-plane shearing [153, 169, 175, 179]. Demaria et al. [20, 173]
have shown that geometrical reorientation of fibres and change of FVC
are the two key factors responsible for the change of permeability dur-
ing deformation. Similar to shear characterisation (cf. Figure 1.7), pic-
ture frame-like clamping frames are applied [153, 174, 176, 179]. They are
used to achieve a conditioned shear deformation state [169] before infil-
tration. Moreover, the in-plane anisotropy ratio a = K0

11/K
0
22 between

the fibre orientations depends on the weaving of the fabric. For balanced
woven fabrics, the ratio is a = 1, leading to a perfectly radial flow front
in undeformed state [19, 20]. In the same sense, unidirectional NCFs can
be addressed as strongly in-balanced fabric with a significantly higher
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permeability in fibre direction than in a perpendicular direction of the
yarn [178, 180, 181].

Several authors reported an impact of nesting phenomena apart from
shearing when multi-ply stacks are characterised [21, 169, 179, 182]. This
originates from inhomogeneous interfaces between the single plies of the
stack, allowing for an interlock of the rovings. Due to this effect, homo-
geneity of the porous medium increases, whereas permeability decreases
because possible flow paths are closed [179].

In addition to in-plane, transverse permeability in thickness direction
K33 is an increasingly important field of research. Being among the first,
Weizenböck et al. [183] has proposed to use spatially distributed thermo-
couples to evaluate the 3D permeability tensor, including its component
in thickness direction. Unfortunately, they encounter problems with lo-
cal flow paths and flow-induced compaction. For these reasons, simi-
lar measurement principles as outlined above are also employed for the
transverse direction [38,181,184]. Similarly, a 1D flow in thickness direc-
tion is utilised to calculate the permeability based on Darcy’s law. Several
layers (> 10) are needed to obtain a reasonable stack thickness. Thus an
impact of nesting phenomena systematically affects the results. If possi-
ble, it is recommended to using the same number of plies during char-
acterisation and processing. Moreover, a homogenous distribution of the
injected fluid through hole-plates or honeycombs is a necessary precon-
dition for reliable results [185, 186].

Apart from experimental trials, analytical [180, 187–189] and numerical
models [190–192] on meso-scale can be used to estimate permeability
values based on the textile’s architecture. At meso-scale, Representa-
tive Volume Elements (RVEs) or Statistical Representative Volume El-
ements (SRVEs) are being applied frequently for engineering textiles
[190, 191, 193], but also for nonwovens [194, 195]. Moreover, advanced
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numerical methods are used to investigate the validity and prediction ac-
curacy of existing analytical approximations, such as, for example, the
Kozeny-Carman equation [196].

1.2.3.2 Reaction kinetics and chemo-rheology of resins

Reaction kinetics and the corresponding cross-linking of the monomers
to polymers is crucial for a comprehensive assessment of LCM processes.
To start with, viscosity changes by several orders of magnitude during
processing while transitioning from liquid to solid-state. As the required
injection- (RTM) or in-mould pressure (WCM) correlates with matrix vis-
cosity, it is decisive for both infiltration quality and processing times
[18]. Secondly, the individual curing cycle determines whether the resin
reaches a fully cured final state, directly affecting the glass-transition-
temperature (Tg), fracture toughness and ultimately the structural per-
formance of the part [11, 76]. Moreover, process-induced strains due to
chemical shrinkage and thermal strains due to cooling of the part after
demoulding can lead to intolerable distortions of the final part [18].

A characterisation of the reactive behaviour of thermoset resin systems is
mainly carried out using Differential Scanning Calorimetry (DSC). For a
comprehensive review of related studies, the interested reader is directed
to Yousefi et al. [197]. Alternative characterisation methods, which should
only be named here, are Raman Spectroscopy, Dialectric Analysis (DEA),
Fourier-Transform Infrared Spectroscopy (FTIR), or Near-Infrared Spec-
troscopy (NIR) [18, 198, 199].

DSC compares the heat flux of a reactive sample and non-reactive ref-
erence (cf. Figure 1.13 (a)) to extract the exothermal heat that is released
during cross-linking as illustrated in Figure 1.13 (b). A baseline needs
to be defined to separate the obtained heat flow peak from the total en-
thalpy. The enclosed area (cf. Figure 1.13 (b)) represents the total specific
reaction enthalpy hexp, which further integrated with time yields the de-
gree of cure α(t, T ).
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Figure 1.13: (a) Schematic illustration of the measurement principle of an DSC analysis
[18]; (b) Exemplary heat flow evolution during non-isothermal DSC of an epoxy
resin [27].

DSC measurements can be carried out under isothermal or non-isothermal
conditions. The former suffers from an accurate estimation of the start-
ing temperature due to initialised curing before heating of the samples is
completed [200]. In contrast, starting temperature can be set sufficiently
low to prevent prior curing for non-isothermal DCS measurement. How-
ever, isothermal trials are straightforward and can be conducted with less
effort compared to non-isothermal measurements.

LCM processes are usually carried out under isothermal conditions, e.g.
constant tool temperature to reduce cycle times [21, 22]. The resulting
curing can be near isothermal or non-isothermal, depending on the spe-
cific mould-filling setup. In combination with fast-curing resin systems,
this invokes several challenges. First, cross-linking is strongly time- and
temperature-dependent, which makes fast curing prone to vitrification
effects. This is initialized when the curing temperature catches up with
Tg, resulting in an decrease of the maximal reachable degree of cure
αmax < 1 [18, 201, 202]. Secondly, physical ageing may occur, making
parameter identification and extrapolation for modelling significantly
more demanding. [18, 27]. It is not clear whether to apply isothermal or
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non-isothermal measurements [202, 203]. Bernath et al. [27] have shown
that combining non-isothermal and cyclic DSC runs can provide a com-
prehensive and large database for reliable parameter identification of fast
curing resins. These highly reactive resins are required to achieve short
cycles times during WCM. For modelling of these resin kinetics, empir-
ical or mechanistic models are available in literature. A comprehensive
review has been provided by Halley et al. [199]

Beyond reaction kinetics, which yieldsα(t, T ), the directly related chemo-
rheological behaviour of the resin system is required, which eventually
gives the current viscosity η(α(t, T )) during curing (cf. Figure 1.11) [2].
For the chemo-rheological behaviour, parallel-plate rheometry is usually
applied for thermoset resins [198, 204, 205]. Thereby, the resin is injected
into a gap between two plates. A constant or cyclic angular velocity is
applied on one of the plates and the resulting moment is recorded at the
other one. A shear stress in the gap is induced, which allows for a calcu-
lation of the viscosity η under consideration of geometrical factors [204].

1.2.4 Forming simulation

Forming simulation aims to model and predict the draping behaviour of
CoFRPs via suitable kinematic assumptions (kinematic approaches) or
constitutive material modelling (mechanics-based approaches) [89, 206].
While the former neglects physics-based modelling and exclusively relies
on geometrical mapping algorithms, the latter can predict the material
behaviour under consideration of process-related boundary conditions
using constitutive modelling [2]. Finite Element Analysis (FEA) allows a
direct implementation of constitutive models based on the introduced de-
formation mechanism (cf. Section 1.2.2) and is therefore commonly used
for mechanics-based approaches.
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In the following, a short overview of kinematic forming simulation is
given in Section 1.2.4.1, succeeded by a survey of the most relevant FE
forming simulation approaches in Section 1.2.4.2.

1.2.4.1 Kinematic approaches

The transition between an initially planar semi-finished product and the
final 3D part shape can be predicted using kinematic assumptions in con-
junction with suitable geometrical mapping algorithms (cf. Figure 1.14).
As Lim and Ramakrishna [206] have pointed out in their review, it is gen-
erally assumed that material deforms incompressible and inextensible in
the fibre directions.

(a) (b)

Figure 1.14: Kinematic approaches | (a) Topology of the initial mesh points for a plain weave
fabric [207]; (b) Exemplary grid definition on a 3D surface originating from the
predefined starting point [208].

For unidirectional reinforcements, a simple shear deformation is as-
sumed, whereas a pure shear (Trellis shear) deformation is assumed for
woven reinforcements [206, 207]. This implies a constant thickness for
the incompressible unidirectional material as the area remains constant.
In contrast, woven fabric material thickens during shearing as the area
changes.

The main advantage of kinematic approaches is the comparably low com-
puting effort [208]. Consequently, the first approaches reach far back to
the mid-50s [209]. A large number of publications and models have been
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proposed within the last decades, constantly improving prediction accu-
racy and robustness [206, 207, 210–214]. The two crucial shortcomings of
such approaches imply the need for a predefined starting point (cf. Fig-
ure 1.14 (b)) and the neglected material behaviour under process condi-
tions. Thus, these techniques are only suitable for a fast approximation
and a first reasonable guess of the expected final fibre orientations af-
ter draping. More complex interactions between material and tooling
are neglected, such as contact in multi-layer stacks, blank holder, seals,
gripper, temperature or infiltration state. Therefore, they are not suitable
for modelling WCM. The only exceptions are manual processes such as
hand-draping [215, 216], because the starting point and the smooth-out
directions can be similarly realised in experiments and simulation.

1.2.4.2 Finite Element forming simulation

To overcome the shortcomings of the kinematic approaches, mechanics-
based formulations using Finite Element Method (FEM) have become
state-of-the-art. Constitutive modelling is used to describe the indi-
vidual deformation mechanisms of this multi-scale material. By this
means, their internal structure can be described, enabling a prediction of
their behaviour during processing. Based on the material resolution, ap-
proaches are distinguished according to micro-, meso- and macro-scale
(cf. Section 1.2.2). Figure 1.15 illustrates the multi-scale character of wo-
ven fabric and summarises the commonly applied modelling approaches,
including their aims of each scale. At the micro-and meso-scale level,
individual constituents of the textile materials are modelled using either
discrete 1D and 2D elements (micro-scale) or 2D and 3D elements, respec-
tively. This allows for direct consideration of the heterogeneous fabric
structure and corresponding modelling of local draping effects [88]. This
detailed resolution comes at the costs of high computational effort (for
example > 50 h at multiple cores).
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Figure 1.15: Comparison of FE-based multi-scale modelling approaches for CoFRP and
corresponding aims, advantages and drawbacks.

Consequently, these models are mostly applied for RVEs or small and
relatively simple single-ply forming tasks. This may still be beneficial
when virtual material characterisation prevents expensive trials. In con-
trast, the homogenised description of the material behaviour on macro-
scale aims to enable a virtual process design and predict draping effects
for large structures and multi-ply stacks. Micro- and mesoscopic effects
are commonly neglected to achieve this. Industry aims for simulation
run times between 7 and 10 h on High-performance Clusters (HPCs) for
overnight results.

Micro-scale approaches – detailed material analysis. Such approaches
are usually assembled networks of 1D springs, truss or beam elements
[88, 220] (cf. Figure 1.16 (a)). Valentini et al. [219] have proposed a com-
parable network for very compliant knitted meshes. By introducing ro-
tational springs, a prediction of in-plane and out-of-plane bending is
achieved [221, 222].
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(a) (b)

Figure 1.16: Illustration of discrete approaches | (a) Shear deformation illustrated by
Boubaker et al. [222]; (b) Representation of a unit cell based on 1 and 2D el-
ements [126].

Using 1D elements provides a straightforward approach to account for
mesoscopic effects via conventional elements [49]. The main limitation
originates from a missing element surface, which prevents a proper con-
tact formulation and modelling multi-ply stacks. For example, a unit cell
can be comprising a 2D element surrounded by 1D elements along the
edges (cf. Figure 1.16 (b)). Moreover, additional 2D elements such as mem-
brane or shells can be used [126].

First approaches based on membrane and truss elements [223, 224] ne-
glected the bending behaviour. Subsequent approaches utilized truss and
shell elements [225] and later bar and shell elements to capture the out-of-
plane bending behaviour [126,226]. Moreover, Harrison et al. [81,227] have
applied truss and bar elements [228] to predict the in-plane and out-of-
plane bending behaviour of engineering fabrics and organosheets. They
show that the in-plane bending stiffness is an important mechanism, en-
abling the modelling of shear transition zones during BET. Similar effects
are observed for second-order gradient approaches [229–231]. Addition-
ally, micro-scale modelling approaches have been comprehensibly dis-
cussed by Boisse et al. [217], Jauffres et al. [232], Syerko et al. [218] and
Bussetta & Correia [88].
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Meso-scale approaches – virtual characterisation. A detailed mod-
elling of the internal structure of CoFRPs can also be accomplished using
2D shell or 3D volume elements to represent a unit cell or small samples
on a meso-scale (cf. Figure 1.17). This also implies the need for a con-
tact formulation between individual rovings represented by the elements.
Two types of approaches can be distinguished on meso-scale [88]:

(a) (b)

Figure 1.17: Comparison of mesoscopic unit cells by Boisse et al. [217] | (a) Detailed model
based on volume elements; (b) Simplified model using shell elements.

Detailed approaches (cf. Figure 1.17 (a)) aim to model the material structure
of a unit cell as accurately as possible. They aim to enable virtual material
characterisation [218, 233]. The only application of such a solely detailed
approach for a small single layer forming setup of woven fabric has been
proposed by Tavana et al. [234], whose model could predict local effects
such as yarn movement and material locking. However, these approaches
are currently too computational time intensive for an application to larger
structures. An elegant alternative for this problem has been proposed by
Iwata et al. [235, 236] by using a coupled macro-meso approach. Here,
a first macroscopic run is conducted to obtain transient boundary con-
ditions, which are then used to solve a detailed mesoscopic model in
critical areas during a subsequent simulation run. Detailed models for
engineering fabrics in literature allow for a prediction of local forming
effects such as yarn buckling [126, 236, 237], in-plane tensile and shear
behaviour as well as tension-shear-coupling [153, 220, 238–241] or com-
paction [140, 143, 151, 153, 237].
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Simplified mesoscopic approaches aim to reduce the degrees of freedom in-
volved and thereby the computational expense. A reduced prediction ac-
curacy is acceptable as long as key geometrical features are still consid-
ered. This is achieved by reducing the degrees of freedom for modelling
of the roving geometry using only a few solid [93,242,243] or shell [244,245]
elements (cf. Figure 1.17 (b)). This still allows for discrete modelling of the
yarn for NCFs via bar elements.

Macro-scale approaches – process simulation. Compared to micro- or
meso models, continuous approaches assume a homogenous medium on
the macro-scale (cf. Figure 1.15) and the related deformation mechanisms
(cf. Figure 1.6) are modelled through constitutive equations [217].

In general, macroscopic approaches are distinguished according to hypo-
elastic, hyperelastic, higher-order and semi-discrete formulations. The
key advantage of such macroscopic formulations is their comparably low
computational effort. This enables the prediction of the final fibre orien-
tations and draping effects for large structures (Edge: 1 − 3 m) and multi-
ply stacks (> 8 plies) under consideration of process-related boundary
conditions e.g. temperature, blank holder forces [2,15]. These approaches
are therefore well-suited for virtual process development and assurance
of manufacturability for CoFPRs.

Several macroscopic models are already applied in industry as part of
commercial codes, for example PamForm, AniForm or recently Simu-
Drape. Comprehensive reviews on FE forming simulation modelling
approaches on macro-scale have been presented by Boisse et al. [47, 89],
Gereke et al. [23] and Bussetta and Correia [88]. Three main aspects re-
quire consideration when macro-scale modelling approaches based on
FEM are adopted:

To start with, a decoupling of membrane and bending behaviour is required
[47, 246]. This originates from the homogenised material description on
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macro-scale, which neglects relative fibre motion during bending defor-
mation. The application of conventional shell theories for CoFRPs fails
to predict the low bending stiffness originating from the low transverse
shear stiffness (relative fibre motion) while modelling the high tensile
stiffness of the fibres of a fabric [48]. An intrinsic decomposition of the
material formulation based on the virtual work or internal virtual energy
is required [49, 102, 114, 246] to address this correctly for conventional
shell-based approaches. Furthermore, a discrete decomposition based on
superimposed membrane and shell elements is purposeful [85, 103, 247,
248]. Enhanced approaches for an accurate prediction of the bending be-
haviour by generalised continua [47] or 3D formulations to account for
transverse compaction is still in the subject of research [30, 249–252].

A second general issue is the correct consideration of fibre-reorientation
during large shear deformation on the macro-scale. This is caused by
the initially orthogonal frame {e1, e2} becoming non-orthogonal {f1,f2}
during shear deformation (cf. Figure 1.18).

Figure 1.18: Schematic illustration of the rotation of an orthogonal frame (Green-Naghdi’s
frame) {e1, e2} and principal material orientations {f1,f2} during pure shear
deformation [49].

As the axial stiffness of the fibres is several orders of magnitude higher
than the corresponding shear stiffness, the material formulations need
to account for the current non-orthogonal fibre orientations (principal
material directions). This requirement applies to all continuous formula-
tions, whether hypo-, hyperelastic or else.
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Finally, a third main aspect focuses on numerical locking phenomena, such
as unintended and physically implausible (artificial) stiffening effects,
which originate from non-compatibility between specified deformation
states and their discretisation in FEM. The relevance of these effects
strongly depends on the selected integration scheme (full, selective-re-
duced, reduced) and the applied element shapes (triangular, quadrilat-
eral, etc.). Integration scheme and shape functions specify which energy
modes contribute to the deformation state [253, 254]. Preventing locking
and hourglassing provides key challenges, especially for solid-shell and
comparable 3D formulations [249–251].

Yu et al. [255] observe an intra-ply shear locking for non-aligned material
and element orientations. Building on that, Hamila and Boisse [253] have
conducted a comprehensive investigation of numerical locking phenom-
ena utilising the BET. Their study highlights the inability of a fully inte-
grated four-node element for a tension-free motion for any mesh. They
refer to it as tension locking because the inextensibility in the fibre di-
rection results in artificial fibre strains and ’spurious tensions’. They pro-
pose a selectively reduced integration scheme combined with a stabilisa-
tion procedure, where the latter only applies to the non-constant part of
the in-plane shear deformation [253]. This approach allows the treatment
of non-aligned meshes. Similarly, Thije and Akkerman [256] investigate
the effects of mesh aligning and reduced integration on numerical shear
locking. They show that aligned meshes, reduced integrated or additional
methods are needed to prevent locking. Thije and Akkerman [256] ulti-
mately propose and verify a new triangular multi-field element, which
introduces additional degrees of freedom for the strain. Nevertheless,
Dörr [49] argues that the increased computational effort presumably pre-
vents its use for a wide range of application.

In the following, underlying ideas and differences between hypoelastic,
hyperelastic and generalised continua approaches are summarised. Ad-
ditional information can be found in the review papers mentioned above
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(cf. Figure 1.15) and by a comparative study by Kim [257]. Ultimately, a
short overview on semi-discrete approaches is presented.

Hypoelastic approaches. These approaches relate the rate-of- defor-
mation to the stress rate and is defined for the physically linear case
by [254]

σ▽ = C : D, (1.2)

where σ▽ represents an objective rate of the Cauchy stress σ, D the rate-
of-deformation tensor and C the fourth-order elasticity tensor [48, 49].
The introduction of an conventionally objective stress-rate, as for exam-
ple Green-Naghdi-rate or Jaumann-rate, implies that an orthogonal fixed
frame (cf. Figure 1.18, {e1, e2}) is introduced. An incremental time inte-
gration as presented by Hughes and Winget [258] enables a hypoelastic
formulation of constitutive equations with respect to the current defor-
mation according to

σn+1 = σn + △σn+1 with △σn+1 = C : △εn+1. (1.3)

Here, △εn+1 is the logarithmic strain increment within an according
time step n. As illustrated in Figure 1.18, hypoelastic models need to
be formulated in accordance with the current principal material direc-
tions. Incremental stress calculation needs therefore to be performed
within a non-orthogonal frame [90]. As demonstrated by Dörr [49] or
Williams [103], the latter can be achieved by introducing an additional
fibre-parallel frame as illustrated in Figure 1.19. Utilizing the normalized
right stretch tensor U∗

ij , a mapping between the Green-Naghdi’s frame
{ei} and a normalized co- {g∗

i } and contravariant {g∗i} non-orthogonal
frame can be achieved according to [48, 49]

ei = U∗⊤
ij g∗j and g∗

i = U∗
ijej with U∗⊤

ij =
1

||gi||
Uij . (1.4)
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Figure 1.19: Schematic illustration of the transformations in the current configuration B1
between Green-Naghdi’s frame {ei} and the covariant {gi} and contravariant
{gi} fibre parallel frame [49].

The orthogonality condition of co- and contravariant base is satisfied by
gi · gj = δi

j . Doing so enables to formulate Equation 1.3 with respect to
a non-orthogonal fibre-parallel frame via incremental stress summation
within the current configuration [49]

[t+dt∆σe]{g∗
i

⊗g∗
j

} = [C]{g∗
i

⊗g∗
j

⊗g∗
k

⊗g∗
l

} : [t+dt∆ε]{g∗k⊗g∗l}, (1.5)

This implicates an inherent path dependency of such a material for-
mulation, that can be problematic for non-monotonous, physical non-
linear deformations. Following this approach, hypoelastic and hypo-
viscoelastic models have been successfully applied for engineering tex-
tiles [90,259–261], thermoplastic organosheets [86,262] and UD-tapes [48].

Hyperelastic approaches. A second, common approach to formulate
the constitutive material behaviour for large deformations is based on a
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stored strain energy function ψ (potential), from which the second Piola-
Kirchhoff stress tensor S can be derived by derivations according to [254]

S = 2
∂ψ(C)
∂C

. (1.6)

Here, C is the right Cauchy-Green tensor. The energy functionψ can also
be expressed by a set of invariants Ii of the left or right Cauchy-Green
tensor [263]

S = 2
N∑

i=1

(
∂ψ

∂Ii

∂Ii

∂C

)
. (1.7)

For material modelling, a St. Venant-Kirchhoff material model is widely
applied [254]. It yields a physically linear relation between the second
Piola-Kirchhoff stress tensor S and the Green-Lagrange strain E

S = C : E, (1.8)

based on the fourth order elasticity tensor C. The elegance of this ap-
proach originates from the fact that the second Piola-Kirchhoff stress
provides the work conjugate to the Green-Lagrange strain with respect to
the initial undeformed configuration B0. Thus, in contrast to a hypoel-
astic formulation, hyperelastic constitutive equations can be formulated
with respect to the reference configuration. This is beneficial because
the principal material orientations can be aligned with the Cartesian base
vectors, leading to an intrinsical consideration of the fibre reorientation
during large shear deformation [49,103]. Additionally, S (cf. equation 1.8)
can be directly mapped to the current, non-orthogonal configuration B1
by [254]

τ = F · S · F⊤ and σ =
1
J1

τ with J1 = det(F ), (1.9)
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where F is the deformation gradient, τ the Kirchhoff and σ the Cauchy
stress (cf. Figure 1.20). Another advantage compared to hypoelastic for-
mulations is the path and time step independence, as the stored internal
energy solely depends on the total deformation ψ = ψ(F ) [254].

Figure 1.20: Schematic illustration of the definition of the metric and stress tensors as map-
ping between the covariant initial B0 and covariant current B1 and the ac-
cording contravariant configurations B∗

0 and B∗
1 [49].

Consequently, hyperelastic material formulations are widely applied in
forming simulation [217]. Strain-based definitions (cf. equation 1.6) have
been among the first utilized by Thije et al. [264] and Haanappel et al. [85]
for thermoforming simulation. Rate-dependency of the pre-impregnated
material can be introduced via an isotropic, linear or non-linear Voigt-
Kelvin approach, where the viscous part is addressed by a Cross model
[265]. Dörr [49,114] applies a hyperviscoelastic material formulation within
a physically decomposed user element, which captures both viscoelastic
membrane and bending behaviour. Moreover, he introduces a non-linear
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generalized Maxwell approach to model the viscoelastic behaviour during
thermoplastic UD tape forming more accurately.

Beyond that, several invariant approaches are present in literature (cf. Fig-
ure 1.6). The first approaches have been presented by Aimène et al. [266],
Peng et al. [267] and Dridi et al. [268] for woven fabrics. Gong et al. [269]
have introduced tension-shear-coupling via coupled dependencies of the
invariants. Peng et al. [270] and Gong et al. [271] have presented modifi-
cations of their approaches for woven fabrics, which special emphasis on
prepregs and organosheets.

Figure 1.21: Macroscopic deformation modes of an interlock reinforcement | (a,b) in-plane
stretches; (c) Transverse Compaction; (d) in-plane shear; (e,f) transverse shear
[272].

Using additional invariants for compaction and out-of-plane shear (cf. Fig-
ure 1.21) an expansion to three dimensions is possible [249,273]. Guzman-
Maldonado et al. [28, 82] have introduced thermo-mechanical behaviour
to this 3D approach to simulate the thermoforming process.

Recent work by Denis et al. [274] captured dissipative effects during
non-monotonous shear-deformation, which is usually neglected in the
macroscopic simulation approaches, but yet experimentally observed for
decades [132].

42



1.2 State of the art

Generalized continua approaches. Another promising approach fo-
cuses on second order gradient approaches [249]. Despite solely using
a first-order energy potential ψI, the authors propose to introduce addi-
tional terms based on a second-order energy potential ψII, which can be
expressed as [275]

ψ(C, grad(C)) = ψI(C) + ψII(grad(C)). (1.10)

Here, the second-order energy potential ψII is formulated via spatial
derivatives of the Right Cauchy-Green deformation tensor C. Using
this approach, the in-plane shear transition zones of the BET have been
successfully modelled for the first time with a macroscopic approach
[229,230,275] as such approaches allow to capture in-plane bending stiff-
ness. Moreover, local in- and out-of-plane bending of thick interlock
fabrics during three-point bending tests are modelled using kinematic
measures for the second-order energy potential ψII [249, 272, 275]. As
Dörr [49] points out, for thin reinforcements, the common approach to
account for membrane and bending behaviour in a decoupled fashion re-
sembles the introduction of a second-order energy potential in the case of
out-of-plane bending, because it allows for an independently formulated
strain energy potential based on the kinematic measure of curvature. An
application of such a second gradient approach to forming simulation is
for example provided by Barbagallo et al. [276]. In any case, the promis-
ing goal to consider mesoscopic effects on macroscopic scale demands
for further research.

Semi-discrete approaches. Finally, an intermediate approach can be
applied, which can be referred to as Semi-discrete approaches [49,88]. Based
on a decomposition of an element into unit cell representation and com-
bined contribution to the constitutive equitation of each cell, the vir-
tual work can be formulated based on yarn tension and shear deforma-
tion [277, 278]. Initially presented by Boisse et al. [279], Hamila et al.
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[277] have introduced out-of-plane bending stiffness. Several adaptations
of this approach for woven engineering fabrics [246, 280], thermoplastic
prepregs [123, 281] and biaxial NCF [109] have been proposed in litera-
ture [23, 88].

1.2.5 Mould-filling simulation

Mould-filling simulations at macro-scale aim to model the injection of
large complex structures. As a consequence of the mould-filling related
mechanisms introduced in Figure 1.11, this implies modelling the porous
media throughflow and possible superficial fluid domains. The former
requires consideration in all LCM process, including WCM, as a void-
free, homogenous infiltration of the stack is desired for the final part [26].
For WCM, superficial fluid is normally avoided via spreading distributed
resin application, pre-heating of stack and resin, and suitable impregna-
tion times before processing [9, 69]. It is avoided because it reduces pro-
cess robustness and favours process defects such as FiFD. Hence, the rel-
evance and occurrence of superficial flows depend on applied process pa-
rameters and the complexity of the part geometry [73]. Similar to porous
media flow, modelling heat tranfer and isothermal or non-isothermal cur-
ing is important for all LCM processes [21]. Similar applies to residual
strain-induced warpage [18].

Like draping, mould-filling must be treated as a multi-scale phenomenon
(cf. Figure 1.12). Flow progression between and around the filaments of a
roving refers to the micro-scale. A meso-scale view is adopted when a rov-
ing’s filaments are considered a homogenous porous medium surrounded
by fluid. Similar to draping, these two views are usually solely applied for
the development of analytical or empirical equations e.g. Gebart model
[180] or virtual material characterization using representative unit cells
[282–286]. Similar to forming simulation, only macroscopic approaches
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can be solved efficient enough to describe industrial-scale part dimen-
sions [2]. Following the scope of this work, this section focuses on macro-
scopic modelling.

In the following sections, first the governing equations are outlined (cf.
Section 1.2.5.1). In Section 1.2.5.2, their numerical implementation and
different discretisation strategies are described based on the individual
requirements of relevant processes. Eventually, a brief introduction on
modelling Fluid-Structure-Interaction (FSI) in mould-filling is presented
(cf. Section 1.2.5.3).

1.2.5.1 Governing equations

The two governing equations for compressible fluids are mass and mo-
mentum conservation. The angular momentum balance is intrinsically
satisfied by the symmetry of the stress tensor. Both mass and momen-
tum equation relate a change of mass or momentum within a considered
volume to a possible flux of these quantities over the control volumes’
surfaces [287]. Assuming an incompressible and Newtonian fluid allows
for further simplification and assumptions. For mass conservation, in-
compressibility yields a divergence-free control volume (CV) according
to

∂ρ

∂t
+ div (ρv) = 0 −−−−−→

ρ=const.
div (v) = 0, (1.11)

where the fluid density is denoted by ρ and the velocity vector by v. Con-
servation of momentum in differential form is given by

∂(ρv)
∂t

+ div ((ρv) ⊗ v) = −grad (p) + div (τ ) + ρf , (1.12)

where τ represents the viscous friction tensor, p the isotropic pressure
and ρf = ρg+s are external body forces (e.g. gravity vector g or a source
s). From left to right, the first term of Equation 1.12 refers to the change
of momentum over time in a fixed material frame, whereas the second
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term accounts for in- and outflow of the control volume (convection). The
third and fourth term account for normal and shear forces respectively
originating from fluid pressure and friction acting on the control volume
(CV).

For an isotropic Newtonian fluid, the scalar shear forces τ = ηγ̇ are ex-
pressed based on the scalar share rate

γ̇eq =
√

2Ddev : Ddev, (1.13)

which can be calculated based on the deviatoric part of the strain rate
tensor according to

Ddev = D − D◦ with D◦ =
1
3tr (D) I, (1.14)

where I is the second order unit tensor and the strain rate tensor is ex-
pressed according to

D =
1
2
(
grad(v) + grad

(
v⊤)) . (1.15)

While resin is injected or redistributed, low Reynolds numbers Re ≤ 1
are present, which allows to neglect inertia effects (div ((ρv) ⊗ v) → 0)
compared to internal friction. Furthermore, quasi-stationary state can be
assumed (∂(ρv)/∂t → 0). Moreover, an external body force s → 0 can be
neglected, as solely gravity needs to be taken into account. This leads to
the widely applied Stokes equation [21]

0 = −grad(p) + η div (grad(v)) + ρg, (1.16)

which, when integrated over a homogenised porous CV, yields the Brink-
man equation

0 = −grad(p) + η div (grad(ṽ)) − ηK−1vD + ρg. (1.17)
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Here, a volume-averaged velocity vD = φvf is introduced to account for
the fibre volume (porosity φ = (1 − ϕ)) in the porous medium. This in-
troduces the permeability K of the porous medium. Further, viscous
forces are usually neglected as the permeability values are very small
(η div(ṽ) → 0).

Ultimately, this leads to the well-known and frequently applied Darcy
equation [167]

vD = −
K

η φ
(grad (p) − ρg) (1.18)

for a flow of an incompressible Newtonian fluid through a porous medium.
For RTM, the pressure gradients dominate Equation 1.18 – gravity can be
neglected [19, 288]. In case of VARI or WCM body forces due to gravity
need to be accounted [9, 73].

During mould-filling, saturated S = 1 and unsaturated flow 0 ≤ S < 1
domains are present and interconnected by the current flow front posi-
tion. Darcy’s law can be combined with mass conservation and rewritten
using a point-wise defined saturation between S = 0 (dry, flow front) and
S = 1 (saturated domain), which is known as Richard’s law

∂S(t)
∂t

= div

(
−
K(S, ϕ)

η
grad (p)

)
. (1.19)

To solve these partial non-linear differential equations, three typical
boundary conditions can be prescribed to the edges of the control vol-
ume [287]. Dirichlet conditions impose fixed values such as a prede-
fined inlet pressure or velocity. In contrast, Neumann conditions impose
gradient-based conditions for pressure or velocity. A rather rarely used
superposition of both types is termed as Robin condition [21].
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1.2.5.2 Numerical approaches

The numerical implementation of these equations for mould-filling ap-
plications has been studied extensively within the last 30 years, mainly
focused on injection during VARI or RTM processes [2,19,21,61]. For the
latter, simulation models based on anisotropic porous medium through-
flow have been state-of-the-art for many decades and part of several com-
mercial software codes [19,34,289–291]. Moreover, consideration of non-
isothermal flows and reactive flows is important to determine the fluid’s
viscosity and thus the resulting fluid progression and mould pressure
[32, 65, 66, 292].

The capabilities of the models strongly depend on their intended field
of application and the amount of deformation captured by the approach.
Accordingly, several modelling and discretisation strategies and solving
techniques have been proposed in literature. They range from Finite Vol-
ume (FV) [32, 39, 293] to Finite Differences (FD) [294] techniques. More-
over, conforming [289–291] and non-conforming [19, 34] FE-based for-
mulations with additional control volumes (FE/CV) [290, 295–298] to ac-
count for mass conservation and interface flows are adopted. Coupled
approaches using discrete interfaces such as the Eulerian-Lagrangian-
Methods (CEL) [299, 300] are applied.

Using FV-based formulations is beneficial because it allows for straight-
forward integration of the equations over the cell volume [293]. More-
over, mass conservation is ensured intrinsically because interface flows
are determined based on the cell centre values of the elements on both
sides – thus ensuring matching interface values. A 1D compaction can
be modelled using a moving mesh, as has been demonstrated by Seuffert
et al. [39]. This can enable the modelling of the CRTM process for mi-
nor challenging geometries. Although rather exceptional, FV-based for-
mulations can be used for solid mechanics, including large deformations
as Cardiff et al. [293] have demonstrated using a Lagrangian cell-centred
FV solution methodology for the simulation of metal forming processes.
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Mould-filling or simultaneous fluid progression has not been addressed
in Cardiff’s work.

However, most of the proposed models utilise FE-based formulations of
the Navier-Stokes equation [301], Stoke’s equation [296, 302], Brinkman’s
equation [303] or Darcy’s equation [289, 290, 295]. Following the conven-
tional FEM approach, the equations are implemented in their weak form
[254] using element shape functions for spatial discretisation and a dis-
tinct number of integration points. Although providing challenges in
terms of mass conservation [295, 304, 305], these formulations allow for
a simulation of the direct coupling between fluid progression and solid
mechanics during large deformations [61, 299, 306, 307].

Implicit time integration schemes are usually applied to achieve an un-
conditionally stable solution for the fluid velocity and pressure field [61].
Nonetheless, the models that have been proposed in literature are not
able to account for sufficiently large deformations and relative slip be-
tween the layers as required for draping. Hence, no direct adaption of
any of the existing mould-filling model to account for WCM process mod-
elling is feasible.

Flow front reconstruction. Regardless of whether single-phase (only
fluid) or multiphase (air+fluid) flows are modelled [308], a transient re-
construction of the current flow front position is required in each time
step [309], often referred to as Moving-Boundary-Problem. To overcome
this difficulty without remeshing, methods like for example the Volume-
of-Fluid (VoF) approach are used [309–311] (cf. Figure 1.22).

To reconstruct or numerically approximate the interface within the cells
around the flow front, a transient level set function Φset ∈ [0, 1] can be
introduced (cf. Figure 1.22 (b)). Similar to the saturation S in Richard’s
law (cf. Equation 1.19), the level set function indicates the ratio between
pure fluid and air (void).
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(a) (b) (c)

Figure 1.22: Illustration of the VoF method [311] | (a) Linear gas-fluid interface reconstruc-
tion; (b) Isolines around the interface; (c) Resulting cell-based saturation.

Porous interface coupling. A suitable coupling between porous through-
flow and superficial pure fluid regions provides challenges in terms of
modelling, even without deformation of the porous medium (cf. Fig-
ure 1.23). This applies in particular to a gap flow in CRTM [39], as well
as to other LCM processes such as VARI and WCM [26, 88, 307] (cf. Fig-
ure 1.23 (a)). As outlined in Figure 1.23 (b), Stokes flow (cf. Equation 1.16)
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Figure 1.23: Porous interface coupling | (a) Schematic view cut of possible flow progression
during mould closure in WCM; (b) 1D illustration of the velocity profile in
superficial and porous domain (expansion based on [312]).

is usually assumed for the superficial (fluid) domain ΘS, whereas Darcy’s
law (cf. Equation 1.18) is utilized to model the flow through the porous
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domain ΘD [313]. As both equations are different systems of partial dif-
ferential equations, it has not yet been completely clarified what kind of
conditions should be imposed at the interface Γporous. Moreover, it is not
yet clear whether a strict interface can account for the, in reality, hetero-
geneous transition zone between pure fluid and porous domain. [312]. For
example, experiments using 1D flow channels with porous media inserts
have revealed that the straightforward approach of ensuring continuity
of mass flow (velocity) and pressure (stress) at the interface, as illustrated
in 1.23 (b), provides a rather bad prediction [312].

Consequently, several different approaches have been proposed within
the last decades as this provides a general issue in many engineering
fields. Levy et al. [314] suggest to distinguishes between near-parallel
and near-normal flow scenarios, which enables further assumption at the
interface. The Beavers-Joseph interface condition [315] introduces a tan-
gential slip coefficient αΓporous at the interface. Saffman [316] modifies
these conditions by proposing a proportional relationship between shear
stress and tangential velocity at the interface. The resulting Beavers-
Joseph-Saffman (BJS) condition is frequently applied and provides a good
comparison with experimental results [317]. Recently, Le Bars and Worsters
[318] have introduced a viscous transition zone to the interface, which al-
lows adjusting the interface Γporous in normal direction.

So far, the only 3D applications of a fully-coupled Stokes-Darcy model can
be found in the field of VARI simulation [299, 307, 319]. In all cases the
BJS interface condition is imposed at the interface, which implies mass
conservation and continuity of stress (pressure) at the interface Γporous =
ΘS ∩ΘD according to [307]

vS · nS = vD · nD with nS = −nD (1.20)

2n · D(vS) · t =
− αΓporous√

tr (K)
(vS − vD) · t (1.21)

pS = pD. (1.22)
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Here, n donates the outward normal vector of the interface between both
domains [ΘS, ΘD], t the unit tangential interface vector, D the Eulerian
strain-rate (cf. Equation 1.15) associated with the Stokes’ velocity field
and K is the permeability of the porous medium. The drag coefficient
αΓporous controls the tangential velocity discontinuity at the interface.

Dereims et al. [307] have implemented in an implicit, iteratively coupled
code using FE/CV within a mini-element formulation, to introduce solid
mechanics, fluid-structure-interaction and finite strain of the porous me-
dia to the simulation of a stiffened panel. Although they provide a good
prediction for the thickness variation during VARI, the model cannot be
applied for draping-like deformations occurring during WCM.

1.2.5.3 Fluid-Structure-Interaction

Whenever fluid is injected into the completely (RTM) or partly closed
mould (CRTM), it imposes drag forces on the porous medium [71,313,320,
321]. This means, spatial velocity and pressure changes impose forces on
the fibre bed. As Tucker [322] and Pillai [187] have illustrated (cf. Equation
1.24), three terms contribute to the total fluid-solid-interaction

fT = fd + fg + fp (1.23)

with

fd = φηK−1 (vf − vs) and fp = −grad (φ) p, (1.24)

namely viscous fluid drag forces fd, gravity-induced pressure gradients
fg and fluid pressure (from drag) fp. These forces are volume-averaged
[N/mm3] and act on the porous medium. Viscous drag is dominated by
the relative velocity of fluid and solid, whereas the gradient of porosity
governs the form drag. In LCM processes, gravity-induced drag fg can
be neglected as the pressure due to injection or compaction is usually
significantly higher [59, 147]. Similarly, form drag fp can mostly be ne-
glected as porosity gradients are in most cases low compared to in-plane
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pressure gradients [grad (φ) ≪ grad (p)]. Yet, strong local flow-induced
displacements can contradict this assumption [59] as this results in in-
creased porosity gradients.

It is commonly distinguished between weak and strong FSI. The term
’weak’ refers to a one-sided coupling, whereas ’strong’ FSI implies a both-
sided coupling between fluid pressure and deformation, each directly af-
fecting the other. FSI has several practical implications for CoFRP com-
posite processing as Figure 1.24 illustrates. Recently, Hautefeuille et al.

(a) (b)

Normal pressure

Fiber

Fiber Resin flow
flow

bending

Figure 1.24: FSI-related effects during processing | (a) Fibre washout during HP-RTM [57];
(b) FiFD during transverse compaction [323].

[59,147] and Bodaghi et al. [58] have demonstrated the ongoing relevance
and challenges regarding a proper process control to prevent FiFD during
RTM. As illustrated in Figure 1.24 (a), the equilibrium between resin flow-
induced drag and in-mould stiffness of the fabric determines whether the
stack is being infiltrated or shifted. Normal forces and frictional condi-
tions in the dry (xd) and wet (xd) domain inside the mould are of high
relevance. Seong et al. [60] have demonstrated by experiments that two
types of deformations must be distinguished. A local flow-induced de-
formation is expected when flow forces exceed the in-mould stiffnesses
of the material and frictional forces are sufficiently high. In contrast, a
global (rigid body) sliding of the reinforcement is triggered when the flow
forces exceed the frictional forces at the interfaces.

During RTM injection, relatively high injection pressure values are ex-
pectable (> 20 bar). However, similar challenges also arise during other
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LCM processes (e.g. WCM) and especially during compaction of wholly
or partly infiltrated fibre beds (cf. Figure 1.24(b)). As Hautefeuille et al.
[59,147] have demonstrated for compaction of a completely saturated UD-
NCF material, macroscopic FiFD of several centimetres can arise when
there is an increase of viscosity due to an onset of curing or when a high
compaction rates are applied. Moreover, they demonstrate the strong in-
terdependency between a local in-plane deformation, which increases the
permeability, and a resulting global pressure drop in the specimen. They
show that a reliable calculation of the pressure field must account for local
changes of FVC and permeability [59]. Hence, approximations based on
a homogeneously defined permeability may only be applied to the point
before local compaction, or flow-induced displacement within the stack
occurs.

Analytical solutions are limited to 1D scenarios [321]. One example is, the
model to predict fibre-washout during RTM developed by Bodaghi et al.
[57] (cf. Figure 1.24 (a)). Generally, the complexity and non-linearity of the
mechanisms inhibit a suitable analytical assessment for manufacturing-
related cases. Hence, most models that consider strong FSI use Terzaghi’s
effective stress approach [321], usually based on FE/CV formulations [61,
290, 299, 307].

For WCM, FSI is of particularly high importance since draping and infil-
tration occur simultaneously. During draping and compaction, relatively
high fluid pressure may occur in some saturated areas of the mould before
the stack is properly constrained. Hence, suitable modelling of these ef-
fects to support process design is desired. From the presented literature
survey, it is concluded that a FE/CV approach seems most promising.
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1.3 Objectives

Given the literature survey in Section 1.2, the majority of recent research
focuses on experimental studies in the context of WCM. They consis-
tently reveal a strong interaction between forming and mould-filling dur-
ing processing. Nonetheless, a comprehensive process analysis based on
the physical mechanisms has not been proposed. In several studies, solely
the indirect relationship between process parameters and obtained re-
sult on part level is investigated [11, 72, 73]. In other studies, infiltration

S 1 2 E3

Objective 1 Objective 2

Figure 1.25: Direct WCM process route (cf. Figure 1.4) | Objectives 1: Physics-based pro-
cess analysis; Objective 2: Development of a macroscopic process model.

and the presence of fluids are completely or partially neglected [69, 324].
Moreover, no suitable material characterisation methods for low-viscous
infiltrated engineering textiles have been presented in literature so far.

Beyond that, numerical methods to account for simultaneous draping and
infiltration are non-existent for WCM [9,72,75]. Although several promis-
ing models and concepts are proposed in literature for forming [17,88] and
mould-filling [2,21] simulation, none of the proposed models in literature
can be adapted to WCM.

Given these challenges, the following two main objectives of this thesis
are derived for direct WCM (cf. Figure 1.25):
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Objective 1. Systematic analysis of the interrelated material behaviour
of textile and fluid during WCM processing with special emphasis on
a comprehensive, physics-based understanding of significant mecha-
nisms and their interdependencies to ultimately enable process mod-
elling.

Objective 2. Development and validation of a macroscopic WCM pro-
cess simulation model, allowing for a simultaneous description of drap-
ing and fluid progression under consideration of process boundary con-
ditions.

Delimitation. This work focuses on the interaction between draping and
infiltration under processing conditions. Although important, heat trans-
fer and curing are neglected during experiments, material characteri-
sation and modelling in this thesis. Moreover, implementation of heat
transfer and curing require on a suitable process simulation model of
WCM, which is first developed in this work.

1.4 Outline

A comprehensive process analysis is conducted in Chapter 2. Motivated
and illustrated via experimental trials using a double dome geometry with
transparent tooling, key process mechanism are identified and structured
in Section 2.2. Moreover, three process phases during mould closure are
proposed to illustrate the relevance of the identified requirements for
process simulation. These are subsequently summarised in Section 2.3.

Chapter 3 is solely dedicated to the material characterisation, modelling
and evaluation of the viscous draping of a woven fabric during processing.
This includes the macroscopic deformation mechanisms for membrane,
bending and inter-ply behaviour in dry and infiltrated state, as well as an
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application to a complex demonstrator geometry (cf. Section 3.4). Apart
from the infiltrated material’s viscosity, fluid progression and pressure are
neglected in this chapter. Finally, the results are concluded and discussed
in Section 3.5.

Chapter 4 describes the path towards a macroscopic simulation approach
that can predict fluid progression during moulding. A forming-driven
strategy is proposed based on superimposed user elements and additional
control volumes (FV/CV). First, its general suitability is demonstrated via
an expansion of a conventional draping model (superimposed membrane
+ shell elements) with a superimposed 2D fluid progression element based
on Darcy’s law (DPE2D). In Section 4.3 a 3D and fully-coupled expansion
of both draping and fluid progression model (DPE3D) is presented and
validated using the double dome trials with woven fabric. The fluid drag
is not considered in this chapter (weak FSI).

Using the verified model, its suitability to prediction FiFD is investigated
in Chapter 5. Therefore, the process model is parametrised to describe
a anisotropic unidirectional NCF. Experimental trials are conducted to
adapt the membrane, bending, compaction behaviour and the permeabil-
ity tensor (cf. Section 5.2). Viscous compaction trials are conducted to
verify the implemented strong FSI (cf. Section 5.3.3). A parametric study
highlights the importance of a suitable contact formulation and its cou-
pling to the current flow front position (cf. Section 5.3.4). Moreover, a
comparison with experimental results from literature is given in Section
5.3.5.

Finally, a summary of the obtained results is presented in Chapter 6 fol-
lowed by possible further steps towards a comprehensive WCM process
model are proposed based on the combined advantages and current lim-
itations of the presented model.
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1.5 Investigated materials

Two different non-bindered materials are investigated in this work. A
plane weave carbon fabric (cf. Figure 1.26) and a unidirectional carbon
NCF (cf. Figure 1.27).

Figure 1.26: Woven
fabric.

Woven fabric. For the majority of the tests,
a balanced 12K plane weave carbon fabric
(T700SC-12K-50C by Zoltek) is used. This ap-
plies to the systematic analysis of viscous drap-
ing mechanism (cf. Section 3) and the develop-
ment of a two- and 3D process simulation model
in Section 4. Its areal weight is wA,0 = 330 ±
10 g/m2 and roving width is 5.0 ± 0.5 mm, while initial spacing measures
2.0 ± 0.3 mm.

Figure 1.27: UD-NCF.

UD-NCF. A non-crimped fabric containing
unidirectional Zoltek fibres (Panex PX35) is
used in Section 5 as it more affected by FiFD
due low yarn stiffness in perpendicular direc-
tion. The areal weight of this material is wA,0 =
333±10 g/m2 and the initial thickness of a single
ply measures 0.5 ± 0.2 mm with a roving width
of 5.0 ± 0.2 mm. The non-bindered carbon fibres are intertwined using
polyester yarn with tricot stitch (cf. Figure 1.27).

Silicone oil. Silicone oils (QuaxGmbH, Otzberg, Germany) with differ-
ent but constant viscosities are applied during all trials to avoid additional
uncertainties due to non-isothermal curing effects. The investigated vis-
cosity range of 20−250 mPas is chosen according to typical process limits.
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Abstract

This chapter focuses on the physical mechanisms during WCM. Experimen-
tal trials on a double dome geometry with transparent tooling are presented,
which allow for in-situ visualisation of the flow progression during moulding.
The experiments demonstrate a strong mutual dependency between draping
and mould-filling. Furthermore, a comparison between a woven fabric and
UD-NCF material highlights a decisive impact of transversal permeability for
the final resin distribution within the stack.
A systematic structuring of the identified mechanisms during processing
based on available literature and own experimental results is proposed. By
taking a modelling perspective, four interacting and complementary areas
of physical mechanisms are identified. The first area addresses the viscous
draping of the partly infiltrated stack. A suitable FE-based forming simula-
tion approach is required, which addresses membrane, bending, compaction
and contact behaviour for large deformations. Furthermore, the second area
of physical mechanisms concerns fluid progression. For this, a suitable fluid
submodel must predict the simultaneous fluid progression during moulding.
An FE/CV-based approach for this submodel seems to be well suited consid-
ering large deformations. The coupling of both submodels further enables
addressing the third area of mechanisms, namely FSI-based effects such as
flow-induced fibre displacement. Moreover, heat transfer and curing are im-
portant to predict the local viscosity of the resin (fourth area). Since these four
areas of physical mechanisms are not equally relevant during mould closure,
process phases (draping-, coupled- and fluid-phase) are proposed to investi-
gate the requirements for process simulation. These are summarised at the
end of this chapter.
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This chapter focuses on the physical mechanisms during WCM. Based
on this analysis, it aims to identify key requirements for process simula-
tion. In Section 2.1, experimental trials using a transparent double dome
geometry are conducted for an in-depth investigation of the interactions
between draping and mould-filling. Four areas of interrelated physical
mechanism are identified (cf. Section 2.2) by combining the experimental
results with the discussed literature. Finally, the findings are concluded
by summarising the key requirements for process simulation (cf. Section
2.3). Although this chapter mainly focuses on a woven fabric (WF) mate-
rial, additional trials are conducted with a uni-directional non-crimped
(UD-NCF) fabric to investigate the impact of the significantly lower per-
meability in thickness direction.

2.1 Experiments with transparent tooling1

Experimental trials on a double dome-shaped geometry are conducted
to understand the interaction between stack deformation and infiltration
in WCM processes. To enable an optical tracking of the fluid progres-
sion, a transparent tooling as shown in Figure 2.1 is used. All trials are
conducted in cooperation with the Fraunhofer ICT (Pfinztal, Germany).
The tool was manufactured by Pelz TechnikGmbH in Heilbronn (Ger-
many). The tool dimensions are outlined in Figure 2.1 (b). An electron-
ically controllable actuator with integrated position control (EMMS-AS-
140-L-HS-RSB motor combined with ESBF-BS-100-400-5P cylinder by
Festo) is used for a path-controlled closing. A circumferential blank
holder is included in the upper mould. Fluid progression is tracked by
two cameras, filming from above (Camera 1) and the bottom side using a
45◦ mirror (Camera 2).

1 Section 2.1 contains extracts of: C. Poppe, F. Albrecht, C. Krauß, L. Kärger: A 3D process
simulation model for wet compression moulding, Composites Part A, 145:106379, 2021 [137].
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Detailed

Electronic
actuator

Camera 2

Camera 1

Mirror

(a) (b)

492 mm400 mm

210 mm

295 mm

75 mm60 mmFlange area
Side walls

Figure 2.1: (a) Setup of Double Dome trials with transparent tooling, (b) Tool dimensions
[137].

Experimental procedure. An undeformed four-ply stack [±45]4 of wo-
ven fabric is placed on the lower tool to conduct a trial. A distinct amount
of coloured silicon oil (120 ml) with constant viscosity is centrally applied
on the top layer. All trials are conducted using a closing profile with a total
duration of 4 s to close the cavity from 62 mm to 2 mm gap height. Dur-
ing the first two seconds, a constant closing speed of 25 mm/s is applied
which is reduced to 5 mm/s for another two seconds when a remaining
cavity gap of 12 mm is reached (cf. Table 2.1). Closing speed is reduced
towards the end of moulding [73]. Additional sealing is placed inside the
upper and lower tool to prevent leakage. The investigated configurations
are summarised in Table 2.1.

Table 2.1: Transparent double dome trials | Trial configurations.

Material η (mPas) Amount (ml) Soak time tsoak (s) Speed u̇T (mm/s)

WF 20 120 15 25 → 5
WF 200 120 30 25 → 5
UD-NCF 20 120 15 25 → 5
UD-NCF 100 120 30 25 → 5

61



2 Process analysis

Viscosity values are chosen to explore the processing limits. These lim-
its depend on the fabric’s permeability in thickness direction (K33), the
prior infiltrated area of the stack, the resins viscosity and the soaking
time before processing. Pre-trials and permeability measurements show
(cf. Table A.1), that the values for K33 of the UD-NCF are approximately
63 % lower (FVC of φ = 0.3), than the values obtained for the woven fab-
ric in uncompressed state. Moreover, an increase of K33 with decreasing
number of layers is observed for the woven fabric, caused by small gaps
between the crosspoints [325]. Therefore, a lower viscosity of 100 mPas is
used for the UD-NCF trials. To ensure reproducibility, a constant soak-
ing time of tsoak 15 s or 30 s in case of the trials with increased viscosity is
waited for before starting a test. The soaking times are selected to pro-
vide a comparable fluid spreading at the topside of the stack during all
trials. Each trial is conducted three times.

During the evaluation, captured video footage is optically corrected and
synchronized to the current remaining cavity height provided by the
cylinder position. Moreover, each ply’s initial and final (infiltrated) weight
is measured to estimate the final resin distribution within the stack. Since
no curing takes place, the final state is evaluated by separating the single
plies after draping. The stack absorbed between 77 − 83 % of the applied
fluid. Thus, some fluid remained within the lower tool.

Results. During mould closure, stack deformation and fluid distribu-
tion lead to noticeable differences between dry and viscous reaction
forces (cf. Figure 2.2). This difference to the dry forming forces increases
with decreasing cavity height. It is expected that the infiltrated deforma-
tion behaviour primarily causes the differences between 60 and 10 mm.
Significant fluid progression occurs mainly within the last 5 mm of tool
closure. In this final phase of moulding, the measured forces are higher
for the trials with a viscosity of 200 mPas mainly because the required
infiltration pressure increases along with the fluid’s viscosity. Moreover,
rate-depend reaction forces are observed for the pre-infiltrated trials (20
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and 200 mPas). In contrast to the dry reference, obtained reaction forces
decrease when the closing speed is reduced from 25 to 5 mm/s.
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Figure 2.2: Reaction forces for dry and viscous forming of the woven fabric material using
the double dome geometry with transparent tooling [137].

The results in terms of fluid progression during processing of woven fab-
ric material are shown in Figure 2.3. Trials using a low-viscous oil are
presented in the top row. The bottom row displays the results of the
high-viscous oil trials. In both cases, pictures at discrete, remaining cav-
ity heights (50 - 2 mm) indicated by the numbers (1) to (6) are presented.
All images are subdivided into a top and bottom view to directly assess
the infiltration in thicknesses direction.

The low-viscous fluid application leads to pronounced leaking (drops) in
thickness direction before mould closure, as for example indicated in the
top left picture (1). This is further intensified by small gaps within the
four-ply stack, which facilitates gravity-induced infiltration of the fluid
in the thickness direction. As can be seen, by following the pictures from
left to right, this also results in a homogenous infiltration of the stack, as
the flow front in the top and bottom plies progress quite similarly. This is
illustrated, for example, by the top pictures (3) and (4), which show cavity
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Figure 2.3: Flow front progression during viscous moulding for a four-ply woven fabric
stack at different remaining cavity heights using constant viscosities of 20 (top)
and 200 mPas (bottom). Photos are taken from the top and bottom sides during
moulding. Fluid dripping or tool curvature can prevent a determination of the
flow front position in some regions [137].

heights of 4 to 3 mm. Additionally, the homogeneity of the final infiltra-
tion state is reflected by the bar charts of the final infiltration-induced
weight increase of each ply for the fully closed mould, which is presented
in Figure 2.4 (a). Towards the end of the tool stroke (5,6), the additionally
accumulated fluid in the lower mould is forced back into the stack.

In contrast to the trials with the low-viscous fluid, the high viscosity of
200 mPas prevents leakage in thickness direction before moulding (cf.
Figure 2.3, bottom row). No fluid apart from first drops can be detected
at the bottom view until a cavity height of 4 mm is reached, as shown in
picture (4). Consequently, the stack is infiltrated mostly from top to bot-
tom, like images (3) to (6) show. Thus, the differences between the top and
bottom-sided fluid progression remain until the mould is almost closed
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(6). As the same amount of resin is applied, the observed fluid progression
is more superficial, as less fluid infiltrates in thickness direction.
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Figure 2.4: Comparison of final infiltration | Fluid weight per layer (T=Top, B=Bottom) in-
dicating the infiltration state for (a) woven fabric; (b) UD-NCF. A significant
inhomogeneity for the final resin distribution in thickness direction is only ob-
served for the UD-NCF trials, particularly for the high viscosity.

In this work, the term ’superficial flow’ describes the fluid progression
on the stack’s top side. This is additionally indicated by the intensity of
the green coloured matrix, which shows noticeable differences between
the low and high viscosity for cavity heights ≥ 3 mm. Moreover, the first
infiltrated regions within the bottom ply arise at the side walls (cf. Figure
2.1 (b)) where the largest deformations occur and not within the mostly
undeformed centre.

Although the final infiltration state does not differ significantly between
both viscosities (cf. Figure 2.4 (a)), the infiltration path is considerably
different and the infiltration remains more superficial for the 200 mPas
trials. This is reasonable because through-the-thickness flow increases
with viscosity, favouring fluid spreading on top of the stack instead of
through it.
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Figure 2.5: Flow front progression during viscous moulding at different remaining cavity
heights with constant viscosities of 20 mPas (top) and 100 mPas (bottom) for a
four-ply stack of UD-NCF.

The fluid progression for the UD-NCF material is demonstrated in Figure
2.5. Although similarities in terms of fluid progression exist, the infiltra-
tion in thickness direction is significantly hindered. For both viscosities
(20 and 100 mPas), the fluid progresses mostly superficial and only to-
wards full mould closure infiltrates the bottom ply. In contrast to the
WF, a distinct inhomogeneous stack infiltration in thicknesses direction
is observed for the final state (cf. Figure 2.4 (b)).

Discussion. The experimental results give an insight into the physical
mechanisms during WCM. During moulding and compaction of the pre-
infiltrated stack, fluid redistribution (forced infiltration) and internal dis-
sipation (friction) within the superimposed fluid lead to increased mould-
ing forces (cf. Figure 2.2 (b)). Similar observations have been published for
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various liquid moulding processes [19,143,144,149]. Furthermore, the re-
sults demonstrate that increased reaction forces are only dominant within
the final 15 % of the tool stroke when first regions are completely satu-
rated and compaction becomes the dominant deformation mechanism.

Furthermore, stack deformations and fluid progression are interrelated.
First, the shape of the stack determines which part of the mould is cur-
rently occupied by the porous medium. Second, the permeability is di-
rectly affected by the local FVC. Consequently, local deformations are
important for fluid progression. The infiltration in thickness direction
demonstrates this, as the infiltration does not originate from the stack
centre but the deformed side wall regions (cf. Figure 2.3 (4)). It is as-
sumed that the stack deformations in this side walls cause this due to a
partial reorientation of the higher in-plane permeability componentsK11
and K22 (cf. Table A.1) in thickness direction.

Lower tool

gz

K11

K33 Single ply

Lower tool

gz

K11
K33 Single ply

Unit cell

Initial state B0 Current state B1

K33
K11

Upper tool

Figure 2.6: Comparison of a unit cell in initial B0 and current B1 deformation state, which
leads to increased permeability in thickness direction (gz ) due to reorientation
of the permeability tensor components K11 and K22.

This facilitates infiltration in this region as K11,22 > K33. At the same
time, minor shearing in the region cannot compensate this. Experimental
results further demonstrate that the resulting in-mould fluid progression
and final infiltration quality is strongly affected by the ratio of fluid vis-
cosity and stack permeability, especially in thickness direction. Although
this has been reported in literature [9,21,72], the experiments for the first
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time demonstrate the consequences of permeability and stack deforma-
tion for the resulting fluid progression on part level during WCM. For
the WF, permeability values in thickness direction for low compaction
states lead to a fairly homogenous final infiltration state for both inves-
tigated viscosities (cf. Figures 2.3 and 2.4 (a)). Yet, the fluid progresses
more superficial when a higher viscosity of 200 mPas is applied. In con-
trast, the low transversal permeability values of UD-NCF prevent a ho-
mogenous final saturation of the stack (cf. Figure 2.5 and 2.4 (b)) for both
applied viscosities. For UD-NCF, this results in a widespread infiltration
of the top side, whereas the bottom side remains almost dry. Processing
of UD-NCF would require increased soaking times before moulding and
reduced closing speeds.

Concluding the experimental results, it is demonstrated that draping and
infiltration do appear simultaneously. However, viscous draping (I) dom-
inates the overall results for a large part of the tool stroke, whereas infil-
tration does so towards the end of moulding (III). Three process phases
during mould can be identified as Figure 2.7 illustrates.

I

III. Fluid phaseII. Coupled phaseI. Draping phase

II III

Remaing tool stroke:

Forming Mould-filling

Process phases during moulding

Remaing tool stroke:Remaing tool stroke:
> 15 % 15 − 5 % < 5 %

Remaing tool stroke

Figure 2.7: WCM process phases | Viscous draping dominates the first part of the moulding
sequence. Coupled effects and fluid progression only dominate towards lower
cavity heights. The provided percentages are geometry-dependent.
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I. Draping phase. Within roughly 80− 85 % of the tool stroke, the partly
pre-infiltrated textile stack is formed. This ’draping phase’ is dominated
by the macroscopic draping mechanisms (cf. Figure 1.6). Fluid pressure
and drag forces remain low compared to forming forces. Due to gravity,
resin seeps into the deforming stack or is being redistributed superfi-
cially by contact with the tool. Curing, which is neglected in this trials,
is usually of minor importance as no large areal contact with the hot tool
surface has taken place yet.

II. Coupled phase. When compaction or superficial squeezing begins,
the pressure in the fluid raises in the already saturated regions of the
mould. This ’coupled phase’ is critical for FSI since the stack is not fully
constrained yet, but already locally exposed to increased fluid drag. Fluid
flow, superficial or within the stack, matters in this stage [9, 73]. For in-
dustrial applications, the superficial fluid is avoided wherever possible
for the sake of process robustness.

III. Fluid phase. Finally, a ’fluid phase’ is entered (remaining tool stroke
<5 %), which is dominated by infiltration effects such as flow through
porous media and, in trials with reactive matrix, curing. Here, draping
is almost completed, apart from compaction. This last phase resembles a
CRTM compressions step (cf. Section 1.2.1.3). As the process forces sig-
nificantly depend on the fluid pressure, FSI-related mechanisms remain
important.

Taking into account the outlined interactions and the high importance
of the draping mechanism during the three process phases, it seems ben-
eficial to follow a forming-driven approach.
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2.2 Physical mechanisms from a modelling
perspective

This section aims to cluster the relevant mechanisms during WCM to
support and enable process modelling. For this work, a modelling view-
point is taken. Identified mechanisms are structured by their physical
area and the way they may be virtually described. Hence, the occurring
mechanisms could also be clustered differently if, for example, a process
developer or part designer view would be taken. Given the outlined exper-
imental (cf. Section 2.1) and available results from the literature (cf. Sec-
tion 1.2), Figure 2.8 proposes a systematic ordering of the occurring mech-
anisms by introducing four relevant areas of physical mechanisms. Each
of them contains related mechanisms that should be addressed within a
comprehensive modelling approach. The quarters (Q1), (Q2) and (Q4) can
be investigated both individually or combined. Only FSI (Q3) requires
existing submodels for direct coupling of viscous draping and fluid pro-
gression.

1. Viscous draping. The first area of physical mechanisms contains
the viscous draping behaviour of the partly infiltrated textile stack. The
deformation mechanisms of the processed CoFRP (cf. Figure 1.6) need
to be addressed, both with experiments and numerical methods. These
are commonly separated into intra-ply and inter-ply mechanisms. The
intra-ply mechanisms address membrane, bending, and compaction be-
haviour, whereas the contact model captures the interfaces’ inter-ply be-
haviour. As outlined in Section 1.2.2, several characterisation setups for
each of the mechanisms have been proposed in literature. However, ex-
perimental characterisation of low-viscous infiltrated material states re-
quires modifications of existing setups.

Regarding modelling, an FE-based simulation model with an explicit time
integration scheme seems to be best suited for this area, given large defor-
mations and contact slip requirements. A large number of macroscopic
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Figure 2.8: Important areas of physical mechanisms for WCM modelling clustered into four
Quarters (Q1-4), taking a modelling perspective. The sequence is motivated by
the relevance and coupling of the mechanism during moulding.

forming models for engineering textiles and thermoforming has been
proposed in literature (cf. Section 1.2.4). As outlined, compaction is often
neglected by existing forming simulation models [249,251]. Nonetheless,
it has to be addressed by the WCM process modelling due to the inter-
action with fluid progression. Beginning with a conventional shell-based
approach, an expansion to capture out-of-plane compaction is desired.
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2 Process analysis

The infiltration state is best addressed in a homogenous manner using
viscoelastic material formulation.

2. Fluid-progression. The second area of physical mechanisms com-
prises the mould-filling-related mechanisms (cf. Figure 1.11). They are
also separate into intra-ply mechanisms, such as anisotropic fluid pro-
gression and thickness infiltration within the porous network, and inter-
ply mechanisms related to the interfaces between the plies and super-
ficial flows. The presented experimental results in Section 2.1 demon-
strate that infiltration takes place simultaneously during moulding and is
strongly affected by the local deformation state of the stack. Moreover,
infiltration in through-thickness direction has a significant affect on the
final infiltration state. This agrees with existing literature discussed in
Sections 1.2.1.3 and 1.2.3.

Modelling of the second quarter requires an coupled fluid submodel,
which takes the current state of deformation into account (weak FSI).
Since this submodel is subjected to large deformations, a FE/CV-based
formulation seems to be most promising given the existing literature (cf.
Section 1.2.5.2). In contrast to RTM mould-filling, the fluid pressure in
WCM is relatively low during most of the tool stroke. Consequently,
gravity needs to be taken into account. This implies a 3D formulation for
the fluid submodel to capture the experimentally observed infiltration in
thickness direction.

3. FSI. The third quarter in Figure 2.8 addresses process effects that
originate from the strong interaction between stack deformation (Q1) and
infiltration (Q2). This interaction is decisive for process effects, for exam-
ple increased moulding forces during pre-infiltrated compaction. More-
over, undesirable process defects, such as flow-induced fibre displace-
ment (FiFD) [59, 147] or mesoscopic fibre washing [58] from fluid drag
originate from strong FSI during processing (cf. Section 1.2.5.3).
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2.2 Physical mechanisms from a modelling perspective

Although this area might be a direct consequence of the combined first
ones, it is addressed as a separate area of mechanisms in this work. On
the one hand, modelling of strong FSI requires existing submodels for
viscous draping (Q1) and fluid progression (Q2). On the other hand, a
suitable coupling between both submodels needs to be implemented and
validated. Given the lack of a distinct interface between fluid and porous
medium at macro-scale, existing literature suggest implementing an ef-
fective stress approach based on Terzaghi’s law (cf. Section 1.2.5.3). One
more, this favours a superimposed FE/CV-based formulation for the fluid
submodel, as it allows for a combined response of draping and fluid sub-
model at the nodes of each element.

4. Non-isothermal curing. Finally, the last quarter contains the non-
isothermal curing of the resin system during and after moulding. This
includes heat transfer within the partly- and fully infiltrated stack, reac-
tion kinetics and rheology of the thermoset resin [18]. Leading to changes
in viscosity and residual stresses due to shrinkage or thermal expansion,
capturing this mechanism allow to consider the temperature-time cy-
cle during processing as well as possible related process effects such as
warpage (cf. Section 1.2.3.2).

From a modelling perspective, this area (Q4) expands the three already
introduced quarters by a temperature degree of freedom. In this regard,
heat transfer occurs within the viscous draping model and is affected by
the convective transport in the fluid model, e.g. relative fluid velocity. As
viscosity changes, it affects the stresses and pressure predicted in both
submodels, which implies FSI.
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2 Process analysis

2.3 Concluded requirements for process
simulation

On the basis of the experimental results in Section 2.1 and process analy-
sis in Sections 2.2, the following requirements for a macroscopic process
simulation for direct WCM are proposed:

1. Development of draping and fluid submodels that can be coupled
and solved simultaneously

2. The draping submodel provides the deformed shape of the porous
network by capturing the macroscopic deformation mechanisms
during large deformations, which includes:

2.1 Constitutive models for dry and pre-infiltrated intra-ply defor-
mation mechanisms, namely membrane and bending

2.2 Implementation of these constitutive equations into a FE-based
approach using an explicit time integration scheme to account
for large areal contact

2.3 Expansion of these approaches to a 3D element formulation
that allows for compaction during moulding

2.4 Implementation for a contact formulation for inter-ply mod-
elling between adjacent plies and between tools and plies

2.5 Suitable tool modelling including geometries and relevant pro-
cess boundary conditions, e.g. blank-holders or seals

3. Development and validation of a fluid submodel, describing the si-
multaneous fluid progression under consideration of the current
deformation state of the porous textile. This implies:

3.1 An FE/CV-based formulation of Stokes or Darcy’s law ensuring
mass conservation

3.2 Prediction of anisotropic fluid progression and the resulting
pressure distribution within the stack

3.3 Modelling of forced fluid redistribution during compaction
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2.3 Concluded requirements for process simulation

3.4 A method to account for fluid exchange at stack interfaces, in-
cluding the consideration of large slip at the interface.

3.5 An approach to model superficial fluid under consideration of
the tool cavity

4. Expansion of FSI by a strong coupling between the draping-related
material stresses and fluid-induced drag forces

5. Development of a heat transfer submodel, superimposed to the ex-
isting elements or directly embedded in one of the other submod-
els – Abaqus’s coupled thermo-mechanical analysis supports an
introduction of the temperature degree of freedom

6. Introduction of curing kinetics and rheology by suitable models to
enable viscosity, residual stresses and shrinkage predictions based
on the temperature evolution

7. Overall numerically efficient implementation allowing for coupling
of the submodels in a scalable manner
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3 Viscous draping

Abstract

This chapter is dedicated to the systematic experimental investigation and numerical
modelling of viscous draping behaviour of a pre-infiltrated woven fabric. A macroscopic
FE forming simulation model is adopted for modelling, which accounts for a predefined
infiltration state in a homogenised manner. Unlike other pre-impregnated materials,
e.g. thermoplastics, the viscosity values of the matrix material are significantly smaller
(20-250 mPas). This complicates the characterisation of pre-infiltrated textiles under
processing conditions. Thus, established characterisation methods require modifica-
tion. As for over 85 % of the tool stroke, the fluid pressure remains insignificant; it is
neglected in this chapter.
For a systematic evaluation of membrane, bending and contact behaviour, experimental
trials are conducted focusing on the impact of infiltration on the deformation mecha-
nisms. Results show that infiltration with a low-viscous fluid significantly reduces fric-
tion between and inside the rovings. This reduces shear resistance, bending stiffness
and tangential contact stresses, which improves drapeability. At the same time, infiltra-
tion introduces a rate-dependency. This may, in turn, reduce drapeability when higher
viscosities and deformation rates are present. Thus, the initially improved drapeabil-
ity decreases with ongoing curing during processing. Hence, precise timing between
draping, infiltration and curing is decisive for process control.
Beyond that, the individual relevance of the pre-infiltrated deformation mechanisms
for a comprehensive process simulation is assessed via numerical studies with para-
metrised material models. Moreover, a good agreement between experimental trials
and simulation is achieved for a complex demonstrator. Results suggest to account for
infiltration during membrane and bending deformation. In contrast, a built-in contact
model without normal traction seems sufficient for the draping WCM submodel with
the investigated material.
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3 Viscous draping

3.1 Membrane behaviour1

Membrane deformation due to in-plane shear provides a particularly im-
portant deformation mechanism for engineering textiles, including wo-
ven fabrics. It allows for a shape transition from a two-dimensional (2D)
stack into a 3D part via fibres reorientation at the crosspoints. In addition,
a small elongation in the fibre direction is possible when undulations at
the crosspoints are stretched out. This is a geometrical property resulting
from the applied textile architecture – the fibres themselves are consid-
ered inextensible. In-plane fibre compression is not considered as this
normally results in out-of-plane buckling [47]. In the following, the wo-
ven fabric, as introduced in Section 1.5, is subjected to shear deformation
in the dry and pre-infiltrated state using silicon oil to ensure a constant
viscosity.

3.1.1 Experimental assessment

A reproducible and homogeneous infiltration state of the specimens
during testing is assumed to be of importance because of three main
infiltration-related mechanisms that are expected to have an impact on
the internal friction of the rovings and hence on the measured shear be-
haviour response (cf. Figure 3.1 (a)). It is expected, that the resin may form
a lubrication layer between the rovings at the crosspoints, which could
change the frictional conditions (1), depending on fluid viscosity and pos-
sibly slip-rate. Moreover, preliminary investigations show that the resin
seeps into the rovings and thickens them (cf. Figure 3.1 (b)), which is ex-
pected to influence shear behaviour due to a change in bending stiffness
(2) and compaction behaviour (3) of the rovings. These mechanisms sig-
nificantly depend on a homogeneous infiltration state of the specimens.

1 Section 3.1 contains extracts of: C. Poppe, D. Dörr, F. Henning, L. Kärger: Experimental
and numerical investigation of the shear behaviour of infiltrated woven fabrics, Composite
Part A, 114:327-337, 2018 [99].
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3.1 Membrane behaviour

Hence, to ensure a homogeneous infiltration state during testing, the
characterisation set-up should provide shear testing in a fluid reservoir.

t0 t1 > t0 t2 > t1

(3)
(1) (2)

Roving

τ12τ21

τ21τ12
Woven fabric

at crosspoint
(schematic)

Mechanisms

infiltration
(seep in)

(b)

(a)

Figure 3.1: Illustration of assumed infiltration-related mechanisms affecting the shear re-
sponse | (1) Change of friction at crosspoints, (2) within the roving and (3) com-
paction behaviour [99].

The usage of pre-infiltrated specimens within a common vertical BET
(cf. Section 1.2.2.1) would prevent a homogenous infiltration state dur-
ing testing. Beyond that, the changing residual weight of the specimen
would be superimposed in the measured force, complicating a correct
evaluation of the material response. These reasons suggest a horizontal
alignment for the experimental setup.

3.1.1.1 Infiltrated bias-extension test (IBET)

The new proposed test is designed as a horizontal BET within an addi-
tional fluid reservoir (cf. Figure 3.2). As shown in Figure 3.2 (b), the rear
fixture remains fixed during testing, while a steel rope with a low bending
stiffness displaces the front fixture. The rope is mounted on the load cell
of a tensile testing machine.
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Figure 3.2: Design of the modified test (IBET); (a) Picture of the set-up in a tensile testing
machine; (b) Schematic vertical section view; (c) Transfer configuration [99].

To ensure a reproducible initial positioning and prevent the initial speci-
men’s deformation, it is clamped outside the fluid reservoir using an addi-
tional preparation table. An additional transportation fixture illustrated
in Figure 3.2 (c) is used to position the undeformed fabric into the reser-
voir. The fixture is designed to apply high forces to ensure a suitable
clamping of the specimen even within the fluid environment. An addi-
tional layer of thin rubber is used in the clamped areas to distribute nor-
mal forces and raise friction. Additional heater units can be used to heat
the fluid reservoir.

Evaluation methodology. Due to the horizontal design, additional forces
are superimposed to the shear resistance of the specimens. This includes
frictional forces within the linear bearings (ffric), which are determined
using calibration tests without specimens. Furthermore, fluid resistance
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3.1 Membrane behaviour

is taken into account for impregnated tests as a function of viscosity and
velocity (ffluid(η, v)), determined by prior calibration tests. Furthermore,
compliance of the steel rope is taken into account via fraw. Hence, the
resulting forces (fshear) are calculated from the raw signal (fraw) by

fshear = fraw − ffric − ffluid(η, v), (3.1)

where ffluid(η, v) is not considered for dry tests. All calibration tests are
conducted 10 times.

Shear angles within the mid-segment and the outer shape of the speci-
mens are measured with an optical system during all tests. This includes
a camera system with a downstream in-house DIC-Tool based on an en-
hancement of an open-source Matlab script. A pattern is applied to
each specimen, which is detected and tracked by the DIC algorithm. All
presented results are based on the optically measured angle within the
mid-segment.

Experimental procedure. An Inspekt 50 static tensile testing machine
by Hegewald & Peschke (Nossen, Germany) in combination with a 100 N
load cell is used to record the force-displacement curves during testing.
Silicone oils with three different viscosities (20, 135 and 250 ± 3 mPas)
are used as test fluids. Since rate-dependency of the infiltrated mate-
rial is expected, three different velocities 100, 350 and 700 mm/min are
tested. The specimens remain within the fluid for two minutes before the
testing to ensure a complete and homogeneous infiltration. Five to eight
specimens are tested for every configuration, depending on the actual
scattering. Beyond that, additional uni-axial tests with dry samples (280
x 140 mm) within a BET set-up are conducted to parametrise the elonga-
tion behaviour in the fibre direction, which is needed for parametrisation
of the numerical model in Section 3.1.2.
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3 Viscous draping

3.1.1.2 Preliminary investigations

Before the infiltrated trials, additional dry tests are performed to validate
the horizontal positioning of the specimen, the impact of mesoscopic ef-
fects and the resulting prediction accuracy of the textiles’ locking angle.

IBET Validation. For the validation of the IBET, dry sample results are
compared to a conventional BET. It is observed that the results are in good
agreement (cf. Figure 3.3). However, the standard deviation for the IBET
is slightly increased, especially for low shear angles and forces, due to the
uncertainties within the forces determined by equation (3.1). Moreover,
gravity leads to some sag of the dry specimens (≈ 1 cm), which does not
measurably influence the results.
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Figure 3.3: Dry specimen response during conventional BET and the modified IBET and
illustration of optically tracked pattern [99].

Besides that, sag vanishes for infiltrated tests. Hence, the horizontal
IBET design provides comparable results to the BET and can conse-
quently be applied for the shear characterisation of infiltrated woven
fabrics.
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3.1 Membrane behaviour

Mesoscopic effects. Before the main trials, additional picture frame
shear tests are conducted to ensure a valid prediction of the materials
locking angle despite mesoscopic effects, such as a relative slip of fibres
and fibre bending. These effects have also been reported for comparable
materials [108, 326].

(a) (b) (c) (d)

slip

crossover
slip

B

C

A

inter-tow

symmetrie

Zones

Figure 3.4: Comparison of mesoscopic effects | (a,b) Schematic illustration for BET by [106];
(c) Compared own results with IBET [99]; (d) Illustration of crossover slip [106].

Similar to the findings that have been published by Harrison et al. [108]
(cf. Figure 3.4 (a,b)), crossover and inter-tow slip occurs during higher
shear angles within the Zone C as illustrated in Figure 3.4 (c). Beyond
that, in-plane bending of the fibres and rovings in Zone A are found, as
exemplarily reported by Bel et al. [109]. According to Harrison et al. [108],
the BET can predict the material locking angle correct, despite the oc-
curring mesoscopic effects. Additional PF tests with dry specimens are
conducted to validate this for the here applied material. It is assumed that
a validation of the dry material state is sufficient, because a comparison
of the final deformation states did not indicate any correlation between
mesoscopic effects or the slip distances of the rovings and their infiltra-
tion state. Nearly identical local slip is found in all specimens, leading to
one curve for the outer shape of the textiles (cf. Figure 3.15).
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3 Viscous draping

Locking angle. A common way to determine the locking angle of the
material is based on the intersection of two tangents using the shear-
force curve (cf. Figure 3.3). This approach requires homogenisation of
the shear forces when comparing PF and BET results [110]. Unfortu-
nately, the above outlined mesoscopic effects may affect the measured
shear forces for the BET. Moreover, PF results could be affected by pre-
tension of the fibre due to misalignment of the fibres or roving bend-
ing [327]

An alternative approach solely using kinematic information is used to de-
termine the material locking angle to prevent a possible impact of these
effects. In the case of the BET or IBET, the locking angle is determined
by a noticeable change of the slope between displacement and resulting
material shear angle as illustrated in Figure 3.5 (black filled dot)).
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Figure 3.5: Comparison of the determined locking angle of BET, IBET and PF using the
angle-displacement curves of [99].

This marks the point where tensioned fibres in Zone C (cf. Figure 3.4)
have fully closed the gaps between the rovings and get into contact with
each other. Further shear deformation due to compaction of the rovings
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3.1 Membrane behaviour

is possible. Therefore the shear angle still increases. From here onwards,
higher tensions in Zone C favour mesoscopic slip.

Regarding the PF, the material locking angle is identified by comparing
theoretical and measured shear angle. (cf. Figure 3.5(white filled dot)).
Due to crosspoint friction, the measured shear angle lags slightly behind.
This deviation is constantly reduced during shearing due to increased
fibre tension until the material starts to lock. Similar to the BET, this
leads to a change in the slope of the displacement-angle curve. However,
this change is less pronounced due to the fully constrained boundary of
the specimens during PF trials.

Using the displacement-shear-curves of the PF, BET and IBET pre-trials
(cf. Figure 3.5), a comparable locking angle of 44±2 ◦ is found. This result
is comparable to the locking angle (46 ◦) determined with the shear-force
curve in Figure 3.3 using BET and IBET. It is concluded that the IBET
can predict the locking angle accurately. This indicates a negligible in-
fluence of mesoscopic effects below the locking angle. Furthermore, the
results show that the commonly applied approach for the locking angle
determination using the shear-force curve yields comparable outcomes.
Consequently, the latter method is used to evaluate the locking angle in
the following infiltrated trials.

Fibre elongation. Due to undulation implied by the woven’s architec-
ture, minor elongation in fibre direction is possible. Additional uni-axial
tensile tension tests are conducted in the dry state for parametrisation.
The experimental result are displayed in Figure 3.11 of Section 3.1.2.

3.1.1.3 IBET results

The experimental results of the main trials are shown in Figures 3.6 to 3.8,
including additional detailed views on the below-locking angle region of
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0 to 40 ◦. The resulting curves of the dry specimens can be used as a refer-
ence line since the dry results are rate-independent at room temperature.
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Figure 3.6: Experimental results using the IBET | Infiltration state: 20 mPas [99].

A general viscosity dependency is observable through an offset between
results at the same deformation rate but varying viscosity. Beyond that,
a rate-dependency is observed by means of increasing shear force re-
sponse for higher deformation velocities as exemplarily shown in Fig-
ure 3.9 for a constant velocity of 100 mm/min. The corresponding re-
sults at 350 mm/min and 700 mm/min are shown supplemented in Ap-
pendix A.2. Furthermore, the locking angle shifts towards lower shear
angles with increasing shear rate. This can be exemplified by the the
250 mPas fluid results, where the locking angle decreases from 48 to 43 ◦

(γ(100)
lock = 48 ◦, γ(350)

lock = 46 ◦, γ(700)
lock = 43 ◦). Moreover, the characteristics

of the curves (shape) of the infiltrated specimens sometimes differ from
the dry ones, at least at lower shear angles as illustrated by the detailed
views in Figures 3.6 to 3.8. While the dry curves provide a relatively con-
stant incline until the locking region is reached, the curves obtained from
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Figure 3.7: Experimental results using the IBET | Infiltration state: 135 mPas [99].
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Figure 3.8: Experimental results using the IBET | Infiltration state: 250 mPas [99].

the infiltrated trials provide a partly constant shear force below a locking
angle of 20 ◦.

It can be concluded that a low viscosity (20 mPas) reduces the shear resis-
tance of the fabric compared to the dry specimens, especially in combi-
nation with low deformation rates (cf. Figure 3.6). On the contrary, a high
viscosity (250 mPas) leads to an increased shear resistance compared to
the dry specimens, for example, when comparing the relative positions of
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the viscous curves to the dry curves in the detailed plots 3.6 to 3.8. Addi-
tionally, these plots show that the rate-dependency increases with rising
viscosity as the offset between the infiltrated curves enlarges.
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Figure 3.9: Experimental results using the IBET | Comparison at constant velocity of
100 mm/min [99].

3.1.1.4 Discussion

Since mesoscopic effects (sliding and in-plane bending) occur when ap-
plying the IBET set-up, their impact on the locking angle is investigated
in advance to the main trials through additional PF tests in dry state. Re-
sults revealed that the IBET set-up is a reliable and quick test method,
well suited for infiltrated shear characterisations of a wide range of shear
angles, including an accurate prediction of the locking angle (cf. Fig-
ure 3.5). This is in accordance with recommendations and findings in
literature [47,101,106,109]. The impact of mesoscopic effects proved neg-
ligible below the locking angle and not noticeably affected by the infil-
tration state. This holds even for the here investigated relatively coarse
woven fabrics.
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The experimental results reveal a rate- and infiltration-dependent mate-
rial response of the infiltrated woven fabric. Shear resistance of the ma-
terial can be significantly reduced by infiltration with low viscosity fluids
(20 mPas). Even for the highest tested deformation rates, the obtained
shear resistance around the locking angle is lower than the dry reference.
Beyond that, shear resistance generally increases with increasing viscos-
ity and deformation rate, leading to values twice as high as the dry spec-
imens (cf. Figure 3.8), at least in some parts of the investigated range. In
addition, differences in the characteristic of the infiltrated curves and a
shift of the locking angle are observed.

The experimental findings should be discussed in the context of the afore
outlined infiltration-related mechanisms displayed in Figure 3.1. Their
contribution to the material shear response is shown in Figure 3.10.
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Figure 3.10: Impact and origin of infiltration-related differences during shear deformation

| (1) Crosspoint friction, (2) intra-roving friction and (3) roving compaction [99].

Below locking, crosspoint friction and bending stiffness (inner friction)
are reduced by the low-viscous infiltration and increased by the presence
of higher viscous fluids compared to the dry reference. Towards locking,
the compaction resistance of the rovings is reduced by the low-viscous in-
filtration, whereas the increased viscosity only slightly increases the shear
response compared to the dry reference. Consequently, drapeability in

89



3 Viscous draping

terms of shear behaviour is significantly affected by the fluid’s presence
and its current viscosity. Drapeability can be either increased by low-
viscous infiltration and reduced deformation rate or decreased by higher
viscosities and deformation rate.

3.1.2 Membrane modelling

First, a modelling approach for membrane behaviour is presented and
parametrised. Afterwards, effects on part level are investigated and eval-
uated.

3.1.2.1 Constitutive equations for the membrane behaviour

The implemented hyperviscoelastic formulation is based on invariants of
the Green-Lagrange strain tensor

E =
1
2 · (F⊤ · F − I) (3.2)

and the resulting rate-of-deformation tensor [254], which is given by

D = 1
2(Ḟ · F−1 + F−T · Ḟ⊤). (3.3)

Two deformation modes, elongation in both fibre directions and shear,
are taken into account and thus contribute to the potential of free energy
ψ given by ψ(Ie

1, I
e
2, I

e
12, I

v
12) = ψelong(Ie

1, I
e
2) + ψshear(Ie

12, I
v
12), where Ie

1
and Ie

2 provide the elastic strain in the two fibre direction and Ie,v
12 the

elastic and viscous shear strain.

Fibre elongation. Fibre elongation is modelled using a nonlinear hyper-
elastic formulation based on the elastic invariants of the Green-Lagrange
strain tensor

Ie
i = E : (Gi ⊗ Gi) = εe

f,i, (3.4)
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where Gi provide the initial fibre orientations (i = 1, 2). The elastic com-
ponents for the second Piola-Kirchhoff tensor S are calculated using the
invariants from Equation (3.4) coupled with the nonlinear elastic moduli
Ef,i(εe

f,i)
Se

i = εe
f,i Ef,i(εe

f,i). (3.5)

The nonlinear fibre moduliEf,i are functions of the corresponding direc-
tional strains εe

f,i using the second order polynomial (P1),

Ef,i(εe
f,i) =


Einit

f,i [ εf,i ≤ εinit
f,i ]

kP1
1 ε

e
f,i

2 + kP1
2 ε

e
f,i + kP1

3 [ εinit
f,i < εe

f,i ≤ εend
f,i ]

Eend
i [ εe

f,i > εend
f,i ]

, (3.6)

with the polynomial coefficients kP1
k with k = [1, 3]. The initial, ondu-

lation fibre stiffness is donated by Einit
f,i , whereas the Eend

f,i provides the
finally measured stiffness. Continuity is enforced with boundary condi-
tions during parameter identification.

In general, Abaqus uses a polar decomposition of the deformation gra-
dient into the symmetric stretch (deformation) tensors U and the orthog-
onal rotation tensor R, which defines a material fixed frame {ei}. This
multiplicative decomposition is given by:

F = R · U . (3.7)

The second Piola-Kirchhoff tensor S is transformed (pushed) to the ma-
terial fixed frame via the stretch tensor U by

σ̂ = 1
J

· (U · S · U), (3.8)

where J is the determinant of the deformation gradient J = det(F ) [254].

The experimental results of dry uni-axial tension tests (cf. Figure 3.11) are
used to parametrise the material behaviour in fibre direction. An impact
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3 Viscous draping

of infiltration is neglected due to the dominating fibre stiffnesses. Ma-
terial parameters are obtained via a gradient-based optimisation of the
polynomial values using a virtual representation of the uni-axial test. The
results are illustrated in Figure 3.11. The identified parameters are pre-
sented in Appendix A.1.1 in Table A.2.
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Figure 3.11: Parametrisation | Dry uni-axial tension tests in fibre direction [99].

Shear behaviour. A nonlinear hyperviscoelastic shear behaviour is as-
sumed based on the invariants of the Green-Lagrange strain tensorE and
the rate-of-deformation tensor D

Ie
12 = 1

2 [E : (G1 ⊗ G2) + E : (G2 ⊗ G1)]

Iv
12 = [D : (g1 ⊗ g2) + D : (g2 ⊗ g1)] .

(3.9)

The rate-of-deformation tensor D is defined with respect to co- and con-
travariant fibre parallel frame gi. The elastic shear components of the
second Piola-Kirchhoff tensor S are calculated by

Se
12 = Se

21 = Ie
12 G12(Ie

12), (3.10)
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3.1 Membrane behaviour

where G12(Ie
12) provides a nonlinear shear modulus, which uses is de-

scribed by a second- and third-order polynomial. The first polynomial is
used to account for the constant mid-sector of the measured curves. The
third-order polynomial accounts for shear locking according to

G12(Ie
12) =



G1 [0 ≤ Ie
12 ≤ Ie,init

12 ]
kP2

1 I
e2

12 + kP2
2 I

e
12 + kP2

3 [Ie,init
12 < Ie

12 ≤ Ie,mid
12 ]

G2 [Ie,mid
12 < Ie

12 ≤ Ie,lock
12 ]

kP2
4

(
Ie

12 − γe,lock
12

)3
+G2 [γ12 > Ie,lock

12 ].

(3.11)

The polynomial coefficients kP2
l with l = [1, 4] are calculated under the

assumption of C0 continuity between the regions 1 − 2 and 2 − 3 (Fig-
ure 3.12).
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Figure 3.12: Modelling of the non-linear shear modulus with respect to initial configura-
tion using three parts [99].

The viscous shear components of the Kirchhoff stress tensor τ v
12 are given

by
τ v

12 = τ v
21 = 2ds(η)Iv

12, (3.12)

93



3 Viscous draping

where ds(η) donates the viscosity dependent damping. The Kirchhoff
stress tensor τ v is transformed (pulled) to the initial configuration by
means of the deformation gradient F using Equation 1.20.

Finally, the elastic shear stress is superimposed to the viscous shear part
according to a Voigt-Kelvin approach by

S(Ie
12, I

v
12) = Se(Ie

12) + Sv(Iv
12) (3.13)

and transformed (pushed) to the Green-Naghdi frame {ei} using Equa-
tion 3.8.

Virtual BET tests with the same specimen dimensions and boundary con-
ditions are conducted (cf. Figure 3.15 (a)) to obtain the shear material pa-
rameters. Reverse parameter identification is used via a comparison of the
measured averaged force-displacement curves and the ones predicted by
the virtual setup (cf. Figure 3.13 and Figure 3.14).

0 10 20 30 40 50
0
1
2
3
4
5
6

γ12 (◦)

f s
he

ar
(N

)

(a) Dry

Experiment
Model

0 10 20 30 40 50
0
1
2
3
4
5
6

γ12 (◦)

f s
he

ar
(N

)

(b) 20 mPas

Exp. / v = 100
Exp. / v = 350
Exp. / v = 700
Sim. / v = 100
Sim. / v = 350
Sim. / v = 700

Figure 3.13: Parametrisation dry and 20 mPas | Rate- and viscosity dependent shear be-
haviour (mm/min) [99].
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Figure 3.14: Parametrisation 135 and 250 mPas | Rate- and viscosity dependent shear be-
haviour (mm/min) [99].

Furthermore, the outer contour of the numerical sample is tracked and
compared to experimental results (cf. Figure 3.15(b)). Parametrisation val-
ues are presented in Tables A.3 and A.4. The numerical results are in good
agreement with the experimental ones.
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Figure 3.15: Comparison of exp. and numerical shape (a) and (b) contour during BET [99].
The simulation results in (a) show the shear zones before locking and the final
shape in the fully locked state.

Due to mesoscopic fibre slip, which cannot be taken into account by the
macroscopic approach, test curves cannot be matched simultaneously for
the outer contour (cf. Figure 3.15) and the force-displacement curve for
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shear angles above 55 ◦. No significant differences are observed for the
outer contour during all trials - dry and infiltrated. To match the force-
displacement curves combined with the specimen’s outer contour using
a macroscopic approach, either local parameters have to be assigned or
homogenised fibre slippage mechanisms have to be taken into account
[229, 230, 275].

3.1.3 Numerical study
The presented membrane model implemented in a subroutine for user-
defined material behaviour (Vumat)1 is used to evaluate the influence of
the rate- and viscosity-depended shear behaviour on part level utilising
FE forming simulations for a double dome geometry. The shear rates
resulting from the tool stroke amplitude during the forming simulation
runs are within the characterised range.

Setups. Forming simulations of single woven plies with initial fibre ori-
entations of 0/90 and ±45 ◦ are performed in Abaqus/explicit. The tools
are modelled as discrete rigid surfaces and the tool stroke, which is im-
plemented via a displacement boundary condition (vtool = 20 mm/s), cor-
responds to real process conditions. Since the double dome geometry
is double-symmetric, only one quarter is simulated with corresponding
symmetry boundary conditions. Each ply is modelled by means of 49.600
triangular membrane and superimposed shell elements [328].

Bending behaviour is modelled with an orthotropic elastic stiffness ofBi

= 300 N/mm2 within a non-orthogonal material frame using a Vugens
subroutine similar to [328]. In this manner, the change of fibre orienta-
tion is accurately taken into account for arbitrary shear angles. A user-
defined integration in the subroutine replaces the membrane part of the

1 Based on a material subroutine originally developed for UD tapes [49]
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shell element over the thickness of the shell element. Moreover, a trans-
verse shear stiffnesses of κTS

11 = κTS
22 = 1 N/mm2 and κTS

12 = 0 N/mm2 are
applied for the bending section.

The tool-ply contact is modelled via the built-in general contact algo-
rithm in Abaqus, using a constant friction coefficient of µTP = 0.3.
FE forming simulation runs using dry and infiltrated (20, 135, 250 mPas)
states for the membrane behaviour are carried out. The bending and con-
tact behaviour remain constant to enable the isolated observation and
evaluation of the influence of fibre tension and infiltration-depended
shear.

Results. Two critical zones of the double dome geometry are selected
and evaluated for both initial fibre orientations (cf. Figure 3.16). The
zones are evaluated using the highest 10 % of the occurring shear an-
gle values and are selected according to the highest shear regions during
forming.
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Figure 3.16: Numerical results 0/90◦ | Averaged shear angles based on the top 10 % values
in the zones [99].
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Results for Zone 1 (0/90) (cf. Figure 3.16 (a)) show, that the initial and final
shear angles are in good agreement for all viscosities, but differences up
to 9 ◦ arise during forming. In Zone 2 and 0/90 ◦ fibre orientation (cf. Fig-
ure 3.16 (b)), differences arise and remain even for the final fibre orienta-
tion (tool closed).
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Figure 3.17: Numerical results ±45◦ | Averaged shear angles based on the top 10 % values
in the zones [99].

As fibres are continuous, deformation in both zones is interconnected.
While the results for the highest tested viscosity (250 mPas) provide the
lowest shear deformation in Zone 1, it provides the highest in Zone 2.
Similar results are found the fibre orientation of ±45◦ (cf. Figure 3.17).
However, no significant impact of the infiltration state for the final fibre
orientations is predicted for this setup.

Furthermore, the spatial shear distribution is compared for the 0/90 setup.
As differences arise already during forming, Figure 3.18 provides exem-
plary field plots for the shear angle distribution with respect to different
infiltration states (dry, 20, 135, 250 mPas) and a remaining tool cavity of
4.5 mm. A similar plot is provided for the fully closed mould in Figure 3.19
Similar to the zone plots above, differences are more distinct for Zone 2.
The differences persist when the mould is closed completely.
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Figure 3.18: Numerical results | Comparison of the shear angle distribution at a remaining
cavity of 4.5 mm and an initial fibre orientation of 0/90◦ [99]. The outlined
values are the obtained maxima in the zones.

Discussion Numerical results on component level reveal an influence
of the infiltration on the resulting shear angle distribution. As illustrated
in previous paragraphs, shear angle distributions can be significantly ef-
fected during forming (cf. Figures 3.18 and 3.19).
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Figure 3.19: Numerical results | Comparison of the shear angle distribution for a fully
draped 0/90◦ woven fabric single ply [99]. The outlined values are the obtained
maxima in the zones.
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No impact of infiltration on the predicted final shear angle distribution is
observed for Zone 1, the half-dome of the double dome geometry, for both
fibre orientations (cf. Figures 3.16, 3.17). This is due to the predefined
kinematic shape imposed by the tool cavity and only applies to rather
simple geometries. The kinematic constraints are also the reason for the
interconnection of the results in Zones 1 and 2. Still, differences within
the second zone remain for an initial fibre orientation of 0/90 ◦. As contin-
uous reinforcements are investigated, an interaction between the zones
is reasonable. In the case of the 0/90 ◦ trials, this interaction reduces the
local impact of tool constraints.

Infiltration with low-viscosity results in increased shear deformation in
the main Zone 1 (cf. Figure 3.18) during moulding. The opposite applies
for the higher viscosity of 250 mPas. Although the differences within
Zone 1 vanish due to the outlined kinematic conditions, significant differ-
ences remain for Zone 2 (cf. Figure 3.19). Here, the material distribution
seems to differ depending on the infiltration state, despite the absence
of wrinkles. Beyond that, further investigations on more complex geome-
tries and forming setups support the here outlied results. In general, it is
investigated that the impact of infiltration increases when no blank hold-
ers constrain the deformation and when the number of interacting zones
increases. Moreover, the rate-dependency leads to an increased effect of
rather fast deformations, whereas the impact recedes for slower draping
rates.

However, some limitations have to be highlighted. First, only the in-plane
behaviour is adjusted for the infiltration of the fluid. This allows a de-
coupled investigation of this mechanism but also limits the resilience of
the results on part level since infiltration will also influence bending and
contact behaviour, which is therefore addressed in the following sections.
Moreover, increasing viscosity due to curing and coupling with the resin
propagation during forming is neglected in this study. Regarding mod-
elling, a tension-shear or shear-compaction coupling is neglected, which
can be important if grippers or global blank holders are applied.
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3.2 Bending behaviour

The here discussed key experimental and numerical results regarding
pre-infiltrated membrane behaviour are placed in a larger context at end
of this chapter in Section 3.5.

3.2 Bending behaviour1

Bending provides another important deformation mechanism during form-
ing. Moreover, the interaction of membrane and bending behaviour is
crucial for possible draping defects such as wrinkling. [47]. In order to
address viscous bending sufficiently, experimental characterisation and
evaluation of dry and pre-infiltrated specimens are needed. This is car-
ried out using the two different characterisation approaches, namely a
slightly modified cantilever test [120] and a Rheometer bending tests
(RBT), which is normally applied to for thermoplastic UD-tapes [85]. Sub-
sequently, both approaches are compared, discussed and their suitabil-
ity regarding bending characterisation of infiltrated fabrics is evaluated
(Section 3.2.5).

3.2.1 Modified cantilever test

3.2.1.1 Setup and procedure

A slightly modified cantilever test is used in this study, which contains
an additional wire as illustrated in Figure 3.20 (a). Typically, the speci-
mens are clamped between two plates and pushed over an 41.5 ◦ edge at
constant speed (here, u̇ = 2 mm/s). In contrast to tests with dry fabrics,
infiltrated specimens may initially stick to the upper plate. Therefore, a
thin wire with a diameter of 0.5 mm is positioned just behind the edge

1 Section 3.2 contains extracts of: C. Poppe, T. Rosenkranz, D. Dörr, L. Kärger: Compara-
tive experimental and numerical analysis of bending behaviour of dry and low-viscous infiltrated
woven fabrics, Composite Part A, 124:105466, 2019 [119].
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(7 mm) between the moving top plate and the textile (Figure 3.20(a)). This
ensures a reproducible test procedure, as the detachment is comparable
for all tests. The width of the specimens measures 100 mm. Two different
fibre orientations are investigated (0/90◦ and ±45◦). A constant amount
of silicon oil (10 ml) is being homogenous distributed on the full length
of the specimen prior to testing. Moreover, an additional soaking time
of 1 min is waited to ensure infiltration. Each test configurations was re-
peated 7-10 times, to ensure at least 7 reliable results.

(a) (b)

Wire

u̇ =const. lBend

Specimeng

Plate
ϕcan = 41.5◦

B-spline
x

M(s)

q

s

Figure 3.20: Modified cantilever test | (a) Schematic illustration; (b) Optical evaluation:
Bending moment M(s) resulting from the specimen’s weight per unit length
q on a cross-section for the curvilinear coordinate s on a fitted B-spline. The
[119].

After the free end of the specimen is initially detached by contact with
the wire, the test is be performed as usual. The wire is only used for the
detachment from the top plate and does not have further contact with
the specimen. The bending stiffness BCan

w normalised by its width, is
calculated by means of the overhang length lBend

BCan
w = Fg

b

l3bend
8

cos(ϕcan/2)
tan(ϕcan) with Fg = gz

mspec +mresin

lbend
, (3.14)

which is measured when the free end of the specimen initially touches
the lower plate (see Figure 3.20(a)). In standard commercial devices,
ϕcan =41.5 ◦-plates are used. An empirical correction factor for large
deformations (cos(ϕcan/2)) has been introduced by Peirce [120]. Boisse et
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al. [47] have been shown that the usage of this empirical correction fac-
tor minimises the resulting errors to 4.4 % for a deflection angle of 60 ◦

in comparison to a FE solution. The length-related gravity force Fg of
the specimens is determined by measurement of the infiltrated specimen
weight prior to and after the test (see Equation 3.14) to account for pos-
sible weight changes during testing. The maximal weight change for the
lowest viscosity 20 mPas was 10.2 %. The averaged weights are assumed
for evaluation.

An optical evaluation method similar to the approaches that have been
presented by Bilbao et al. [122,127] and Liang et al. [123] is implemented to
quantify the curvature distribution along the specimens during the can-
tilever experiments. For this purpose, an edge detection algorithm com-
bined with a spline fitting is implemented using an in-house code within
Matlab. The moment M(s) at every point p on the curvilinear coordi-
nate s (cf. Figure 3.20 (b)) can be calculated by

M(sp) =
∫ L

sp

q(s− sp) cos(ϕcan(u))ds and κ(sp) = s′′

(1 + s′2)2/3 ,

(3.15)
where q is the weight per unit length, L the total length of the profile. Re-
garding the calculation of the curvature κ(sp), s′ and s′′ denote the first
and second derivative of the detected edge fitted with a B-spline. The an-
alytical solution is based on the Kirchhoff theory. Thus, the cross-section
remains normal to the mid-surface during deformation. Therefore, trans-
verse shear is not considered with this approach [95]. The average curva-
ture rate κ̇ is estimated using the curvature history

κ̇ ≈ △κ̄

△t
with △κ̄ ≈ 1(

lmax
b,t1

− lmin
b,t1

)
 lmin

b,t1∑
i=lmax

b,t1

|κi,t2 − κi,t1 |

 [t2 > t1]. (3.16)

Here, the incremental average curvature difference △κ̄, which is incre-
mentally calculated along the currently detectable length of the speci-
mens edge lb,t1 , is divided by the incremental time period △t = t2 − t1
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between the two compared states. Due to low light exposure conditions
directly under the top plate, the curvature rate could only be detected
after one-third of the experiment duration.

The execution of the experiments with the infiltrated specimens did not
cause major problems compared to the dry ones. As before for the mem-
brane trials, constant infiltration time, an exact amount of resin and ho-
mogeneous distribution across the specimen are crucial. Nevertheless,
it cannot be determined whether a resin flow occurs along the specimen
(rovings) during the tests. However, no dripping of test fluid is detected
during the tests for the investigated material combination. This might
result from the rovings’ good capability to absorb the fluid [329].

3.2.1.2 Results

A comparison between the experimentally determined bending stiff-
nesses of dry and infiltrated specimens (Equation 3.14) is shown in Fig-
ure 3.21 using boxplots.
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Figure 3.21: Results of the cantilever tests | The red lines within the Boxplots represent
median, upper and lower bounds of the 25 and 75 percent quantile and the
whiskers indicate the total value range of the bending stiffness BCan

w (based
on [119]).
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The bending stiffness of infiltrated specimens decreases significantly
compared to dry specimens for both fibre orientations (> 50 %). The lower
the viscosity of the infiltrated specimens, the lower the bending stiffness.
The absolute reduction within the stiffness values of 0/90◦ specimens is
about twice the ±45◦ ones, whereas the relative reduction is comparable.

A comparison with the results of the optical measurements is shown in
Figure 3.22 using the optically detected moment-curvature curves. The
Peirce straights (M = κ · BCan

w ) match the optical results suitably. This
validates the general capability of the applied optical detection method.
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Figure 3.22: Results of the cantilever tests | Comparison between the optical detected
moment-curvature-curves predictions of the Pierce method (based on [119]).

Furthermore, Equation 3.16 is used to estimate the average curvature
rates κ̇ during the cantilever test according to Table 3.1. Since the bend-
ing stiffness and weight of the specimens vary, so does the averaged cur-
vature rate. The dry specimens are implicitly exposed to the lowest rates,
while the low-viscous infiltrated ones are implicitly exposed to the high-
est when tested with the cantilever test.
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Table 3.1: Optically estimated mean curvature rates during cantilever trials.

Inf. state dry 20 mPas 135 mPas 250 mPas
κ̇Can (·10−4 1/mms) 3.3 (±1.4) 5.2 (±1.8) 5.9 (±2.1) 6.7 (±2.2)

Discussion. Experimental results reveal a consistent correlation be-
tween viscosity of the infiltration fluid and the bending stiffness of the
specimens. This applies for the two investigated fibre orientations. The
friction state mostly determines the bending stiffness of the rovings be-
tween the filaments. Consequently, an infiltration of the contact inter-
faces between the rovings and filaments reduces the frictional forces (lu-
brication) and results in a reduced bending stiffness of the specimens. In
this regard, it is expected to find according correlations between bend-
ing stiffness and infiltration for unidirectional non-crimped fabrics (UD-
NCF).

The optically determined moment-curvature-curves are in good agree-
ment with the analytical solution provided by Peirce (cf. Figure 3.22). The
curves’ shapes are consistent with the results that have been published
Liang et al. [123,124]. Thus, the implemented optical evaluation provides
reliable. The optical measurement results confirm that cantilever tests
conducted with infiltrated specimens automatically involve varying rates
during testing. This is neglected during the common evaluation proce-
dure for dry specimens.

3.2.2 Rheometer trials

3.2.2.1 Setup and procedure

An enlarged rheometer bending test similar to the one that has been pre-
sented by Sachs et al. [129] is applied according to Figure 3.23. Tests with
specimens containing a free test area of 70 x 60 mm are conducted. The
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enlarged set-up is recommended for coarser fabrics to increase the num-
ber of cross points and, therefore, the experiments’ reproducibility. The
corresponding curvature rates can be assessed based on the assumption
that a perfect arc with a constant curvature is formed along the specimen
according to [330]

dκi

dt
= ω̇Rheo

i (t)
2Rbend · cos2(ωi(t)/2) with κi = tan(ωRheo

i (t)/2)
R

. (3.17)

Here, ω provides the rotation angle of the rheometer andRbend the bend-
ing radius. This implies that clamping conditions are assumed to be fric-
tionless and that the bending stiffness is constant (homogenous) along
the specimen. Three discrete angular velocities are investigated since a
rate-dependency of the infiltrated material is expected (Table 3.2).

Table 3.2: Investigated curvature rates based on Equation 3.17.

ω̇Rheo
i (rpm) 0.1 1 10
κ̇Rheo

i (1/mms) 1.65 · 10−4 1.65 · 10−3 1.65 · 10−2

Special attention is being paid to the clamping to reduce friction as far as
possible. For this, both sides of the specimens are taped symmetrically to
create a more homogeneous surface, as shown in Figure 3.23(b). Further-
more, care is taken to avoid wetting of the contact interfaces. The speci-
men’s tested area (red box in Figure 3.23(b)) is placed within the fluid for
one minute before testing to ensure a complete and homogeneous fluid
distribution state. Five to eight specimens are tested for every configura-
tion, depending on the actual scattering. In addition to the first deflec-
tion, further 2.5 cycles between −60 ◦ and 60 ◦ are tested as illustrated in
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Figure 3.23: (a) Anton Paar MCR501 rheometer with enlarged bending test; (b) Detailed
view; (c) Exemplary plot of the measured data [119].

Figure 3.23(c), to investigate the hysteresis behaviour of the dry and in-
filtrated specimens. The dissipation energy Wdiss is represented by the
enclosed area of one full cycle according to

Wdiss =
∫ ω1

ω0

M (ω) dω̃, (3.18)

which can be calculated as the integral of the measured moment-angle-
curvesM(ω). The execution of the rheometer tests with infiltrated woven
fabrics did not cause problems and can therefore be recommended. In ad-
dition, only minor dropping of infiltration liquid could be detected during
the tests. Hence sufficiently homogeneous fluid distribution is assumed.

3.2.2.2 Results

Regarding the first deflection, a significant influence of both, viscosity
and bending rate is observed (cf. Figure 3.24). The bending stiffness of the
low-viscous infiltrated specimens decreases along with the fluid’s viscos-
ity, as shown in Figure 3.24 (a). Moreover, the bending stiffness shows a
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rate-dependent response (cf. Figure 3.24 (b)). It is worth mentioning that
the dry specimens reveal a distinct rate-dependency, too.
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Figure 3.24: Rheometer tests | (a) Impact of the infiltration state at constant deflection rate
of 1 rpm; (b) Impact of the bending rate on the moment-angle-curve M(ω)
[119].

Regarding the results of the hysteresis behaviour (cf. Figure 3.25), simi-
lar dependencies in terms of infiltration viscosity and bending rate are
found. However, the differences are slowly diminishing with an increas-
ing number of load cycles (cf. Figure 3.25). The first deflection and hys-
teresis plots for the infiltration viscosities 135 and 250 mPas are supple-
mented in Appendix A.2.2.

Infiltration significantly reduces the initial threshold momentM0 (cf. Fig-
ure 3.25 (b)), evaluated according to [122, 134] as shown in Figure 3.26).

As illustrated in Figure 3.25, the second and third cycle curves are almost
identical, which indicates that an almost stationary state of the hysteresis
behaviour is reached already within the third cycle. Consequently, the
dissipation energiesWdiss remain nearly constant between the second and
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third cycle. The intensity of this effect depends on the viscosity of the
infiltrated fluid.
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Figure 3.25: Rheometer tests | (a) Hysteresis behaviour of dry and infiltrated specimen; (b)
Corresponding initial threshold moment M0 based on [122, 134] [119].

The dependencies between dissipated energy, infiltration viscosity and
bending rate (cf. Figure 3.26) show similar qualitative dependencies as re-
sults of the first deflection (cf. Figure 3.24 (a,b)). Consequently, the bend-
ing behaviour of the woven fabric is shown to be viscoelastic-plastic, even
for dry specimens.

3.2.2.3 Discussion

As outlined in the discussion of the cantilever test, internal (micro) fric-
tion between the rovings and filaments is the main mechanism govern-
ing the bending behaviour of woven fabrics. In this regard, infiltration
of the contact interfaces between the filaments and inside the rovings al-
ters the frictional behaviour. This decreases the bending stiffness of the
specimen. The impact of rate-dependency is similarly noticeable in the
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Figure 3.26: Rheometer tests | Surface plot and data grid of dissipation energies Wdiss of
the last rheometer cycle for varying viscosities η and angular velocities ω̇ [119].

RBT within dry and infiltrated fabrics. This suggests that the fibre coat-
ing cannot be neglected and contributes to the obtained results. Conse-
quently, infiltration and coating contribute collectively to the measured
viscosity- and rate-dependent material behaviour. This effect will proba-
bly not be measurable for pre-impregnated semi-finished products since
the viscosity of these matrices is significantly higher.

Furthermore, dissipation energies Wdiss (cf. Figure 3.26) during multiple
load cycles and initial threshold moments M0 (cf. Figure 3.25) are addi-
tionally investigated based on the suggestions that have been presented
by Grosberg et al. [134], Dahl et al. [133] and Bilbao et al. [122]. Results
show a consistent impact of the viscosity on both parameters. The ten-
dency of the hysteresis behaviour towards a stationary state could orig-
inate from levelling phenomena on the contact interfaces and from the
coating between the filaments, as Tourlonias et al. [91] have been shown
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on single fibres. The implications of these effects have also been con-
sidered by Cao et al. [331] during their shear behaviour benchmark study
using the term ’mechanical conditioning’. Consequently, the measured
bending behaviour is viscoelastic and shows pronounced hysteresis ef-
fects. For the dry specimens, this was not expected.

3.2.3 Comparison of experimental results
In this section, both the cantilever and RBT tests are compared in terms
of their characterisation results. Subsequently, their suitability for the
bending characterisation of infiltrated fabrics is discussed.
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Figure 3.27: Comparison of the experimental results | Direct comparison of the normalised
bending stiffnesses Bw (median values) at corresponding rates (cf. Table 3.3)
[119].

A direct comparison between the two tests is enabled by additional opti-
cal determination of the curvature rates during the cantilever test corre-
sponding to each infiltration viscosity (cf. Figure 3.22). The correspond-
ing bending stiffness values measured with the RBT are interpolated with
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respect to the cantilever base deflection rates. Since both tests used dif-
ferently dimensioned specimens, the bending stiffnesses are normalised
by the width wsp according to

Bw =
E h3

0

12 wsp
, (3.19)

where h0 = 0.3 mm provides the initial ply thickness. The results show
a qualitative but no quantitative correlation (cf. Figure 3.27). Infiltration
reduces the bending stiffness in both cases.
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Figure 3.28: Comparison of the experimental results | Exemplary width-based moment-
curvature-curves for the (a) dry and (b) infiltrated specimens with 20 mPas
[119].

Still, bending stiffness measured by the rheometer test is systematically
higher. Consequently, the normalised moment-curvature-curveMw(ω) of
the cantilever tests (cf. Figure 3.28) remains below the rheometer curves,
even though the average curvature rate values of the cantilever tests lies
between the rheometer rate (κ̇1 rpm

Rheo. > κ̇Can. > κ̇
0.1 rpm
Rheo. ).
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Discussion and evaluation. The effect of infiltration on the bending
behaviour of woven fabrics is investigated employing two approaches.
The bending stiffnesses determined by the RBT are about 25-44 % higher
than the ones from the cantilever test. This difference is significantly
higher than the uncertainties arising from the optical evaluation or av-
eraging the curvature rates. The systematic deviation indicates that the
test benches themselves caused the differences, including their applied
boundary conditions. A potential influence of the specimen size cannot
be excluded completely. However, it is assumed to be of minor impor-
tance since the specimen sizes are large enough to provide a sufficient
number of crosspoints in both cases.

Three contributing effects are identified to explain the diverging results
(cf. Figure 3.29). First, friction in the clamped area of the rheometer bend-
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Figure 3.29: Assumed contributions to the systematic deviation between the cantilever and
RBT results; (1),(2) systematic effects; (3) infiltration-specific effect [119].

ing test (cf. Figure 3.29 (1)) has a reported impact on the measured re-
sult [87], leading to increased values. We expect that friction contributes
partly to an increased bending stiffness when measured by the RBT, as a
completely frictionless state cannot be achieved. Regarding the cantilever
test, the fabric could already be pre-compacted when tested [122] due to
the weight of the top plate (cf. Figure 3.29 (2)). This reduces thickness
h2 in comparison to the initial thickness h0, which is commonly used for
the evaluation (cf. Equation 3.19). Compaction affects the physical and
geometrical properties of the fabric due to an increased transversal shear
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stiffness and a reduced second moment of area. While the physical effect
leads to an increased bending stiffness, the latter leads to the contrary.
Only additional experimental investigations can enable an evaluation of
the individual importance and relevance of the discussed effects. Unfor-
tunately, the compaction of the specimens could not be measured in this
study. In any case, it is important to emphasise that higher compaction
forces, apart from the ones needed to apply proper boundary conditions,
should be avoided during cantilever tests. Comparing effects 1 and 2
(cf. Figure 3.29), we expect the impact of compaction to be more deci-
sive than the effect friction with the clamps of the RBT as the thickness
is accounted cubically.

Finally, the infiltration itself could lead to differences between the two
test results. Potentially, a flow of the test fluid within the specimen does
not directly contribute to the measured results of the RBT. However, it di-
rectly contributes during cantilever tests, where some loss of fluid mass
within the specimens could not be avoided. This can affect the weight
distribution. Yet, a fluid flow within the specimens or major dripping
from the specimens could not be detected during the experiments. More-
over, the systematic deviation is also valid between the dry specimens,
where a possible impact of infiltration is excluded. Consequently, the
effect of infiltration is expected to be of minor importance in this case.

Further investigations are required to clarify the origin of the observed
systematic difference. Based on the obtained results, an application of
the RBT is recommended for dry and low-viscous infiltrated specimens.
On the one hand, it allows for more in-depth material analytics. On the
other hand, RBT trials do not suffer from possible adverse impacts of
compaction (cf. Figure 3.29 (2)) or fluid redistribution (cf. Figure 3.29 (3)).
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3.2.4 Modelling of bending

3.2.4.1 Constitutive equations for the bending behaviour

A hypoelastic bending formulation in combination with a Voigt-Kelvin
approach is used within a non-orthogonal fibre-parallel frame given by
the normalised covariant base vectors gi and the corresponding dual con-
travariant base vectors gi. The elastic objective Cauchy stress rate σ▽

within the fibre-parallel frame is given by

[σ▽]{gi⊗gj } = [Cbend]{gi⊗gj ⊗gk⊗gl} : [D]{gk⊗gl}, (3.20)

where Cbend is the fourth order elasticity tensor for the bending model.
The incremental elastic Cauchy stress ∆σe in the fibre-parallel frame is
obtained by integration of Equation 3.20 in time [258], which yields

[t+dt∆σe]{gi⊗gj } = [Cbend]{gi⊗gj ⊗gk⊗gl} : [t+dt∆ε]{gk⊗gl}, (3.21)

Here △ε is the strain increment in the fibre parallel frame, that is ob-
tained from the strain increment in Green-Naghdi’s frame ei by means
of the normalised right stretch tensor U∗ by

[t+dt∆ε]{gi⊗gj } = [U∗]⊤{ei⊗gj } · [t+dt∆ε]{ei⊗ej } · [U∗]{ei⊗gj }. (3.22)

To account for the viscoelastic bending behaviour, the incremental vis-
cous Cauchy stress △σv is added to the incremental elastic Cauchy stress
△σe within the fibre-parallel frame, which yields the total stress at the
end of the increment

[t+dtσvk]{gi⊗gj} = [tσvk +t+dt ∆σe +t+dt ∆σv]{gi⊗gj}. (3.23)

The superscript ’vk’ represents the applied visco-elastic Voigt-Kelvin ap-
proach. The incremental viscous Cauchy stress ∆σv = [t+dtσv]{gi⊗gj} −
[tσv]{gi⊗gj} is determined via

[t+dtσv]{gi⊗gj } = 2ηD(γ̇eq)[I]{gi⊗gj ⊗gk⊗gl} : [t+dtD]{gk⊗gl}. (3.24)

The non-linear viscosity ηD(γ̇eq) depends on an equivalent of the defor-
mation rate, γ̇eq which is obtained by Equation 1.13.
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Finally, the section moment
[

t+dtMsec
]

within the fibre-parallel frame is
determined by the total moment [tMsec] and the numeric integration of
the incremental stress over the initial thickness t0 of the shell element

[t+dtM̂sec]{gi⊗gj } = [tMsec]{gi⊗gj } +
∫

t0

(
t+dt[∆σe +∆σv]{gi⊗gj }

)
f̄ 2

33zdz,

(3.25)
where f33 is the deformation gradient in thickness direction, resulting
from assumption of material incompressibility. The bending moments
are returned to the solver after being transformed to the Green-Naghdi’s
frame. Section forces are neglected (N̂sec = 0) to suppress the membrane
part within the shell element.

To account for the infiltrated material state, a nonlinear elasticity E(γ̇eq)
and a nonlinear viscosity ηD(γ̇eq) are implemented using Equation 3.26
by means of formulations based on an isotropic Cross model [265], where
mechanical properties depend on the introduced rate equivalent γ̇eq,

E (γ̇eq) = E0 − E∞

1 +m1 γ̇
1−n1
eq

+ E∞ and ηD (γ̇eq) = η0 − η∞

1 +m2 γ̇
1−n2
eq

+ η∞. (3.26)

The outlined bending model is suitable to describe the observed rate- and
viscosity-dependent bending behaviour but involves some noteworthy
limitations. The hypoviscoelastic formulation implies a path-dependency
that can affect the results for mainly non-monotonous bending deforma-
tions due to the non-linearity of the elastic part of the constitutive equa-
tion. Therefore, a generic geometry containing only a single punch is go-
ing to be applied in Section 3.2.5, which results in a mostly monotonous
bending deformation on the fabrics. Furthermore, the model cannot ac-
count for warpage or spring back effects in the presented form. Thus,
obtained results are only reliable until the tool is closed completely.

3.2.4.2 Parametrization

The cantilever test and RBT experimental results are used to parametrise
two bending models, henceforth called cantilever and rheometer model.
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Both approaches are parametrised separately using inverse FEA-based
material parameter extraction. For time efficiency, and in contrast to
the numerical study, an implicit integration scheme is applied during
parametrisation1. For this, the outlined model is implemented within a
Ugens subroutine. An in-house script using the gradient-based Nelder-
Mead algorithm [332] is applied to identify and optimise suitable material
parameters for both bending models.

For the parametrisation of the cantilever bending model, the above-
outlined modelling approach is reduced to a purely hypoelastic approach
(ηD → 0) using constant elasticity moduli Ecan

i , that are determined for
each viscosity according to Table 3.3. The specimen tip displacement at
the free end is used as the optimisation goal.

Table 3.3: Material parameter of the cantilever model.

dry 20 mPas 135 mPas 250 mPas
Ecan

i (MPa) 788.49 418.05 477.84 526.58

Regarding parametrisation of the bending model using the Rheometer
dataset, a simulation set-up similar to [328] is applied with predefined
deflection rates (ω̇i = 0.1, 1, 10 rpm). The parametrisation results shown
in Figure 3.30 are in good agreement with the experimental ones.

A comparison of both models’ identified absolute and relative elasticity
moduli compared to the dry stiffnesses is presented in Figure 3.31 at cor-
responding curvature rates of the cantilever test (cf. Table 3.1). The sys-
tematic differences obtained by experimental trials with the two different
setups (cf. Figure 3.31 (a)) is reflected by the absolute values.

Moreover, the relative comparison shows that the identified elasticity val-
ues of the cantilever model decrease faster than the ones for of rheometer
model (cf. dashed lines in Figure 3.31 (b)). This originates from the purely

1 The implicit material model and RBT setup originate from [49]
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Figure 3.30: Parametrisation results for the rheometer model for the dry and infiltrate state
for deflection rates [119].

elastic approach in the cantilever bending model, which must compen-
sate for the missing rate-dependency via the elasticity modules.
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Figure 3.31: Comparison of parametrisation results | Elasticity moduli for different vis-
cosities (mPas) at corresponding rates; (a) absolute, (b) relative to dry refer-
ence [119].

119



3 Viscous draping

3.2.5 Numerical study

FE forming simulation model. To assess the process relevance of the
experimental bending trials, a numerical sensitivity study is conducted
using FE forming simulation runs with one and two plies on a generic
box-shaped1 geometry. On the macroscopic scale, the intra-ply mecha-
nisms, namely membrane and bending behaviour, have to be decoupled
since conventional shell theories can not describe the high membrane
stiffnesses compared to the relatively low bending stiffness caused by
intra-roving slip between filaments, which reduces the transverse shear
stiffness. This is already explained in more detail in Section 1.2.4.2.

The outlined approach is implemented through three user-subroutines
within the commercially available FE solver Abaqus/explicit (cf. Table
3.4). Superimposed membrane and shell elements represent each single

Table 3.4: Numerical modelling | Outline and origin of the applied material models.

Deformation Material Abaqus References
mechanism formulation Implementation & modifications

Membrane hyperelastic Vumat [99] (Sec. 3.1.2)
Bending hypoviscoelastic Vugens [48,328] +Bi(η, ω̇)
Interface (TP) Coulomb friction Built-in [333]
Interface (PP) Eq. 3.27 Vuinteraction [83, 334] (low,high)

ply of the stacked laminate. To model membrane behaviour, the above
presented hyperviscoelastic membrane model (cf. Section 3.1.2) is ap-
plied within a Vumat subroutine. A dry material state is used for the

1 The geometric was originally designed by Dr. Tobias Joppich at the Fraunhofer ICT,
2016
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membrane model in this study, which provides a purely hyperelastic ma-
terial formulation. For the above introduced bending model (cf. Sec-
tion 3.2.4), an existing hypoviscoelastic model that has been published by
Dörr et al. [328] is applied and modified to account for the experimentally
measured viscosity-dependent bending behaviour. The subsequently pre-
sented model is implemented via a Vugens subroutine. In addition to
the already implemented rate-dependency following a Voigt-Kelvin ap-
proach, a nonlinear elasticity is implemented in combination with a Cross
model. The observed plasticity behaviour is neglected in this numerical
study because the visco-elasticity is expected to be the more significant
mechanism, as the experimental results presented in Section 3.2.2.2 indi-
cate. Moreover, the experimentally obtained hysteresis behaviour is not
considered throughout this approach - a common assumption given the
mostly monotonous deformations during draping.

Two contact pairs are distinguished, Tool-Ply (TP) and Ply-Ply (PP) in-
terface (cf. Table 3.4). A conventional Coulomb friction law (µTP = 0.25)
within the general contact algorithm in Abaqus is used to describe the
TP interaction. The interface mechanisms for the PP contact, namely
tacking in normal direction and friction, are considered by a penalty-
based contact formulation [335] using a user-defined contact model that
has been proposed by Dörr et al. [334] within the Vuinteraction sub-
routine. The critical tangential stress τcrit, which is regularised by a yield
function, is given by

τcrit = µPP p+ ηPP v + τPP,0, (3.27)

where µPP is the tangential coefficient of friction and τPP,0 accounts
for the sticking. Rate-dependencies are suppressed within the contact
model, limiting rate-dependency solely to the applied bending model
(ηPP → 0). Modelling of the interface behaviour is discussed in more
detail in Section 3.3.
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To account for the interdependency between membrane and bending be-
haviour [47, 85], which is connected by the PP contact formulation, two
sets of PP contact parameters are used according to Table A.5 (Appendix
A.2.2). For the low contact setting, the sticking parameter τ low

PP,0 is para-
metrised by experiments with dry woven fabrics [336], whereas τhigh

PP,0 is set
to mostly suppress relative slip between the plies (high contact setting).
In this manner, the low contact setting represents a process situation in
which plies can easily slide relative to each other, e.g. due to lubrica-
tion with low-viscous resin within the WCM process. In contrast, the
high contact setting represents a process situation where plies mostly
stick together and relative slip is mostly prevented. The latter approxi-
mates lubrication states with a partially cured resin or situations where
chemical binders or high normal forces are applied. The contact param-
eters are kept constant in both cases to investigate the influence of the
bending behaviour exclusively. In the following, the constitutive equa-
tions and modifications for the bending behaviour of infiltrated fabrics
are presented and parametrised. Subsequently, numerical results of the
sensitivity study are shown and discussed.

Setups. As outlined in Table 3.5, several forming simulation runs are
performed in Abaqus with an explicit time integration scheme. The dry
specimens and the specimens infiltrated with 20 mPas represent the ex-
treme values of the experimentally obtained bending stiffnesses (see. Fig-
ure 3.31). Therefore, only these two viscosities are used for the sensitivity
study. Three sets of setups are compared, a comparison among the sin-
gle ply setups (S1-S4), a comparison among the two-ply setups with low
frictional conditions (S5-S8) and a similar two-ply setup with high contact
settings (S9-S12). The tools are modelled as discrete rigid surfaces and the
applied tool stroke is implemented via a displacement boundary condi-
tion, as illustrated in Figure 3.32 (a). The tool is closed within 2 seconds at
a constant velocity uT = 25.5 mm/s. Furthermore, a constant gravity load
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Table 3.5: Outline of the simulation setups.

Setup Layup Mat. state Dataset Contact
Single ply

S1 [0/90] dry RBT TP only
S2 [0/90] 20 mPas RBT TP only
S3 [0/90] dry cantilever TP only
S4 [0/90] 20 mPas cantilever TP only
Two-plies – Low contact settings

S5 [0/90, ±45] dry RBT TP + PP low
S6 [0/90, ±45] 20 mPas RBT TP + PP low
S7 [0/90, ±45] dry cantilever TP + PP low
S8 [0/90, ±45] 20 mPas cantilever TP + PP low
Two-plies – High contact settings

S9 [0/90, ±45] dry RBT TP + PP high
S10 [0/90, ±45] 20 mPas RBT TP + PP high
S11 [0/90, ±45] dry cantilever TP + PP high
S12 [0/90, ±45] 20 mPas cantilever TP + PP high

is applied to the model. Each ply, with a constant thickness of 0.3 mm, is
modelled using 70.000 triangular elements.

Preliminary studies using the dry material state showed that the occur-
ring curvature rates during forming are in good agreement with the para-
metrised range (cf. Figure 3.32 (b)). Here, the dry parameter sets involve
the highest rates because of the lowest rate-dependency (cf. Table A.6).
The parametrised range is indicated by vertical lines in Figure 3.32 (b).

In the following, the modified mean curvature value originally proposed
by Haanappel [24] and enhanced as part of an in-house python script [49]
is applied to quantify wrinkling. Two values are of interest. The modified
mean curvature κel is used for a spatial visualisation of the curvature field.
It is obtained by interpolation of the nodal curvatures κ̄node

j = 0.5 · (|κI
j |+
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Figure 3.32: (a) Illustration of FE forming simulation setup 5 illustrating the spatial cur-
vature distribution κel ; (b) Histogram of occurring curvature rates κ̇ during
forming simulation of the generic geometry [119]).

|κII
j |), which are determined using the principal curvatures κI, κII at the

mesh nodes j, to the element centroid [49]

κ̄el =
∑N el

i=1(κel
i A

el
i )∑N el

i=1 A
el
i

with κel
i =

1
3

3∑
j=1

κ̄node
ij . (3.28)

For quantification the predicted curvature of the whole part by a scalar
value, the modified mean curvature κel

i is averaged using the total num-
ber of elements N el. As elements deform, the average is calculated area-
weighted usingAel

i . The presented curvature values are always calculated
for the final tool shape as S1 in Figure 3.33 illustrates.

Results. A comparison between the predicted curvatures of the ±45◦

single ply simulation setups S1 to S4 is presented in Figure 3.33. The
curvature values κ̄el

MM beneath the pictures correspond to the outlined
tool shape with a remaining tool cavity of 10 mm. The overall shape and
predicted curvatures are quite comparable for the two infiltration states.
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Figure 3.33: Single ply results | Curvatures κel, κ̄el predicted by both bending models for a
remaining tool cavity of 10 mm and two viscosities (Setups S1 to S4) [119].

The curvatures within the tool shape only slightly increase with infiltra-
tion. In contrast to the rheometer results, curvatures predicted by the
cantilever model are increased inside and outside the tool shape. The dif-
ferences between the results using the two viscosities are slightly more
pronounced. The most noticeable difference between the two models is
the predicted sag outside the tool shape.

The numerical results of the two-ply setups are displayed in Figure 3.34
for the low contact settings and for the high contact settings in Fig-
ure 3.35.
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Figure 3.34: Low contact settings τ low
PP,0 | Comparison of the numerical results and pre-

dicted curvatures κel, κ̄el within the two-ply simulations for a remaining tool
cavity of 10 mm (Setups S5 to S8) [119].

Almost identical results compared to the single-ply runs (cf. Figure 3.33)
are obtained when the low contact settings are applied (cf. Figure 3.34).
Consequently, similar tendencies, curvatures relations and shapes are
predicted.

In contrast to the former, distinctive winkling is predicted when relative
slip is mostly prevented (cf. Figure 3.35). The obtained curvature values
are significantly higher. However, the same tendencies in terms of viscos-
ity impact and bending model apply. The impact of viscosity is rather low
and more pronounced when the cantilever model is used. Furthermore,
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3.2 Bending behaviour

the cantilever bending model predicts significantly higher curvature val-
ues than the rheometer model. The position and shape of individual wrin-
kles vary in all configurations, but the largest difference is observed be-
tween elastic and viscoelastic bending formulation.

κ̄el = 0.04423 κ̄el = 0.04683

Rheometer

Cantilever

viscoelastic

elastic

κ̄el = 0.03859 κ̄el = 0.03978

dry 20 mPas

κel (1/mm)
Legend

0.0 0.06 0.12 0.18 0.300.24

S10S9

S12S11

0/90◦

±45◦

Figure 3.35: High contact settings τ low
PP,0 | Comparison of the numerical results and pre-

dicted curvatures κel, κ̄el within the two-ply simulations for a remaining tool
cavity of 10 mm (Setups S9 to S12) [119].

Discussion of numerical results. The numerical results of the single-
ply simulation setups (S1-S4 in Table 3.5) match the two-ply simulation se-
tups with low contact interaction (S5-S8) because a mostly unconstrained
deformation of the single plies is possible in all these simulation runs.
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3 Viscous draping

The obtained results directly relate to the applied bending models and
their corresponding material parameters. The lower the bending stiff-
ness, the higher the sag and predicted curvatures (cf. Figure 3.33 and
Figure 3.34) as seen for the cantilever models with the lower stiffness
compared to the RBT models. Recalling the identified material parame-
ters in Figure 3.31, the bending stiffness in both models decreases along
with decreasing viscosity. The values obtained by the RBT are approxi-
mately 20 - 50 % higher than the corresponding values obtained by the
cantilever test. Consequently, the reduced bending stiffness and missing
rate-dependency within the hypoelastic cantilever model predict, in gen-
eral, higher curvatures and more sag than the rheometer model through-
out all the numerical results. A rate-depended bending model is rec-
ommended as it represents the measured material behaviour more ac-
curately.

The above-outlined reasoning also applies to the two-ply simulation se-
tups containing the high contact interaction (S9-S12). However, the sup-
pressed relative slip between the plies leads to increased in-plane (mem-
brane) forces due to constrained deformation and, therefore, to the for-
mation of wrinkles as visualised in Figure 3.35. According to literate
[47, 85, 328] the initial values of the bending stiffness determine the on-
set of wrinkles, whereas rate-dependencies determine their progression.
Since the value for the initial bending stiffness of the rheometer model
is higher compared to the cantilever model, less wrinkling is predicted,
which is also reflected by the averaged curvature values inside the tool
shape (cf. Figure 3.35). Although the predicted averaged curvatures κ̄el

only increase slightly with infiltration for both bending models, the po-
sition and shape of the wrinkles differ between every configuration, at
least in certain areas of the part. This is contributed to the fact that wrin-
kling is an instability issue, governed by the ratio of in- and out-of-plane
stresses [47]. In situations with increased in-plane stresses, the model
responds more sensitively to viscosity-dependent changes of the bend-
ing stiffness. Consequently, differences between the shape and size of
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3.2 Bending behaviour

the predicted wrinkles are noticeable within the high contact simulation
runs.

In addition, it has to be considered that, although the kinetic energies are
very low compared to the total energies in the model (< 2 %), some degree
of oscillation cannot be prevented when using a solely elastic bending
model (cantilever). This may cause differences in the plies’ outer shape,
especially for the single plies (cf. Figure 3.33). Regarding the rheometer
model, the viscous part damps such oscillations.

Collectively, the numerical results reveal that the bending models (RBT,
cantilever) lead to differences in predicted shape and curvature. More-
over, the shape and size of the wrinkles are affected on part level, espe-
cially when strong contact interaction is assumed. The usage of a vis-
coelastic bending model is recommended as the material behaviour is
shown to be rate-dependent, even for dry specimens. Furthermore, the
results emphasise the relevance of accurate characterisation of the ini-
tial bending stiffness value, which is not so straightforward, as shown in
Section 3.2.3.

In general, the relevance of a viscosity-dependent bending model is of
minor importance within the WCM process, compared to, e.g. the ther-
moforming of thermoplastic UD-tapes [114, 328, 337]. This is mostly be-
cause relative slippage between the plies prevents most critical situations
in WCM. Thus, localised stresses tend to be released by relative inter-ply
slip and not by bending. Moreover, the process relevant viscosity range
(20-250 mPas) is much lower than within, for example, the thermoforming
of thermoplastic UD-tapes or prepregs.

As before the membrane behaviour, key experimental and numerical re-
sults regarding the bending behaviour of pre-infiltrated fabrics are placed
in a larger context at end of this chapter in Section 3.5.
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3 Viscous draping

3.3 Inter-ply behaviour1

Inter-ply behaviour at interfaces is an important mechanism during WCM
processing as large slip is observed during moulding experiments [73].
In this sense, the drapeability of the stack is normally improved under
low-frictional conditions because it allows for a more unconstrained de-
formation of the single plies according to their current fibre orienta-
tion [47, 114, 119, 328]. To account for normal and tangential contact be-
haviour, different experimental techniques are required.

Upper mould

Blank holder

Single plies

Lower mould

Seal

Tool-ply interface

Ply-ply interface

Pressure state Tension state

|ξt|

within stack

infiltrated

dry

Figure 3.36: Inter-ply behaviour | Exemplary simulation setup and arising contact states.

As illustrated in Figure 3.36, contact arises at the interfaces between stack
and tooling (TP), as well as within the stack (PP). Regarding contact in nor-
mal direction, pressure or tension states can arise during forming (cf. Fig-
ure 3.36). The tension state is commonly neglected for forming of dry,
non-bindered textiles, as no source of significant tacking forces exists.

1 Section 3.3 contains extracts of: C. Poppe, D. Dörr, F. Kraus, L. Kärger: Experimental
and numerical investigation of the contact behaviour during FE forming simulation of con-
tinuously reinforced composites in wet compression moulding, AIP Conference Proceedings
2113:020002, ESAFORM, Spain, 2019 [336].
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3.3 Inter-ply behaviour

This no longer applies for partly or fully pre-infiltrated contact areas dur-
ing WCM processing [336] as the fluid can lead to tacking forces be-
tween the contact interfaces [338]. Similar to thermoplastic UD-tapes
[83, 85], the matrix’s presence causes tacking in normal direction. Thus,
experiments need to cover TP and PP conditions, including dry and pre-
infiltrated contact states during both pressure and tension situations.

3.3.1 Experimental characterisation

3.3.1.1 Tangential behaviour

Hüttl et al. [156] show that the coefficient of friction (CoF) of the in this
study investigated woven fabric is influenced by its current infiltration
state. For this, they use a sledge-based setup, pulled over the surface of a
clamped fabric (cf. Figure 3.37 (a)).

(a)

(b) (c)

Tool-ply Ply-ply

Rope
Sledge

fraw

Rope

Sledge Clamped fabric

gz

Asl

θ =0 ◦

Figure 3.37: Experimental setup | (a) Test bench on tensile testing machine; (b) Schematic
illustration; (c) Close-up and definition of the relative fibre orientation θ [336].
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3 Viscous draping

The clamped area is placed in a fluid reservoir, enabling a homogeneous
infiltration of the clamped fabric. The setup is mounted on a tensile test-
ing machine of the company Zwick GmbH & Co. KG (Germany). This
setup is used for a systemic study of viscosity- and rate-dependency of
frictional behaviour within both contact pairs. The relative fibre an-
gle θ between two surfaces is shown in Figure 3.37 (c). For the latter,
three different velocities are applied during the experiments (100, 350,
700 mm/min). Moreover, the previously introduced silicon oil (cf. Sec-
tion 1.5) with three different but rate-independent viscosities (20, 135,
250 mPas) is applied and compared to the dry reference. To account for
a potential pressure-dependency, two different sledge weights msl (718
and 1218 g) with the same contact area (Asl = 3600 mm2) are used (cf. Fig-
ure 3.37 (b)). This information is used to calculate the tangential contact
stress

τ =
fraw

Asl
with fraw = µ gz msl, (3.29)

where fraw provides the measured rope force. The resulting CoF is calcu-
lated using the resulting weight force of the sledge

µ =
f0

raw

gz msl
. (3.30)

Unless otherwise stated, all outlined configurations are repeated 3 times.

Experimental procedure. The same amount of resin is applied on top
of the clamped fabric during each trial. In order to minimise drag forces
of the fluid, only the amount of resin required for a homogeneous and
complete infiltration of the fabrics is applied. A constant soaking time of
2 min is waited before testing. The sledge is position at a fixed starting
position for each trial. Subsequently, another minute is waited to ensure
contact infiltration. It has to be mentioned that arising fluid pressure
around the contact area resulting from the sledge movement cannot be
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3.3 Inter-ply behaviour

measured with this setup. Therefore, it is impossible to distinguish be-
tween purely material forces in normal direction (compaction of the plies),
resulting in interface friction and the fluid pressure beneath the sledge,
which presumably also bears some of its weight.

Experimental results. The experimental results for the TP contact pair
with a relative contact angle of θ = 0◦ are presented in Figure 3.38 (a).
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dry
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dry
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250
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Velocity (mm/min)

(b) PP

Figure 3.38: Tangential inter-ply results | (a) Dry and pre-infiltrated TP contact; (b) PP con-
tact for a relative orientation of θ = 0 ◦ [336].

The measured tangential stress τ (cf. Equation 3.29) significantly depends
on the applied slip-rate and viscosity of the resin in the contact zone. The
impact of infiltration slightly increases with the sledge weight. Moreover,
rate-dependency increases along with viscosity. Contrasting results are
obtained for the PP results (cf. Figure 3.38 (b)). Here, increasing contact
infiltration reduces the measured tangential stresses. The viscosity im-
pact increases with increasing sledge weight.

Thus, infiltration leads to an altered tangential stress response. Regard-
ing TP interaction (cf. Figure 3.38 (a)), the presence of the fluid increases
the sliding resistance compared to the dry reference. This originates from
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3 Viscous draping

the smooth, rigid contact interface of the tool. The closed contact surface
of the tool enables hydrodynamic friction states, which leads to a com-
plete separation of the contact interfaces of tool and plies [161]. Optical
observations could confirm this separation through slight sledge floating
during experiments. Therefore, the obtained results are dominated by
the fluid behaviour, which means that additional internal viscous forces
within the fluid need to be overcome. A rate-dependency is introduced.

Regarding the experiments of the PP interface (cf. Figure 3.38 (b)), both
contact surfaces are more uneven and deformable, which may lead to in-
terlocking of rovings. It is assumed that a mixed contact state, e.g. com-
bined friction on the roving crosspoints and hydrodynamic friction be-
tween them, establishes during the experiments [154, 156, 161]. This re-
sults in higher scattering of the measured tangential stresses compared to
the TP trials (cf. Figure 3.38 (a)). In addition, the gaps between the rovings
in conjunction with the surface structure prevents a proper separation of
the contact pairs for the PP contact – a hydrodynamic friction state can
only be established partly (mixed contact state). The contact infiltration
leads to a lubrification of the contact areas, which reduces the tangential
stress response. Moreover, the fluid homogenises the surface by accumu-
lating in the roving gaps. Note that due to fluid displacement caused by
the sledge, the formation of low-pressure zones below the sledge cannot
be excluded completely.

Impact of relative fibre orientation. In addition to the above-outlined
trials with a relative orientation of 0◦, trials with 45◦ have been conducted
by Hüttl et al. [156] and as part of a bachelor thesis [339]. Hüttl et al. [156]
show that a reduced relative orientation within the contact decreases the
tangential contact stress for dry and pre-infiltrated materials states. Ad-
ditional trials in [339] show that this decrease is more pronounced for
PP surfaces of the stack because of the less homogenous interfaces. In-
vestigation with two different velocities (20 mm/min, 100 mm/min), have
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3.3 Inter-ply behaviour

found no significant impact with regard to the CoF. Given that these ve-
locities are relativity low (cf. Figure 3.38), an impact at higher slip rates is
assumed. The available data is used to calculate a scale factor Sθ,τ [0-1]

Sθ,τ (η) =
τ45◦(η)
τ0◦(η) (3.31)

between the obtained tangential stresses τ0◦
with a relative fibre orienta-

tion of θ = 0◦, and θ = 45◦ for each infiltration state η. Using Sθ,τ (η), the
impact of the relative orientation can be estimated for each infiltration
state and for the TP and PP contact pair (cf. Figure 3.39 (b)).
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θ = 45◦ TP-trials
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Scale function TP
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Figure 3.39: Tangential contact results | (a) Schematic illustration of inter-ply relative con-
tact angle; (b) Scale factors for TP and PP behaviour relative to 0◦ reference.

For the TP trials, an almost constant and slight decrease by 5 % compared
to the 0◦ results is observed. Consequently, relative fibre orientation is
neglected for TP interaction. The PP trials revealed a linear increase to-
wards the reference line with increasing viscosity. The constant slope can
be described by

SPP
θ,τ (η) = 4.6961 · 10−4/Pas · η + 0.673. (3.32)
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This linear decrease of SPP
θ,τ (η) compared to the 0 ◦ orientation is assumed

to originate from an increasing impact of the fluid within the mixed con-
tact state. Given these results, tangential stresses can be reduced by a
maximal of 30 % with a smaller contact angle. It has to be noted that a
possible lateral shift of the sledge might have influenced the results. Al-
though this is not reported [156, 339], it should be considered in further
experiments. This might become relevant in further investigations if the
contact behaviour of the applied material shows an important impact on
part level. However, the available datasets for the relative orientation of
45 ◦ are limited and not comprehensive. Consequently, further investi-
gations in this work are solely based on the outlined results for the 0 ◦

orientation.

3.3.1.2 Normal tacking

Infiltration of the contact interfaces can lead to tacking in normal direc-
tion, as illustrated in Figure 3.36. The tacking behaviour has been inves-
tigated as part of a bachelor thesis [338]. Experimental trials according to
Figure 3.40 (a) are conducted.

For these trials, the previously applied experimental setup is used for pull-
off trials in normal direction (e3). For this, the rope is fixed at the sledge’s
centre of gravity. As no guidance device is used, no additional frictional
forces have to be taken into account, although a slight tipping during
lift-off cannot be entirely excluded. The resulting tacking stress Ne3 is
calculated using the pull-off force f0

raw under consideration of the sledge
msl and infiltrated specimen weight msp(η)

Ne3 =
f0

raw

Asl
with f0

raw = fraw − gz

(
msl −msp.(η)

)
. (3.33)

As the number of stacked plies affects the resulting tacking forces, ex-
periments with one to four plies are conducted in pre-infiltrated contact
state.
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Figure 3.40: Experimental setup | (a) Schematic illustration using the rope to pull-off the
sledge in normal direction; (b) Exemplary result of the tacking behaviour for
three fabric layers (one attached to the sledge, two fixed at the bottom) for
three different viscosities at a pull-off rate of ξ̇3 = 50 mm/min [338].

An exemplary result of the obtained reaction forces for a three ply config-
uration and a pull-off speed of ξ̇3 = 50 mm/min is plotted in Figure 3.40
(b). Rate-dependency is investigated via trials with three different low
pull-off rates (5,20, 50 mm/min).

Experimental procedure. Only the amount of resin needed for a ho-
mogenous and complete infiltration of the contact interface is applied
to minimize fluid-induced drag. For a trial, the required amount of fabric
layers is stacked and clamped in the reservoir. One layer is always directly
attached to the sledge itself. A soaking time of 2 min is waited before each
trial.

Experimental results. The combined experimental results for the tack-
ing behaviour are plotted in Figure 3.41 using the maximal recorded tack-
ing force during the initial peak (cf. Figure 3.40 (b)).
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Figure 3.41: Experimental results | Normal contact tacking based on infiltration state, pull-
off rate and layer number [338].

During all trials, the maximal measured tacking force is reduced by in-
creasing the number of layers. This effect most dominant when only a few
layers (1-2) are applied. Moreover, tacking forces increase with increasing
viscosity and increasing pull-off rates as expected. The combined results
for maximal tacking force fmax

T,3 and corresponding normal displacements
ξmax

T,3 are shown in Table A.8.

Conclusion. The obtained results indicate a relatively strong influence
of the infiltration state on the normal contact in the tacking area. How-
ever, the tacking forces are significantly below the assumed reaction
forces encountered during characterisation of pre-prepregs or thermo-
plastic UD-tapes [24, 49, 78]. This originates from the low viscosity of
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the fluid and architecture of the textile. Moreover, the formation of low-
pressure zones below the sledge is assumed to be the reason for the high
impact of ply numbers during trials. An overestimation for trials with only
one and two plies is expected. To contribute to this, only tacking forces
originating for three and four plies trials are applied during modelling
and subsequent evaluation on part level.

3.3.2 Interface modelling
Contact modelling1 is implemented usingAbaqus built-in ’General con-
tact’ [333] algorithm. As illustrated in Figure 3.42 (a), this algorithm acts
on the slave nodes to identify proximal points on the corresponding mas-
ter surface. A local and orthonormal coordinate system ξi is introduced
at each of these proximity points (PP) to describes normal distance ξ3 and
tangential slip ξt.

(a) (b) (c)
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Figure 3.42: Contact formulation | (a) Abaqus’ general contact algorithm ; (b) Normal and
(c) Tangential contact formulation.

The total contact stress of the current slave node is determined by aver-
aging all currently detected PP. Detection distance is defined by a track-
ing thickness ξTT

3 , which can be adapted manually. Commonly, values
between 0.1 and 0.3 mm are applied. However, tacking results show (cf.
Table A.8) that values between 0.4 and 0.8 mm are needed for the tracking

1 Expansion of an existing contact subroutine for UD tapes [49, 83].
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distance to be able to capture the maximum of the experimental curves.
Thus, ξTT

3 = 0.8 mm is applied during all subsequent analyses. This sig-
nificantly reduces computational efficiency as more contacts are identi-
fied and evaluated during analysis. To prevent false contact detection,
explicit contact pairs are defined for the simulation runs.

3.3.2.1 Constitutive modelling

Regarding modelling, normal traction N and tangential traction T are
naturally described separately based on the normal contact distance ξ3
and tangential contact slip ξt with t = [1, 2] as in-plane components.
Combined (Z = N + T ) they provide the resulting contract traction
Z on every slave node. For this purpose, suitable constitutive equations
are introduced using the Abaqus contact subroutine Vuinteraction.
The built-in contact functionalities (Abaqus/explicit 2020) are not able
to account for tangential slip and normal tacking simultaneously [83]. The
values of numerical penalty parameters, which are not directly related to
the parametrisation results, are not specified for intellectual property rea-
sons. The implemented constitutive equations, as well as their parametri-
sation, are outlined in the following.

Normal traction. The non-penetration condition in normal direction
is regularized by means of the Penalty method [335]. Following Equation
3.34

N = Ne3 =


0

[
ξ3 > ξTT

3
]

(no contact)

Asub
[
0 ≤ ξ3 ≤ ξTT

3
]

(tacking)

cP
Nξ3 + dP

Nξ̇3 [ξ3 < 0] (penetration),

(3.34)

two stiffnesses are introduced to minimize penetration cP
N and to account

for the tacking during contact tension cT
N (cf. Figure 3.42 (b)). Similarly,

contact damping is introduced via dP
N and rate-dependency during tack-

ing using dT
N. A solely numerically motivated, linear decrease to zero
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within 0.2 mm is implemented above fmax
T,3 to increase numerical stabil-

ity and prevent stiffness discontinuities during separation

Asub =


cT

Nξ3 + dT
Nξ̇3

[
0 ≤ ξ3 ≤ ξmax

T,3
]

(tacking)

σmax
T,3

(
1 −

|ξ3| − ξmax
T,3

ξTT
3 − ξmax

T,3

) [
ξmax

T,3 < ξ3 ≤ ξTT
3
]

(linear decrease).
(3.35)

The maximal contact stress σmax
T,3 = fmax

T,3 /Asldge is calculated using the
maximal tacking force and the contact area according to Equation 3.33.
Corresponding contact reaction forces are computed using the current
orthogonal contact orientation N = Ne3.

Tangential slip. An isotropic constitutive equation for friction is ap-
plied to account for the transition from sticking to sliding by means of an
isotropic yield functionΦ. In this case, Φ can be reduced from the general
anisotropic case [49, 335] to

Φ =
√
GijTiTj

τcrit
− 1, (3.36)

whereGij are the contravariant metric coefficients, Ti and Tj are the tan-
gential traction components and τcrit the isotropic yield stress [49, 336].
Hence, relative orientation between the slipping plies is not taken into
account. The stick-slip-condition of the tangential traction T is regular-
ized by

T = Tet =


ct,conξt + dt,conξ̇t [Φ ≤ 0] (sticking)

τcrit
ξ̇t

|ξ̇t|
[Φ > 0] (sliding),

(3.37)
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where the penalty parameters ct,con and dt,con are constant. The critical
tangential stress τcrit is modelled by means of a Coulomb friction law su-
perimposed with a Cross model to account for the rate- and pressure de-
pendent inter-ply slip behaviour between the infiltrated plies according
to

τcrit =


0

[
ξ3 ≥ ξTT

3
]

ηt,con
[
0 ≤ ξ3 < ξTT

3
]

with ηt,con =
η0 − η∞

1 +m|ξ̇t|(1−n)
+ η∞

pNµt,con + ηt,con [ξ3 < 0]
(3.38)

Here, µt,con and ηt,con provide the material parameters, which depend on
the in-plane tangential slip rate ξ̇t and the contact pressure pN, respec-
tively. The outlined model, therefore, describes the infiltration state on
macro-scale in a homogenised manner. The contact stresses are calcu-
lated based on the slip rate and the infiltration state.

3.3.2.2 Parametrisation

The outlined approaches for normal and tangential direction are para-
metrised using an inverse parameter identification2. The obtained values
are summarised in Appendix A.1.1 in Tables A.7 and A.8.

Normal tacking. The location (normal displacement ξ3) and value of
the maximal measured tacking force fmax

T,3 is used to parametrise the nor-
mal contact. By combining all pull-off rates with the same viscosity and
number of layers, a function is implemented for every of the contact infil-
tration states. The number of layers within the stack is predefined in the
subroutine. A direct comparison with the experimental results for three
layers is shown in Figure 3.43.

2 In-house available, python-based script originally developed by Dominik Dörr, 2018
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Figure 3.43: Validation of normal traction | Comparison of model prediction and experi-
mental results for three layers.

Similar results on the four layer configurations are shown in Figure 3.44.
The model captures the increasing rate-dependency for different viscosi-
ties. Moreover, extrapolation for increased velocity is prevented by pre-
scribing the maximal value for the contact stress above |ξ̇t| = 50 mm/min.
Good prediction accuracy is observed.
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Figure 3.44: Validation of normal traction | Comparison of model prediction and experi-
mental results for four layers.
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Isotropic tangential slip. The introduced material parameters for the
tangential contact behaviour are determined via reverse parameter iden-
tification. A multi-objective-based optimization accounts for the rate-
and pressure dependency at different constant contact viscosities. A com-
parison of the experimentally determined and virtually predicted friction
stress responses with different contact viscosities and contact pressures
is summarized in Figure 3.45 for the TP trials and in Figure 3.46 for the
PP trials.
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Figure 3.45: Tangential TP parametrization | Comparison of experimental results and
model prediction for θ = 0◦ relative fibre orientation.
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The overall results are in good agreement. The resulting parameters lead
in most cases to a slight over-prediction for the lower contact pressures
msl = 718 g and a corresponding under-prediction for msl = 1218 g
(cf. Figure 3.45 (250 mPas)). The material parameters are summarized in
Table A.9 and A.10.
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Figure 3.46: Tangential PP parametrization | Comparison of experimental results and
model prediction 0◦ relative fibre orientation.
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3.3.3 Numerical study

FE forming simulation runs are utilised to assess and evaluate the process
relevance of the experimental findings. The user-defined contact formu-
lation is investigated using two different generic geometries. Geometry
1 consists of a rather simple double dome with a circumferential blank
holder (cf. Figure 3.47 (a)). Geometry 2 provides a more complex bowl-
shaped geometry containing strongly curved corners end edges (cf. Fig-
ure 3.50 (a)). This geometry was already used for the numerical study of
the bending behaviour in Section 3.2.5. For the bowl-shaped geometry, no
blank holder is applied. The two different geometries are chosen to eval-
uate the impact of geometrical complexity and blank holder application
on the sensitivity of the contact formulation. In this study, only the PP in-
terfaces is investigated. The impact of the TP interface is assessed within
the application to the complex demonstrator in Section 3.4. A built-in TP
contact based on a Coulomb friction law is used µTP = 0.2 in the follow-
ing.

Geometry 1 - with blank holder. The presented numerical contact
model in conjunction with the previously-outlined modelling approaches
for membrane (cf. Section 3.1.2) and bending (cf. Section 3.2.4) behaviour
are utilised.

For geometry 1, simulation runs containing two plies with initial fibre ori-
entations of 0◦ and ±45 ◦ are conducted using a constant closing speed of
20 mm/s for the punch. The tool surfaces are modelled via discrete rigid
surfaces and gravity is considered by an additional body force (cf. Fig-
ure 3.47 (a)). An additional global blank holder with a constant pressure
of 60 N is used to ensure a large contact area between the plies. The re-
sulting tangential slip rates remain within the parametrised range. The
averaged curves for the dry contact setting, which provide the highest
tangential slip rates are shown in Figure 3.47 (b)).
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Figure 3.47: Geometry 1 | (a) Numerical setup; (b) Verification of contact slip rate |ξ̇t| [336].

Despite the tangential slip, the current contact state (tension or pressure)
in normal direction is evaluated using contact state C (n)

s . This state C (n)
s

(-) is determined at every slave node n by averaging the contact flag acon,i

[-1,0,1] of every proximity point mprox at the master surface. The contact
flag acon,i is defined based on the current contact penetration ξ3 accord-
ing to

C
(n)
s =

∑mprox
i=1 acon,i

mprox|ai ̸=0
with


acon,i = −1 [ξ3,i < 0] , pressure

acon,i = 1 [ξ3,i > 0] , tension

acon,i = 0 [ξ3,i = 0] , exclude.

(3.39)

If, for example, the values of all proximity points associated with the same
slave node are below zero (penetration), the corresponding contact state
yields C (n)

s = −1. Moreover, this node-based contact state is used for a
global assessment of the predominate contact state C̄s between the plies
by averaging among all currently contacted nodes of the same element.

Individual deformation of the two plies results in relative tangential slip
at the PP interface (cf. Figure 3.48 (a)). Moreover, the averaged tangential
slip |ξt| between the two plies is plotted in Figure 3.48 (a).
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Figure 3.48: Geometry 1 | (a) Tangential slip |ξt| and (b) contact state during forming [336].

Only a slight impact of the assumed infiltration state is observed towards
the end of the tool stroke. Additionally, Figure 3.49 (b) shows that the
average contact state between the plies is predominated by tension during
most of the tool stroke, except from regions below the blank holder and
distinct areas beneath the punch (cf. Figure 3.48 (b)).
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Figure 3.49: Geometry 1 | (a) Averaged interface slip |ξ̄t|; (b) Predominant, averaged contact
state C̄s below the punch [336].

A predominated pressure state is only established within the last percent
of the tool stroke. As the cavity of the tool is designed with 2 mm and
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stack only measures a thickness of 0.6 mm, some regions below the punch
remain in tension dominated state.

Geometry 2 - without blank holder. Using a similar two-ply layup
[0/90◦,±45◦], the setup for geometry 2 in Figure 3.50 (a) illustrates the re-
sulting contact slip between the two different oriented plies. The sharp
corners lead to largely distributed contact slip. As the infiltration states
dry, 20 mPas and 250 mPas provide the extremal values, only these three
states are compared for geometry 2. A constant punch speed of 15 mm/s
is applied. The resulting contact slip rates |ξ̇t| for the different infiltra-
tion states are given in (b). The arithmetic mean values are comparable,
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Figure 3.50: Geometry 2 | (a) Setup; (b) Verification of the occurring contact slip rates |ξ̇t|
during forming using the arithmetic mean and maximal values.

whereas the maximal values slightly differ. As before, the dry state leads
to the highest rates during most of the tool stroke. The values almost
completely remain within the parametrised range.

For evaluation, the spatial tangential slip components ξ1 and ξ2 between
both plies are compared for different assumed infiltration states of the PP
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interface (cf. Figure 3.51). A quite comparable slip is observed for all in-
filtration states. This applied to both evaluated orientations. Only minor
differences are found for the extremal values.

dry
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Figure 3.51: Relative slip ξ1 and ξ2 between the two plies in assembly COS for different
infiltration viscosities of the PP contact for the fully closed mould.

Furthermore, the averaged tangential slip |ξt| is evaluated for two critical
regions within the geometry (cf. Figure 3.52). Similar to the spatial results
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Figure 3.52: Geometry 2 | Averaged tangential slip |ξ̄t| at two critical regions 1 and 2, using
arithmetic mean and maximal values.

in Figure 3.51, no significant difference is predicted for the two region.
This applies to the mean displacement and the maximal values.

Discussion. Concluding the results, a two-sided picture emerges. On
the one hand, experimental trials proved an impact of the contact vis-
cosity in both tangential (cf. Figure 3.38) and normal direction (cf. Fig-
ure 3.41). The former is also affected by the local relative fibre orientation
between the contacted plies in the experiments as Figure 3.39 illustrates.
On the other hand, two numerical studies predict only an insignificant
impact on the global draping behaviour (cf. Figures 3.49, 3.51 and 3.52).

Observed during experiments and predicted by the simulation, friction is
almost always sufficiently low enough to allow for an individual deforma-
tion of each ply. This applies to dry as well as pre-infiltrated contact states
from 20-250 mPas. Although the CoF decreases by almost 50 % with in-
creasing viscosity relative to the dry one, (cf. Table A.10), the absolute
viscous friction contact stresses remain low (cf. Figures 3.45 and 3.46).
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Hence, the low-viscous fluid within the contact lubricates the contact in-
terfaces but does not introduce significant viscous forces during numeri-
cal studies. Consequently, no significant impact on the predicted tangen-
tial contact slip is observed for both investigated geometries (cf. Figures
3.49 and 3.51). For comparison, the typically obtained order of magni-
tude for tangential stresses for a thermoplastic UD-Tape are one to two
decades higher and even then, only a small effect on the overall draping
results is reported [24, 49]. Given this comparison, it seems reasonable
that the overall reported effect of the contact formulation is small.

In this regard, it has to be clarified whether a computational expensive
user-developed contact formulation using a subroutine is necessary for a
reasonable prediction accuracy on part level (process relevance). This is
investigated in an additional study on a complex demonstrator part in the
upcoming Section 3.4.
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3.4 Complex demonstrator

3.4.1 Manufacturing
A complex sledge-shaped demonstrator (cf. Figure 3.53) has been devel-
oped and manufactured as part of the project ’Forschungsbrücke Karlsruhe-
Stuttgart’ and in close cooperation with the Fraunhofer ICT in Pfinztal,
Germany.
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Figure 3.53: Demonstrator | (a) Tooling at Fraunhofer ICT; (b) Geometry and manufactured
part; (c) Results at specific locations (rips, corners and seat) for the partly and
fully closed mould.
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The sledge geometry has been developed as part of a bachelor thesis [340]
at the KIT-FAST under consideration of manufacturability and structural
performance. As illustrated in Figure 3.53 (b), the sledge comprises sev-
eral challenging geometrical features, including bent rips, skids and a
sharp corner located around a double-curved tunnel. Forming simula-
tion runs are utilised within the design phase and for the development
of the tool concept using the above-introduced models for membrane,
bending and inter-ply behaviour (cf. Sections 3.1 to 3.3). As shown in
Figure 3.53(a), the sledge is manufactured upside down to support a su-
perficial resin application. The tool comprises a circumferential blank
holder that additionally serves as a sealing for the resin. The upper tool
consists of a single stamp. Forming simulation and subsequent manufac-
turing proved the suitability of this tool concept.

WCM trials [73] with both introduced materials, namely woven fabric
and UD-NCF, are conducted using a commercially available epoxy-based
resin systemVoraforce 5300 supplied by DowChemical. It contains
epoxy resin, hardener and internal release agent in a ratio of 100:16.2:2-
weight%. The resin is preheated to 60 ◦C before it is applied on the un-
deformed top side of the stack. A constant tool temperature of 110 ◦C is
prescribed during manufacturing. Six ply stacks [0/± 45/0]s are used for
the woven fabric trials. During closing, the ≈ 400 kg heavy blank holder
advances and clamps the outer rim of the stack before the upper tool gets
into initial contact with the stack top side. Vacuum is applied within the
last 20 mm of the tool stroke. However, some air remained trapped in the
tool as the air traps in the final part indicate (cf. Figure 3.53 (b,c)). Only
the woven fabric results are outlined in the following. The UD-NCF trials
have been discussed in [73].
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3.4.2 Forming simulation

Consistent with the applied FE forming models in previous sections,
membrane, bending and contact behaviour are introduced via superim-
posed membrane and shell elements representing the single plies of the
stack. The applied half-model is illustrated in Figure 3.54 (a), accompa-
nied by an exemplary draping result (b). Due to the small radii, a fine
structured mesh with a constant element size of 2 mm is required. A
gravity step is applied prior to forming to account for the gravity-induced
sagging of the material before clamping. The upper tool closes path-
controlled, similar to the experiments and the blank holder solely moved
under its self-weight.

Upper tool

Lower tool

Ply stack

Blank holder

[0/45/0]

g

(a) (b)

Closed

70 %

10 %

Symmetry
plain

750 mm

250 mm

17090◦
0◦

Figure 3.54: Demonstrator | (a) Forming simulation setup using a half-model and a three-
ply stack; (b) Exemplary result for to 10, 70 and 100 % moulded part.

To reduce numerical effort, the closing amplitude is scaled by a factor of
2, leading to a forming within 5 s instead of 10 s. Moreover, a mass scaling
of 10 is applied for the stack. Kinetic energies in the model remain below
1.5 % of the total energies. The experimentally applied symmetric six-ply
stack is reduced to a symmetrical three-ply stack within the simulation
runs for the stake of computational time. This still represents a similar
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forming setup, as the main fibre directions are considered and the layup
remains symmetric.

The model and the sledge forming setup are subsequently used to evaluate
the impact of the applied contact formulation and general validation of
the presented models by composition with experiments.

3.4.3 Impact of inter-ply formulation

A two-sided picture is observed for the contact behaviour in Section 3.3.3.
Whereas characterisation experiments on small scale revealed an signif-
icant impact of the measured contact stresses, the numerical studies on
part level predicted only a minor impact of the infiltration state on the
final draping result. To ultimately evaluate the relevance of contact mod-
elling and infiltration, a comparative study on the complex demonstrator
is carried out. During this study, membrane and bending behaviour, as
well as boundary conditions remain unchanged. A constant infiltration
of 135 mPas is assumed for the whole stack.

Three contact configurations are compared. The built-in contact configu-
ration utilises a solely tangential friction formulation based on a Coulomb
friction model with µTP = 0.17 for the tool-ply and µPP = 0.22 for the PP
interfaces. A tacking behaviour in normal direction in neglected. In con-
trast, the full user formulation combines all outlined rate- and viscosity-
dependent contact properties, including tangential friction and tacking
in normal direction (cf. Section 3.3.2.1). Moreover, a third mixed setup is
investigated, where only the more sensitive PP interface is modelled with
a user formulation.

The results for the in-plane shear angle distribution γ12 for both initial fi-
bre orientations and the predicted outer shape for a remaining tool stroke
of 5 mm are displayed in Figure 3.55.
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Figure 3.55: Impact of inter-ply formulation | Results in terms of (a) shear angle distribu-
tion; (b) outer shape in the global assembly coordinate system (COS) at 5 mm
remaining tool stroke; Comparison of three contact formulation: Built-in –
based on an already implemented coulomb friction law without tacking, Mixed
– user-formulated contact model for the PP interface including tacking, Full
user – TP and PP interfaces are described by the contact model introduced in
Section 3.3.2; (c) Detailed view on in-plane shear band artefacts.

In general, no significant difference is observed. The spatial shear distri-
bution is comparable for all three configurations and the predicted final
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contour almost matches completely. Regarding the shear angle distri-
bution, some artefacts are observed in all three settings. Their origin is
comprehensively discussed in Section 3.4.5. The only noticeable draw-
back of the built-in contact originates from the missing tacking in thick-
ness direction (cf. Example in Figure A.5 in Appendix A.2.3). Here, a
local separation between the plies is predicted during simulation when
tacking is neglected. This does not affect the predicted final shape, yet
it is assumed that a simultaneous fluid progression would be affected by
this, as transverse fluid progression would be impeded. If this also occurs
during the trials could not be ascertained.

In accordance with the results obtained in Section 3.3.3, a low impact
of the applied contact formulation is found. As reasoned above, the rel-
ative differences within the contact stresses are negligible compared to
the high fibre tensions imposed by the heavy blank holder. It is concluded
that the built-in model is sufficient for the here investigated woven fabric,
especially when a circumferential blank holder is applied. Considering a
computational performance advantage of 50 % for the built-in model, this
is a favourable result. Moreover, experimental characterisation can be re-
duced to the dry material state.

3.4.4 Validation with experimental results

A direct comparison with the manufactured demonstrator is conducted to
evaluate the validity of the developed macroscopic forming model. Fluid
pressure is neglected and a constant viscosity of 135 mPas is assumed for
all deformation mechanisms.

A comparison of the outer shape during experiment and simulation is il-
lustrated in Figure 3.56 (a). Moreover, two critical zones (1,2) are presented
where a large tangential contact slip arises between the plies. Outer con-
tour and relative slip are predicted accurately by the simulation. Despite,
the local fibre orientation within the 0/90 degree top ply is compared in
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Figure 3.56 (b) for the challenging rear corner. Three distinct fibres are
highlighted, showing a good agreement between experiments and simu-
lation.
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Figure 3.56: Validation | (a) Comparison of virtual prediction and experimental results for
the outer shape and two critical areas (1,2); (b) Qualitative fibre orientation in
the challenging rear corner.

The results show that the principal modelling approach can predict the
pre-infiltrated draping behaviour of the complex demonstrator part. This
supports the validity of the presented approach using a homogenised
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description for the fluid via a modified viscoelastic material behaviour.
However, the challenging geometry also outlines some noteworthy limi-
tations of the applied modelling approach as discussed in the following
section.

3.4.5 Limitations

In Figure 3.55, some shear band artefacts are noticeable (cf. Figure 3.55
(c)), especially in the ±45 ◦ plies. Although this seems not to significantly
affect the final material distribution and orientation (cf. Figure 3.56), it
still raises some questions. As these shear bands predict unphysical de-
formation modes, it is important to evaluate whether they originate from
an incomplete membrane material formulation or are caused by numeri-
cal or contact issues.

Additional forming simulation runs with varied penalty contact stiffness,
mesh size, scaled membrane stiffnesses and mass scaling are conducted
to clarify the origin of the shear bands. A status flag based on the elastic
fibre strains εe

f1,f2 of the membrane model (cf. Section 3.1.2) is introduced
to achieve a better understanding of the material state

ymem
state =


−1 [εe

f,1, ε
e
f,2 < 0]

0 [εe
f,1 < 0, εe

f,2 > 0 or εe
f,1 > 0, εe

f,2 < 0]
1 [εe

f,1, ε
e
f,2 > 0]

(3.40)

within each membrane elements during forming (cf. Figure 3.57).

It shows that the critical areas where shear bands mostly occur are pre-
dominated by either one-sided or both sided in-plane fibre compression
(mixed state). This is important, as the negative strain states are often ne-
glected in characterisation and modelling of woven fabrics [47, 341]. Ex-
perimental setup to measure in-plane compaction of engineering textiles
has been proposed in literature yet, as the inherent stability problems al-
ways introduce bending [47]. In case of the here applied circumferential
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blank holder, bending is prevented by the dominating membrane ten-
sions. In this situation, the elements can only evade by in-plane com-
pression (pressure state), which in this case represents the energetically
favourable deformation mode.
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f2
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1-1 0

Figure 3.57: Demonstrator | Spatial membrane state ymem
state according to Equation 3.40 for

the (a) 30 % and (b) complete closed tool. The colours indicate a double-sided
pressure, a mixed or a bilateral tension membrane tensions state.

Therefore, the presented results strongly emphasise the importance of
this material state for more complex forming setups. Moreover, shear-
tension and shear-compression coupling are neglected in the presented
membrane model. In both cases, the shear stiffness of the material in-
creases significantly due to perpendicular tensions [112, 342] or out-of-
plane cross-point compression [150, 153, 341]. Indeed, upscaled shear
stiffnesses partly prevented or reduced the occurrence of these shear
bands in some regions (cf. Figure A.6 in Appendix A.2.3). Furthermore,
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out-of-plane compaction cannot be accounted for with this approach,
which may influence the local contact stresses in the normal direction
[325]. Consequently, the main source of the shear bands is assumed to be
an incomplete material description.

Beyond that, it is found that shear bands are favoured by large areal con-
tact and increased normal forces at the contact interfaces. This results
from situations where individual nodes of the plies get stuck at the edges
of the tool interfaces. This can be imaged as an external interference vari-
able acting on the plies. Although this is a numerical issue that would
matter less if the membrane behaviour would be formulated comprehen-
sively, such situations often trigger the first shear bands. In this regard,
a quite distinct clamping edge (ger: Tauchkanten) may amplify this is-
sue even further as too large elements cannot be draped over such edges
without contact penetration. Consequently, a smaller mesh size of 1 mm
reduces and affects the occurrence of shear bands (cf. Figure A.7 in Ap-
pendix A.2.3).

In conclusion, the complex geometry highlights the challenges of FE
forming simulations to account for small radii combined with distinct
contact interfaces. This indicates that often applied shear edges (ger:
Tauchkanten) and seals in WCM tools can provide a serious challenge
for forming simulations. Most important, the results suggest that a 3D
and more comprehensively coupled membrane model could reduce or
even prevent the observed shear bands. In this regard, a comprehensive
membrane model is especially recommended for complex forming se-
tups with induced membrane forces. This is supported by the fact that
no such shear bands were observed for the less challenging double-dome
(cf. Section 3.1.3) and blow-shaped geometries (cf. Section 3.2.5).

Despite the discussed limitations, a good prediction could still be achieved.
Thus, the observed effects did not significantly deteriorate the overall re-
sults. However, they prevent a reliable study of the infiltrated membrane
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behaviour on this geometry. The results emphasise further research re-
garding a more comprehensive material modelling, including relevant
couplings between the deformation modes.

3.5 Conclusive evaluation

This section summarises the presented experimental and numerical re-
sults of this chapter with regard to viscous draping. To evaluate the rel-
evance for infiltration within the macroscopic deformation mechanisms,
an assessment based on the experimental results and their relevance
of forming simulation-related part of a comprehensive process model
(cf. Figure 3.58) is conducted. A rating from low (⋆) to high (⋆ ⋆ ⋆) is in-
troduced to compare the overall results comprehensively. The individual
findings and reasons for the ratings are outlined in the following.

Membrane behaviour. The infiltrated bias-extension (IBET) test is
proven to be suitable for the characterisation of shear behaviour of engi-
neering fabrics infiltrated with low-viscous fluids. Experimental results
reveal that pre-infiltration changes the internal friction at the crosspoints
and within the rovings, leading to a deviation from the dry reference’s
shear behaviour and a shift of the locking angle. Therefore, drapeability
can be either increased by low-viscous infiltration and reduced deforma-
tion rates or vice versa. In conclusion, the relevance of the infiltration
state for the membrane material behaviour is high (⋆ ⋆ ⋆).

Regarding modelling, both fibre stretch and viscoelastic shearing are
taken into account. The model is able to predict the experimentally de-
termined reaction forces in coupon tests, including the specimens’ final
shape. Finally, a numerical study on a double dome geometry demon-
strated the importance to include the current infiltration state within
the membrane behaviour (⋆ ⋆ ⋆). Regarding future work, multi-axial
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Figure 3.58: Experimental findings and impact of pre-infiltration on the obtained mate-
rial behaviour (left) and relevance for detailed modelling in process simula-
tion (right). Results are categorised by the deformation mechanisms based on
Chapter 3. Additional results including strong FSI originate from Chapter 5.

stress states e.g. a 3D formulation including in-plane and out-of-plane
compaction and shear-tension should be introduced to the modelling
approach to achieve a more comprehensive material description. This
is especially important for more complex forming task with challenging
geometry features.
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3.5 Conclusive evaluation

Bending behaviour. A slightly modified cantilever test and a rheometer
bending test (RBT) are successfully applied to investigate and characterise
the bending behaviour of dry and low-viscous infiltrated woven fabrics.
Experimental results reveal a rate- and viscosity-dependent material re-
sponse, attributed to a combination of contact interface wetting (lubri-
cation) and coating of the fibres. The latter could also invoke tempera-
ture dependency, which has not been investigated. Moreover, infiltration
leads to rate- and viscosity-dependent hysteresis bending behaviour.

The results of both tests are directly compared for the first time, which
revealed qualitative but not quantitative comparability. Three reasons are
outlined and discussed to explain the systematic deviation between the
experimental results (cf. Figure 3.29). The question, which bending test is
more accurate and provides more reliable material parameters cannot be
answered entirely based on solely one investigated material. While the
cantilever approach should only be used when a fast assessment of the
dry and infiltrated elastic material parameters is required, the rheometer
approach is generally more recommendable because it allows for a rate-
and time-depending analysis of the bending behaviour. Given the impact
of infiltration on the experimentally determined material response, a high
relevance is found (⋆ ⋆ ⋆).

Based on the former, the experimental cantilever test and RBT results are
used to parametrise two corresponding FE-based bending models. Ap-
plication on part level of the numerical results reveals an effect of the
applied infiltration-dependent bending models. However, the relevance
of the bending behaviour also depends on other material- and process
conditions, such as the applied contact behaviour and clamping condi-
tions. This observation agrees with existing literature [47]. The usage of
a viscoelastic bending model is recommended to account for the rate-
depending material bending behaviour. Still, the viscosity-dependency
of this applied viscoelastic bending model mainly matters in critical pro-
cess situations e.g. sharp corners or superimposed shear deformation
near the material’s locking angle (⋆ ⋆). Ultimately, the importance of a
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3 Viscous draping

viscosity-dependent bending model is expected to be of medium impor-
tance within process simulation models of the WCM process (⋆ ⋆). This
differs from the thermoforming process of thermoplastic UD-tapes and
Prepregs, where viscosity-dependent bending characterisation and mod-
elling is recommended [47, 48, 330].

A distinction must be made for the contact evaluation. Although this is a
small preview of the results from Chapter 5, it is distinguished between
the ’no/weak FSI’ and ’strong (both-sided) FSI’ case in the following. This
approach is motivated by the varying relevance of the user-contact for-
mulation for both cases (cf. Figure 3.58).

Inter-ply behaviour (no/weak FSI). Infiltration reduces friction be-
tween the contact interfaces and introduces rate-dependency. Experi-
mental results demonstrate an impact of a low-viscous infiltration on the
normal and tangential contact behaviour. In general, the obtained contact
stresses are up to 10 to 100 times below values reported for thermoplastic
tapes or prepregs [24,49,87]. Consequently, only a medium impact is mea-
sured compared to other materials (⋆ ⋆). Moreover, a more sophisticated
experimental setup is recommended for future investigations, which al-
lows for a separated evaluation of material compaction and fluid pressure
(mixed friction state).

The experimental results are modelled using a visco-elastic contact for-
mulation with a homogenised approach for the fluid and the material.
The obtained contact stresses for fully-infiltrated conditions are in good
agreement with the experiments. Numerical studies on a double dome
geometry and a complex demonstrator reveal only a low relevance for pro-
cess modelling when FSI is neglected (⋆). This is due to the overall low
contact stresses. Collectively, a built-in contact formulation is sufficient
for this material when fluid progression is neglected/unaffected by inter-
ply-tacking (cf. Figure A.5) or strong FSI is not considered (weak FSI). This
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3.5 Conclusive evaluation

is an acceptable assumption when draping simulations with constant in-
filtration states (cf. Demonstrator in Section 3.4.4) are used to predict the
final fibre orientations for a moulded part. This implies the assumption
of suitable low cavity pressures.

Inter-ply behaviour (strong FSI). Considering a strong FSI, the char-
acterisation experiments suggest that separation between fluid pressure
and material response (mixed contact state) in normal direction is re-
quired for proper evaluation. This could not be investigated with the
presented setup and no comparable setup has been proposed in literature
yet. A numerical study in Chapter 5 will demonstrate that a hydrodynamic
friction model must be introduced for infiltrated areas and coupled with
the current flow front position. Moreover, an accurate prediction of pro-
cess effects such as flow-induced fibre displacement (FiFD) significantly
depends on a proper contact formulation. Hence, strong FSI considera-
tion results in high relevance of accurate infiltration-dependent contact
model (⋆ ⋆ ⋆). In contrast to the former case, a built-in contact formulation
is not sufficient here and a more complex user-defined contact formula-
tion is required.
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4 Simultaneous fluid progression
via weak FSI

Abstract

A reliable WCM process simulation requires a simultaneous description of draping
and fluid progression. A monolithic approach based on the similarity of Fourier’s and
Richard’s law is proposed to enable direct internal coupling between draping and fluid
submodel. Utilising this similarity, a monolithic approach for combined textile forming
and fluid progression is implemented in Abaqus/explicit. A joint explicitly integrated
solution of deformation and pressure field is adopted.
A feasibility study with a 2D fluid formulation based on a single-phase porous medium
throughflow (user element: DPE2D) is presented following the initially proposed strat-
egy. By superimposing the draping submodel (cf. Chapter 3), the first demonstration
on a generic geometry reveals both, advantages and limitations of this 2D modelling
strategy. In particular, crucial process mechanisms such as infiltration and compaction
in thickness direction cannot be captured and require a 3D formulation.
Consequently, an expansion for the draping and fluid submodel is presented. Mod-
elling of the draping submodel through user-enhanced continuum shell elements al-
lows capturing of non-linear compaction. A superimposed user element (Vuel) is used
to formulate a 3D fluid submodel (user element: DPE3D). It accounts for the local fibre
volume content, the current fibre orientation and infiltration not only in in-plane, but
also in thickness direction, even across multiple plies of a stack. Finally, the proposed
process model is compared to the initially outlined experimental trials with in-situ flow
front tracking. The results demonstrate the capabilities of this approach.
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4 Simultaneous fluid progression via weak Fluid-Structure-Interaction

4.1 Modelling approach

A modelling approach for fluid progression during moulding is essential
for a suitable process model for WCM. The experimental results in Sec-
tion 2.1 demonstrate the need for a coupled approach to address forming
and mould-filling simultaneously. Given the large deformations and con-
tact areas during viscous draping, an explicit integration scheme for the
FE-based draping submodel was proposed in Chapter 3.

The explicitly integrated draping submodel could be coupled with a state-
of-the-art implicitly integrated and iteratively solved fluid submodel to
introduce fluid progression. Doing so would require constant mutual
updating and interpolation. Additionally, iteration for an unconditional
stable solution of pressure and velocity field would need to be imple-
mented. Although an implicitly integrated and iteratively solved fluid
model would provide the most common way of modelling LCM pro-
cesses [299, 307], it involves extremely high computational effort. More-
over, it has not yet been successfully applied for deformations comparable
to draping.

Other promising approaches in literature suggest applying FE/CV-based
formulations (cf. Section 1.2.5.2). They allow modelling the fluid sub-
model with respect to the current deformation state and fibre orienta-
tion. Still, only iterative integration schemes have been proposed so far.
Although FE/CV approaches are well suited for coupling with the devel-
oped FE forming submodel, the combined process model would still be
formulated half explicitly, half implicitly.

To prevent this, a monolithic approach is proposed in this thesis using
an explicitly integrated FE/CV-based fluid submodel. The latter utilises
that the equation for heat transfer (Fourier’s law (cf. Equation 4.1)) and
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4.1 Modelling approach

fluid progression in a porous medium (Richard’s law (cf. Equation 4.2))
are partial differential equations of the same order [329]∫

V

cpρ Ṫ dv = −λ

∫
V

[div (grad (T )) + r] dv (4.1)∫
V

Chyd ṗ dv = −
K

η φ

∫
V

div (grad (p) − ρg ) dv . (4.2)

This analogy is important since Abaqus/explicit only provides a fully-
coupled thermal-mechanical solver. By this means, the temperature de-
gree of freedom can be reinterpreted to solve Richard’s law which yields
the pressure field. As highlighted, Richard’s law can be expressed when
replacing the heat capacity cp with the hydraulic capacity Chyd = V̇ /Ṗ

and the heat conduction tensor λ by the ratio of the permeability tensor
K and the fluid viscosity η in the porous medium. The hydraulic capac-
ity, which serves as a purely numerical parameter in this context, needs to
be as small as possible to represent an incompressible fluid. Considering
above introduced analogy, gravity ρg can be taken into account for WCM
modelling and replaces a potential heat source r. By this means, a fully-
coupled thermo-mechanical analysis is utilized for a joint solution of de-
formation and fluid progression in Abaqus/explicit. The latter uses the
temperature degree of freedom to solve the pressure field. This concept
can be considered a ’forming-driven’ approach for process modelling, as
it aims to add a suitable description for fluid progression to an existing FE
forming model. This is motivated by the large draping-dominated phase
during WCM (cf. Figure 2.7).

Outline. In a first step, the outlined approach is implemented in a
2D formulation to model in-plane flow progression without superim-
posed compaction. Moreover, two verification tests are presented, and
this modelling strategy’s feasibility is subsequently demonstrated on part
level. Herefore, the fluid submodel is being superimposed to the draping
submodel developed in Chapter 3. Afterwards, both draping and fluid
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4 Simultaneous fluid progression via weak Fluid-Structure-Interaction

submodel are expanded to a fully-coupled 3D formulation in Section 4.3
and finally benchmarked by the double dome trials with transparent tool-
ing.

4.2 Two-dimensional approach (DPE2D)1

Beginning with the modelling approach for intra-ply fluid progression,
Figure 4.1 illustrates the superimposed concept (b) and the element for-
mulation (c).

Tool stroke

Lower tool
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Upper tool

g

Schematic cavity cut

Porous media
through-flow

(a)

Intra-ply modelling

Membrane

DPE2D
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X3
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Figure 4.1: Schematic illustration of the adopted modelling concept and applied intra-ply
modelling strategy (based on [329]).

A constant ply thickness t0 is prescribed by the applied shell elements
(cf. Figure 4.1 (b)). The forming submodel combines superimposed mem-
brane and shell elements superimposed by a third element, referred to as
2D Darcy-Progression-Element (DPE2D). Whereas the former gives nodal
stresses and moments, the DPE2D supplies the nodal pressure p(N)

k at ev-
ery node N = [1, 3] of every element k. The flow rate across each sur-
face i = [1, 3] of an element is given by V̇ (i)

flow,k. A structured triangular

1 Section 4.2 contains extracts of: C. Poppe, D. Dörr, F. Henning, L. Kärger: A 2D
modeling approach for fluid propagation during FE forming simulation of continuously rein-
forced composites in wet compression moulding, AIP Conference Proceedings 1960:020022,
ESAFORM, Palermo, 2018 [329]
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4.2 Two-dimensional approach (DPE2D)

mesh was applied for forming simulation in the previous chapter. Hence,
a similar triangular element formulation is implemented via a user ele-
ment subroutine (Vuel) in Abaqus/explicit. The control volume (CV)
of each element consists of all three edges of an element. Gravity is ne-
glected in the DPE2D element. A moving boundary condition is imple-
mented using element-based saturation values Sk defining the currently
saturated domain according to

Sk =
V fluid

k

V fluid
k + V void

k

with V void
k = V1,k − V fluid

k − V fibre
k . (4.3)

Here, the current void volume of each elementV void
k is calculated based on

the current element volume V1,k, the already absorbed fluid volume V fluid
k

and the volume occupied by the fibre V fibre
k = φV1,k. The pressure field

is solely solved on the saturated domain. As this is only a first implemen-
tation test, isotropy is assumed for the permeability tensor (K11 = K22).
The two required key mechanisms are the solution of the pressure dis-
tribution in the currently saturated domain and the transient flow front
progression, including mass conservation.

4.2.1 Numerical formulation

Saturated domain. For the implementation of Richard’s law within the
saturated domain, an existing triangular heat conduction element that
has been developed by Dörr [49], is modified using the above outlined
similarity to define a mass matrix Mmass based on the nodal hydraulic
capacities CN

hyd and a nodal diffusive flux vector rdiff according to:

∫
V

Chyd ṗ dv = −
K

η φ

∫
V

div (grad (p)) dv (4.4)

ρCN
hydI︸ ︷︷ ︸

Mmass

= −h0A1
(
B1 KB⊤

1
)
pvec︸ ︷︷ ︸

rdiff

. (4.5)
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4 Simultaneous fluid progression via weak Fluid-Structure-Interaction

Here, h0 is the constant shell thickness, A1 is the current element area,
B1 represents the operator matrix based on the triangles’ linear shape
functions [254], and pvec = [p(1)

k , p
(2)
k , p

(3)
k ]⊤ is the nodal pressure vector

of each element k. Only one centred integration point is required for a
fully-integrated conduction matrix, as the gradient grad (p) is spatially
constant within each element (cf. Figure 4.1 (c)). The saturated domain
incorporates all elements with a saturation of Sk = 1. Due to the us-
age of an explicit time-integration scheme, complete incompressibility
(CN

hyd = 0) cannot be modelled. However, the next section’s verification
test demonstrates that a sufficiently low value is acceptable for good pre-
diction accuracy.

Flow front progression and mass conservation. A physical-based im-
plementation of the flow front propagation within every single ply is re-
quired to ensure mass conservation. Therefore, a transient global CV is
implemented containing all currently saturated elements. The two tasks
of the CV are determining the summed propagated flow at the flow front
and its partition on the filling elements. The latter is essential to ensure
a mesh-independent fluid progression. Given a spatially constant pres-
sure gradient grad (p) within each element, the flow rate V̇ (i)

flow across each
surface over the triangular element can be calculated through the scalar
product

V̇
(i)

flow = △tinc h0 A
(i)
1

(
n(i) · vD,IP

)
with vD,IP =

K

η φ
grad (p) . (4.6)

The element index k is omitted to increase readability. n(i) is the normal
outward surface vector of each element edge and vD,IP the fluid veloc-
ity at the elements integration point (IP). Since the summed incremen-
tal volume flow of each saturated element

∑3
i=1 V̇

(i)
flow = 0 is zero, mass

conservation within every element is intrinsically captured. Still, small
discrepancies could be confirmed by comparing the calculated volume
flow on both sides of the same edge. Various researchers have observed
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4.2 Two-dimensional approach (DPE2D)

these discrepancies [304]. This discrepancy originates from the spatial
interpolation of the shape function. It occurs when the flow calculation
is based on the elements’ pressure gradient and not the resulting gradient
between two elements of the same interface (cf. Section 1.2.5.2).

An additional global CV considering all saturated and filling elements is
implemented to ensure mass conservation for the whole model. This fur-
ther gives the possibility to prescribe boundary conditions such as inlet,
outlet, wall or flow front at certain edges (cf. Figure 4.2).
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Figure 4.2: Principle flow front progression based on the transient expansion of saturated
domain (Sk = 1) and the corresponding filling element domain 0 < Sk ≤ 1.

Furthermore, an algorithm weighting the pressure gradient and area of
the currently filling elements is implemented to distribute the total flow
front volume

∑
k

∑
i V̇

(i)
flow,k|Γsat . As shown in Figure 4.2, edges are used to

define the transient boundary of the currently saturated domain Γsat and
the filling element domain Γfill. For mesh-independent flow distribution,
elements are set to the filling state when at least one nodal pressure is
above zero p(i)

k > 0. The saturation values Sk among the filling elements
are incrementally updated using Equation 4.3 until saturation is reached.
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4.2.2 Verification tests

For verification, the outlined model is compared to analytical solutions
for linear and radial flow scenarios. The reference solutions are outlined
in [21]. Whereas the linear case proves feasibility and is used for paramet-
ric assessment of the hydraulic capacity range, the radial case demon-
strates the mesh-independence of the flow front progression. In both
cases, constant pressure is defined at the inlet nodes and the mesh re-
mains undeformed.

Reference solutions. For linear case, flow front position xff(t) can be
calculated according to

xff(t) =

√
2Kxpinjt

η φ
, (4.7)

where t is the injection time and Kx the permeability in linear direction.
The resulting linear pressure distribution at the position xLoc in the sat-
urated domain is given by

p(t) = pinj

(
1 −

xLoc

xff(t)

)
. (4.8)

In case of a radial flow progression, injection time tinj is related with in-
jection pressure pinj and the radial flow front position rff according to:

tinj =
ϕ η

2Krpinj

[
r2

ff ln
(
rff

rinj

)
−

1
2
(
r2

ff − r2
inj
)]
. (4.9)
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4.2 Two-dimensional approach (DPE2D)

Here, the injection radius at the inlet is given by rinj and the radial per-
meability byKr . The resulting non-linear pressure drop from inlet to the
current flow front position rff(t) can be calculated according to

p(t) = pinj

[
ln
(

r

rff(t)

)
/ ln

(
rinj

rff(t)

)]
. (4.10)

Comparison. For the linear test case (cf. Figure 4.3 (a)), a strip compris-
ing 1000 structured elements is infiltrated from left to right with a 1D
flow under constant pressure.
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Figure 4.3: Comparison with analytical solution: (a) Pressure history during 1D scenario

(injection from left to right) at distinct strip positions Loci – a linear pressure
distribution establishes; (b) Radial flow front progression during central injec-
tion – the flow front position rff is measured from the centre [329].

The pressure of 0.5 MPa is predefined at the nodes of the left side of
the strip, while the pressure at nodes at opposite right edge remains
zero (0 MPa). An outlet is defined at the right edge. The strip measures
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100 mm. A comparison of the pressure histories at equidistant locations
xLoc,1 = 10 mm to xLoc,5 = 90 mm is shown in Figure 4.3 (a). A good
agreement between the analytical and numerical solution is observed.

The radial setup comprises a quarter model with a mesh comprising of
6300 elements and central inlet with a radius rinj of 4 mm. The total edge
length of the quadratic quarter model is 100 mm. An constant pressure
of pinj = 2 MPa is prescribed. As the pressure gradient decreases during
filling, the flow front slows down with increasing distance between flow
front position and inlet (cf. Figure 4.3 (b)). This is consistently shown by
analytical and numerical solution. For the latter, this implies a correct
pressure distribution as the resulting inlet flow depends on the pressure
gradient near the inlet. Moreover, three distinct pictures of the current
flow front are presented. A circular progression is observed, which con-
firms mesh-independency. Both test cases are described in more detail
in [329].

4.2.3 Feasibility study

To examine the capability of the outlined approach and to evaluate its
suitability for a process simulation model, the verified DPE2D-based fluid
submodel is superimposed to a draping submodel as displayed in Fig-
ure 4.1 (b). The already introduced double dome geometry is used for a
feasibility study, comprising a single ply of woven fabric and a central
injection port with a constant pressure of pinj = 1 MPa infiltrating the
material during moulding. As Figure 4.4 illustrates, this approach allows
accounting for draping and in-plane fluid progression simultaneously. In
this example, shear angle distribution (a) and resulting filling times (b) are
displayed. Moreover, local permeability and FVC can directly be consid-
ered during fluid progression. The initially circular flow front becomes
straighter when the edge of the stack is reached, which defines a wall in
this example.
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Figure 4.4: Combined forming and fluid progression simulation run of a single ply on a
double dome geometry with circumferential blank holder. (a) Shear angle dis-
tribution and (b) filling times (s) (adapted from [329]).

Conclusion. An intra-ply fluid progression has been implemented by
superimposing a user element with a 2D Darcy formulation (DPE2D) to
an existing FE forming model. Analytical solutions are used to verify the
explicitly formulated fluid submodel for porous media throughflow. By
superimposing a suitable draping submodel, simultaneous modelling of
draping and infiltration mechanisms of the applied woven fabric is pos-
sible. The first results on part level are promising. The monolithic ap-
proach allows for a very efficient coupling without additional external
solvers.

Despite the advantages, some limitations of the presented DPE2D ap-
proach need to be discussed. First, only a single-phase flow is modelled,
preventing air traps and evacuation from being considered. Moreover, su-
perficial fluid is neglected in this approach and no fluid-interface model
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has been presented so far, as only a single ply setup is shown. Most impor-
tant, forming and fluid submodel cannot account for a variable ply thick-
ness or compaction, which neglects key process boundary conditions of
the WCM process – especially within the compression phase at the end
of the tool stroke, e.g. the fluid-dominated phase (cf. Figure 2.7). For this
reason, an additional injection boundary condition is necessary for the
feasibility study in Section 4.2.3.

A 3D formulation of the fluid and draping model is needed to overcome
these limitations, allowing for a compaction-induced fluid progression.
Furthermore, such a 3D formulation for the fluid model would capture
gravity-induced seeping of the superficial resin into the stack and flow
progression in thickness direction. Recalling the experimental results
from Section 2.1, capturing of through-thickness flows is important to
predict the final infiltration state. It is concluded that only a 3D approach
for the draping and fluid submodels can exploit the presented modelling
strategy’s potential fully.

4.3 Three-dimensional approach (DPE3D)1,2

Following the conclusion from the previous section, this section aims for
a 3D expansion of the proposed DPE2D modelling approach. Therefore,
additional material tests are required. First, compaction trials using dry
and pre-infiltrated specimens are presented in Section 4.3.1. Secondly,
permeability trials are used to determine the spatial permeability values
of the woven fabric depending on the FVC (cf. Section 4.3.2). These results

1 Section 4.3 contains extracts of: C. Poppe, F. Albrecht, C. Krauß, L. Kärger: A 3D Mod-
elling Approach for Fluid Progression during Process Simulation of Wet Compression Moulding
– Motivation & Approach, Proc. Manuf., 47:85-92, 2020 [343].

2 Section 4.3 contains extracts of: C. Poppe, F. Albrecht, C. Krauß, L. Kärger: A 3D process
simulation model for wet compression moulding, Composites Part A, 145:106379, 2021 [137].
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are used to discuss the impact of anisotropic fluid progression caused by
fibre reorientation during shearing.

On the basis of these experimental results, a modelling and implementa-
tion strategy is introduced (cf. Section 4.3.3), along with the formulations
for the draping and fluid submodels (cf. Sections 4.3.4 and 4.3.5). Several
verification tests are presented. Finally, the combined model is applied
and validated on part level (cf. Section 4.3.6).

4.3.1 Viscous compaction trials

Compaction behaviour is analysed using a simple punch-to-plate setup
mounted on a universal testing machine as shown in Figure 4.5.

Detailed

Secimen

Load
cell

Traverse

Shearing Layup
fcomp

ucomp

(a) (b)

Compacted

Initial

Nesting

Figure 4.5: Compaction trials | (a) Setup and detailed views on the investigated config-
urations; (b) Interface penetrations between the uneven ply surfaces (roving
crosspoints) in normal direction of the woven fabrics are referred to as ’Nest-
ing’ – it is affected by the relative orientation of the contacted plies (adapted
from [137, 329, 344]).

Unsheared fabrics are investigated along with pre-sheared fabrics using
shear angles of 25 ◦ and 50 ◦. The latter is close to the locking angle of

181



4 Simultaneous fluid progression via weak Fluid-Structure-Interaction

this textile. A layup of [0]4 is used for the majority of the trials. A second
stack [0/45]2 with a relative fibre orientation of 45 ◦ is used to investigate
nesting phenomena (cf. Figure 4.5).

A constant punch speed of 5 mm/s is applied during all trials – rate-
dependency is excluded. In addition to dry stacks, pre-impregnated stacks
are investigated using a predefined amount of silicon oil with a constant
viscosity of 20 mPas. To ensure the fluid being pushed through (porous
medium flow) and not above (superficial flow) the porous fibre stack, the
punch is slowly brought into contact with the top ply before the start of
each trial. Each measurement is repeated three times.

The recorded reaction forces during compaction are depicted in Fig-
ure 4.6. The impact of shearing and nesting on the reaction forces is
displayed in (a). Moreover, the impact of shearing and pre-infiltration
is shown in Figure 4.6 (b). An expected and well-known, non-linear be-
haviour is observed during all trials.
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Figure 4.6: Compaction results | (a) Impact of dry shearing ([0]4s) and dry nesting ([0]4s vs
[0/45]2); (b) Impact of pre-infiltration for different shear angle [137].
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Compaction stiffness of the stacks increases along with increasing shear
angle because the material density increases with shear deformation (den-
sification). The obtained results are systematically affected by nesting
(cf. Figure 4.5 (b)). In general, nesting phenomena reduce the stacks’ stiff-
ness by roving penetration at the interfaces. The amount of nesting de-
pends on the fibre architecture of the contacted material. In accordance
with existing literature [344], nesting is more pronounced when fibres are
aligned in parallel ([0]4s, cf. Figure 4.6 (a)). Consequently, a lower com-
paction stiffness is measured for the dry [0]4s configuration, compared to
the [0/45]2.

Furthermore, pre-infiltration during shearing further increases the mea-
sured compression forces. The superimposed fluid pressure below the
punch results in a shift of the curves towards higher and earlier values.
In contrast to the dry specimens, the pre-infiltrated curves for different
shear angles do not differ significantly (green lines in Figure 4.6 (b)). This
indicates that the presence of the incompressible fluid is more important
than the increased transversal stiffness of the sheared specimens. The
dry results will be used to parametrise the compaction model. The vis-
cous compaction results will be applied to verify FSI in Chapter 5.

4.3.2 Permeability characterisation

In-plane permeability of single plies is measured using a radial test setup
with circumferential clamping as illustrated in Figure 4.7 (a). The fab-
ric stack is positioned between two plates of a mould. The upper plate
is designed to provide a circumferential clamping area with constant a
lamping length (cf. Figure 4.7 (b)). An additional video extensometer is
used to minimize the uncertainties of the mould cavity, especially for in-
creased FVC. A central injection port is used, pressure is measured close
to the inlet.
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Outlet and
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Traverse
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joint
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View-cut

(a) (b)

Stack

Figure 4.7: (a) Experimental setup of the used permeability test bench within a conventional
tensile testing machine; (b) Schematic view cut – a 1D Darcy flow is assumed
below the clamping during evaluation using the central pressure and the out-
flow [329].

Experimental procedure. A 1D formulation of Darcy’s law is assumed
to calculate the permeability based on the pressure difference between
inlet and outlet in a stationary regime. For this, a constant inlet flow rate
is applied and it is waited until the setup and the specimen are infiltrated
completely. This procedure implies that the completely saturated and not
the transient permeability is characterised [170]. In [343] this procedure
has been verified via a direct comparison between a test setup measuring
the transient permeability [178] and the here applied one. No significant
differences for the obtained permeability values are measured for the ap-
plied woven fabric. This may be different for other materials [170]. Each
trial is conducted three times with fresh material, always using a four-ply
stack.

In addition to the permeability values in the undeformed state, the setup
is used to measure the permeability values of four-ply stacks, which were
priorly subjected to conditioned shear deformation [169]. This provides
an alternative measurement method compared to the commonly applied
picture frame-like clamping frames [20, 20, 153, 176, 179]. The measured
areal weights (wγ12

A ), which are needed to calculate the target gaps, cor-
responding to in-plane shear angle γ12 are summarised in Table 4.1. It
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shows, that they are in good agreement with wA,γ = wA,0/cos(γ12) [20,
345].

Table 4.1: Areal weights wγ12
A for different pre-sheared angles.

γ12 (◦) 0 25 50
wγ12

A (g/m2) 318.0 ± 1.19 345.1 ± 2.52 481.0 ± 6.82

Fibre-frame permeability. Taking advantage of the forming-driven mod-
elling strategy, the permeability tensor is also expressed in terms of the
non-orthogonal material frame {fi}. Figure 4.8 illustrates the difference
between the fixed orthogonal frame {Xi} of the test bench, a commonly
applied rotated orthogonal frame {xrot,i} for the ellipse and the here ap-
plied non-orthogonal material frame {fi} based on the principal material
orientations for the 2D case with i = 1, 2.

{xrot,1}

{xrot,2}

f1

f2

X1

X2

βrotγ

12

3

γ1

γ2

Rotated orthogonal

Non-orthogonal
material frame K{fi}

ellipses frame K{xrot,i}

Kf1

Kf2

K22

K11

Figure 4.8: Illustration of the fixed orthogonal {Xi}, rotated orthogonal ellipse frame
{xrot,i} and the applied non-orthogonal {fi} frame during pure shear defor-
mation of a woven fabric. Three points are needed for a unique reconstruction
of the ellipse in the fixed orthogonal {Xi} [137].

Usage of an orthogonal {Xi} or rotated orthogonal frame {xrot,i} for the
permeability tensor K, which is reasonable in fluid mechanics, leads to
challenges when the fabric is subjected to shear deformation [20, 173].
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First, an anisotropic permeability in both ellipse directions (K11,K22)
with non-constant ratio arises. Secondly, the orthogonal ellipse frame
rotates relative to the first fibre orientation, often referred to as ellipse
rotation angle (cf. βrot in Figure 4.7 (b)).

Preliminary trials revealed a circular flow front progression for the un-
deformed balanced fabric K0

X1 = K0
X2, or K0

f1 = K0
f2, respectively. As

outlined in Figure 4.8 (b) it can geometrically be shown, that the aspect
ratio a = Kf1/Kf2 = const. between both fibre direction remains con-
stant when the non-orthogonal material frame is subjected to shear. This
is supported by the findings that have been published by Lai and Young
[179] for a comparable material. In this regard, a direct calculation of the
material frame permeability value Kf1 based on the combined considera-
tions of both fibre directions is enabled via

Kf1 = KX1/(cos(γ1) + cos((π/2) − γ2)). (4.11)

Result. The experimental result are plotted in Figure 4.9. Every dot il-
lustrates an investigated configuration. On the left side of Figure 4.9, the
experimentally determined permeability values KX1 for different shear
angles within the fixed orthogonal frame {Xi} are plotted. The perme-
ability values in the orthogonal frameKX1 strong decreases with increas-
ing FVC and increase further when subjected to shearing. The same in-
plane values are plotted with black dots in Figure 4.9 (b).

Furthermore, permeability in thickness direction is required to account
for gravity- and inter-ply-induced flow progression (cf. Figure 4.9 (b), blue
dots). For this, measurements are commissioned at the Fraunhofer IGCV
in Augsburg (Germany). A test bench which has been presented by Graup-
ner and Drechsler [185] is applied using a 12 layer stack. Similar to in-
plane trials, a 1D Darcy flow in the stationary regime is assumed for eval-
uation. To ensure this 1D flow in thickness direction, the multiply stack is
compacted between two perforated plates that distribute the inlet flow.
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The permeability is evaluated at different compaction states via the re-
sulting pressure difference within the inlet and outlet chamber.
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Figure 4.9: Permeability results | (a) Impact of shearing and applied frame – the enlarged
plot is given in Figure A.8 in Appendix A.2.4; (b) Comparison and model func-
tions for the material frame permeability values [137, 343].

A large number of plies is necessary due to the gaps of the 12K mate-
rial and to ensure a homogenous medium. The values for transverse per-
meability Kf3 are significantly lower than the values obtained for the in-
plane directions. However, it is assumed that the values for the four-ply
stack would be higher if they had been measured on a four-ply stack be-
cause of the increased likelihood of flow channels between the cross-
points of the woven fabric.

The values of the permeability tensor are subsequently treated via the
following functions for the in-plane

Kf1,f2(ϕ) = 0.0256 · e−12.195ϕ (4.12)
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and out-of plane fibre-frame permeabilities

Kf3(ϕ) = 0.001293 · e−15.95ϕ (4.13)

obtained through a regression.

Benefit of non-orthogonal description. To demonstrate the advan-
tages of a non-orthogonal description of the permeability tensor, Fig-
ure 4.10 provides a comparison between measured and predicted per-
meability values for different shear and compaction states. Whereas
the experimental values are obtained by individual measurements, the
model predictions are solely based on the unsheared values. This is due
to the intrinsically capturing of the underlying mechanisms by the non-
orthogonal frame. Meaning, the material frame itself accounts for the
fibre reorientation of the permeability values. The same advantage is
used within hyperelastic material formulations (cf. Section 1.2.4.2).
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Figure 4.10: Verification of fibre-parallel description | Comparison between experimental
values for sheared fabrics ((a) γ12 = 25 ◦ and (b) γ12 = 25 ◦) with the model
predictions using the fibre-frame description for the permeability tensor {fi}
– which solely uses the values for the unsheared state {X0

i }.
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Using the non-orthogonal frame to express the permeability tensor, the
experimental effort can be reduced significantly, as only the values in
undeformed states are required. That this is sufficient to predict the
anisotropic, ellipse-shaped flow front progression during shearing will
be demonstrated in Section 4.3.5.3.

4.3.3 Modelling strategy

Given the underling ideas of the chapter, a detailed illustration of the de-
veloped modelling strategy is displayed in Figure 4.11. As common in
FE forming simulations, tools are modelled as rigid surfaces and individ-
ual single plies represent the stack; interconnected using a contact algo-
rithm. Additionally, fluid progression across ply interfaces is required,
which is referred to as ’Solid-Fluid-Contact’. Each single-ply is repre-
sented by two coupled submodels, a forming submodel that accounts for
the displayed deformation mechanisms and a fluid submodel that ad-
dresses spatial infiltration and fluid-related contact mechanisms. Super-
ficial fluid is not directly accounted for by explicit modelling in this work.
It can only be implicitly accounted for via an increased stack thickness of
the top layer.

Several user subroutines are combined during runtime for an implemen-
tation in Abaqus’ explicit solver (cf. Figure 4.11 (2)). A Vuexternaldb
subroutine is called on several occasions and serves as a master control
layer to gather and share information between subroutines, ensure thread
safety and compute results fields. The two submodels are implemented
within one user material routine Vumat superimposed with a user el-
ement routine Vuel, which enhances the compaction behaviour of the
forming submodel and contains the fluid submodel. Beyond that, a nodal-
based subroutine Vufield and an integration-point-based subroutine
Vusdfld are used to access and share information during runtime (3).
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Figure 4.11: Modelling strategy, implemented key mechanisms and solver integration dur-
ing runtime of the WCM model in Abaqus/explicit – solver integration bases
on a combination of several subroutines [137].

The forming submodel addresses membrane, bending and compaction
behaviour via built-in Continuum shell elements (SC) with user-defined
membrane behaviour (cf. Section 3.1) and superimposed user-enhanced
compaction behaviour. Usage of SC elements provides the advantage of
a nearly locking-free 3D element, which allows for a direct application
of in-plane material subroutine (Vumat). However, using the SC ele-
ment comes at the costs of coupled membrane and bending behaviour
and a constant linear thickness modulus. As discussed in Section 1.2.4,
assessment of compaction and its locking-free consideration within a
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fully decoupled 3D formulation during forming is especially challeng-
ing [249–251].

In this work, decoupling between membrane and bending behaviour
within each ply is neglected as SC elements are utilized. This does not
imply that bending behaviour as a whole is neglected. Rather, the bending
stiffness cannot be formulated independently from the elasticity modulus
of the membrane part. In Section 4.3.4.2 it will be demonstrated that the
bending stiffness of each ply can still be approximated quite accurately
when the transversal shear stiffness of the SC element is adapted ac-
cordingly. This procedure is valid for minor challenging geometries and
forming setups, including the later examined double dome geometry.

A constant thickness modulus proves a rather poor approximation of the
material compaction behaviour as illustrated in Figure 4.12. Therefore,
the compaction behaviour is enhanced by a mechanical part within the
superimposed user element that supplies an additional constitutive equa-
tion in thickness direction.

The fluid submodel is embedded in a Vuel subroutine, superimposed
to the SC element. The addressed key mechanisms of the fluid submodel
are anisotropic permeability, compression-induced infiltration, transient
interface flows and implications of gravity.

Isoparametric user element formulation. The user element is formu-
lated in an isoparametric manner by means of linear shape functions ma-
trix Nshape [254] and six integration points (cf. Table A.13, Appendix A).
The operator matrix

B = (∂Nshape/∂ς) · J−1 (4.14)
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in the current configuration x is calculated using the spatial derivatives
of these shape functions with respect to the current coordinates. The
deformation gradient F within the element

F = J1 · J−1
0 with J1 = (∂Nshape/∂ς) · x and J0 = (∂Nshape/∂ς) · X,

(4.15)
is computed using the Jacobian matrix J1 with respect to the current con-
figurationx and the Jacobian matrixJ0 with respect to the reference con-
figuration X . For material modelling, the Green-Lagrange strain E ac-
cording to Equation 3.2 is used. The Green-Lagrange strain rate Ė is
calculated by means of the current time increment size △tinc and the
values from the previous increment E{△tinc−1}. Moreover, the rate-of-
deformation tensor (cf. Equation 1.15) can also be calculated using F and
Ė

D = 1
2

(
Ḟ F−1 + F−⊤ ˙F⊤

)
= F−⊤ · Ė · F−1 . (4.16)

4.3.4 Forming submodel

The SC element allows for a direct application of the membrane model
presented in Section 3.1.2. Hence, modification of compaction behaviour
and parametrisation of the bending behaviour remains for intra-ply mod-
elling. Following the results of Section 3.5, inter-ply contact between the
plies is implemented by a built-in general contact algorithm of Abaqus,
using friction coefficients of µTP = 0.29 and µPP = 0.223 [119]. The
penalty contact normal stiffness cP

N is set with the intention to reduce
penetration between plies and tools as much as numerically possible
by simultaneously keeping a reasonable time increment for the explicit
solver.

4.3.4.1 Compaction behaviour

A hyperviscoelastic formulation is implemented within the user element
to account for a non-linear compaction behaviour at finite strains. The
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elastic part only affects the thickness direction. In addition, an isotropic
rate-dependent numerical damping is superimposed for stability reasons.
The Voigt notation is applied in the following and indicated by

σ̃ = [σ11, σ22, σ33, σ23, σ13, σ12]⊤ . (4.17)

For the elastic part, the Kirchhoff stress vector τ̃ e is calculated by means
of deformation gradient F̃ , Green-Lagrange strain Ẽ and the stiffness
matrix C according to:

τ̃ e = F̃ · C · Ẽ with C33 = EMat
3 (ε3, γ12) + ELock

3 . (4.18)

Only one component of the stiffness matrix (C33 ̸= 0) is non-zero. The
elastic part contains a parametrised non-linear material partEMat

3 accord-
ing to

EMat
3 (ε3, γ12) = a0e

[εI(ε3−εII)]+εIII , (4.19)

and an additional non-physical smooth locking part ELock
3 , which only

contributes for compaction states outside the experimentally acquired
data range.

ELock
3 (ε3) = EMat

3 − Elim
3

2

(
cos
(
π(ε3 − εlim

3,s )
εlim

3,e − εlim
3,s

)
+ 1
)

+ Elim
3 . (4.20)

Thereby, collapsing is prevented for temporarily high compressed ele-
ments. This is important, since the discrete mesh is compressed in bent
and cornered regions.

The material partEMat
3 is superimposed to a required base stiffnessESC

0 =
7.156 · 10−4 N/mm2 of the SC element for compaction strains above ε3,0.
Parameters are obtained via reverse parameter identification with the ex-
periments for shear angles γ12 of 0◦, 25◦ and 50◦. The complete dataset
for compaction is summarised in Table A.11. Shear-dependency is ac-
counted for by linear interpolation between the data sets.
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The viscous part of the Kirchhoff stress τ̃ v = 2ηMat
0 D is calculated via the

rate-of-deformation tensor D. A rate-dependency of the pre-infiltrated
compaction trials as has been reported in literature [149]. It is neglected
in this study due to a lack of experimental data.

Elastic and viscous part of the Kirchhoff stress are superimposed accord-
ing to τ̃ = τ̃ e+τ̃ v, which are subsequently used to determine the nodal re-
action force matrix f̂mat

R with respect to Abaqus’ Green-Naghdi’s frame

f̂mat
R = 1

J
· det (J ) · B τ̃ . (4.21)

Parametrisation. Figure 4.12 shows the combined results of the shear-
dependent parametrisation of the compaction behaviour.
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Figure 4.12: (a) Comparison between mean experimental reaction force curves and para-
metrised user enhanced model prediction; (b) Detailed view [137].

A good agreement is observed. The benefits of the user-enhanced com-
paction behaviour become particularly obvious when comparing the out-
lined results with a fitted built-in solution relying on a constant thick-
ness modulus (see Figure 4.12(b)). A constant modulus would lead to an
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overestimation of the initial stiffness and an underestimated locking to-
wards higher compaction states. A constant material damping of ηMat

0 =
5 ·10−5 [Ns/mm] is using. The complete identified data set is summarised
in Table A.11 in Appendix A.

4.3.4.2 Bending behaviour

The bending behaviour is supplied by the built-in continuum shell (SC)
element in Abaqus, which includes the membrane behaviour via a user
material routine. As outlined, this implies a coupled membrane and
bending behaviour. This leads to an overestimation of the bending stiff-
ness when the conventional shell theory is applied because of the high
prescribed in-plane fibre stiffnesses. To compensate for this, the transver-
sal shear stiffness is reduced (see Section 4.3.4.2). Furthermore, usage
of the SC element implies a purely linear-elastic, isotropic bending be-
haviour which neglects the anisotropy caused by the fibre orientations
and rate-dependencies. This is suitable for geometries where bending is
of minor importance compared to membrane or contact behaviour and
where the material itself provides a comparable bending stiffness in both
directions. Both apply here because the double dome geometry with a
circumferential blank holder leads to a membrane dominated draping.
Moreover, the applied woven fabric can be suitably described with an
isotropic bending.

Parametrisation and verification. A cantilever setup (cf. Figure 4.13 (a)
is used to obtain the bending parameters for the transversal shear stiff-
ness. Target values for the cantilever bending length lbend in fibre direc-
tion are obtained by the experiments outlined in Section 3.2 for the same
material. Using this approach, a transverse shear stiffnesses of κTS

11 =
κTS

22 =0.03 N/mm2 and κTS
12 =0.03 N/mm2 are found using reverse param-

eter identification.
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Figure 4.13: (a) Example of a cantilever result during reverse parameter identification; (b)
Model compare between a properly decoupled reference model and the cou-
pled SC-based model with reduced tangential shear stiffness [137].

To evaluate the validity of this procedure, a more complex geometry
(cf. Figure 4.13 (b)) than the double dome is used to compare a properly
decoupled reference model with the parametrised SC model (SC6R). The
reference model consists of membrane (M3D3) and superimposed con-
ventional shell elements (S3R) as outlined in Section 3.2.4. The bending
behaviour within the reference model is reduced to a purely elastic mate-
rial behaviour to ensure comparability. For the same reason, an upscaled
compaction module ESC

3 = 10 N/mm2 is used to reduce the impact of
possible compaction within the SC-model.

Figure 4.13 (b) provides a direct comparison of both approaches for a two-
layer forming setup exposed to gravity. Apart from minor differences in
slag and shape, a comparable displacement field is predicted. Hence, it
is assumed that the SC-based approach provides a suitable approximated
bending behaviour. Since the later applied double dome geometry is sim-
pler and additionally contains a circumferential blank holder that con-
strains the draping even further, the outlined approach is assumed to be
well suited to capture the forming behaviour of the applied double dome
geometry.
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4.3.5 Fluid submodel

4.3.5.1 Formulation

A wedge-shape element as shown in Figure 4.14 is chosen for the fluid
submodel. Therefore, the priorly presented DPE2D approach based on
triangular elements is expanded to a 3D element formulation.
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Figure 4.14: Fluid submodel | (a) Isoparametric element formulation of an element k [343];
(b) Qualitative impact of gravity g on the intra-ply pressure distribution within
a rotated element [137].

The wedge element consists of six nodes and five surfaces over which the
pressure-corresponding surface flows are evaluated. Every element vol-
ume Vk is occupied by a combination of fibre volume V fibre

k , fluid volume
V fluid

k or void volume V void
k . The available volume (void) is derived from the

total element volume Vk. Element saturation Sk and ϕk (FVC) are updated
accordingly in every increment. A Gaussian integration scheme in con-
junction with six integration points is applied to ensure accurate integra-
tion of the system diffusion matrix Kdiff during finite strains. Following
the modelling strategy outlined in Figure 4.11, a fully coupled thermo-
mechanical analysis within Abaqus is utilized to model forming and
fluid progression simultaneously [99,343]. Doing so enables an additional
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usage of a nodal pressure degree of freedom pvec
N . The implementation

mainly focuses on the following three key intra-ply mechanisms:

1. Solving the pressure field within the saturated domain

2. Calculation for flow front progression and mass conservation

3. Modification of the pressure field during compaction

One and two a covered by a 3D expansion of the equations used for the
DPE2D model. Only the third point provides a new mechanism.

Saturated domain. To solve the pressure field, Richard’s law [21] pro-
viding a combination of mass conservation and Darcy’s law is applied in
a transient explicit formulation (cf. Equations 4.22-4.24). By this means, a
transient single-phase fluid progression can be modelled by implicit con-
sideration of the velocity field. This is enabled by introducing a nodal hy-
draulic capacity CN

hyd which is used to calculate the mass matrix Mmass =
ρCN

hydI → 0 of the system. As for the DPE2D model, Chyd provides a
purely numerical parameter, which is required to apply an explicit tem-
poral integration scheme to solve the pressure field. This originates from
the incompressibility of the fluid, which would lead to infinite pressures
of the smallest numerical error during temporal integration. The latter
cannot be prevented with finite precision. Hence, CN

hyd introduces slight
compliance (1 >> Chyd > 0) into the system, just enough to prevent this.

∫
Vk

ρChyd ṗ dv =
K(ϕ)
η φ

∫
Vk

div (grad (p) − ρg ) dv (4.22)

≈
∫

Vk

det (J )
η φ

B1Kf
(
B⊤

1 p − ρg
)
dv, (4.23)

Mmass ṗe = Kdiff (Kf,p, η, ϕ)pvec + bvec
grav + S+,vec (4.24)
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Within one element and increment, viscosity η, ϕ and fibre-frame perme-
ability Kf are constant. In equation 6, a ’vec’ is superscripted as an identi-
fier for a nodal vector representation according topvec = [p(1), p(2), ..., p(N)]⊤
with N = [1, 6]. The diffusion matrix Kdiff is calculated based on the
fibre-frame permeability tensor Kf in the current deformation state xi.
Gravity is accounted for by a body force vector bvec

grav. The operator matrix
B provides the spatial derivatives of the shape functions in the current
configuration. The Jacobian determinate det(J) accounts for a change of
element volume. Finally, a nodal source vector S+,e is introduced, which
is used to modify the pressure field during compaction.

Flow front progression and mass conservation. The incremental flows
V̇

(i)
flow across every element surface i = [1, 5] (cf. Figure 4.14 (a)) are calcu-

lated by means of a midpoint Gaussian integration of the surface integrals

V̇
(i)

flow = det (J1 ) △tinc

(
K(ϕ)
η φ

· B⊤
1 · J−⊤

1 · p
)

· n(i), (4.25)

where n(i) provides the current outward normal vector of the current sur-
face. Similar to DPE2D triangle element, the accumulated incremental
volume flow across surfaces of the same element is zero

∑5
k=1 V̇

(k)
flow = 0.

Only relevant surface flows (e.g. flow front, inlet, outlet) are determined
permanently to reduce computational effort. As within the DPE2D for-
mulation, the application of Richard’s law prevents mass loss within the
saturated domain under normal conditions. Nonetheless, the outer edges
of the global CV, including the flow front edges, are used for a mass con-
servation check at the domain level. The individual contributions of the
elements to the global CV depend on their current state (empty, filling
or saturated) and their location (inlet, vent, wall or flow front). The latter
is additionally used to prescribe boundary conditions. Again, a mesh-
independent flow front progression is achieved via a gradient-weighted
distribution of the total flow front flow [99].
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4 Simultaneous fluid progression via weak Fluid-Structure-Interaction

Modification of the pressure field. An essential mechanism is the local
response of saturated elements to change of volume during compaction
or shearing. If the element volume of an already saturated element is re-
duced, fluid is forced out, leading to a local pressure increase until the
resulting local overflow is resolved. By the same means, pressure needs
to be reduced if already saturated region becomes desaturated.

The local overflow V +
k,fluid = −V void

k is used to modify the nodal pressures
pvec within each node n of every overfilled element according to the nodal
source vector S+,vec = [S(+,1), S(+,2), ..., S(+,N)]⊤ where S (+,n) provides
the local additional flux into each nodes

S (+,n) = β+
0 V

+
k,fluid + β+

1 V̇
+

k,fluid . (4.26)

The two parameters β+
0 = 10.0 and β+

1 = 0.2 s can be interpreted as
penalty values. The former provides a constant flux into the nodes (pres-
sure increases), whereas the latter responds to changes of the overflow.
The underlying idea of this concept is that at any point in time (increment)
for which a stable pressure distribution is reached, the summarised incre-
mental present overflow must be equal to the incremental summarised
amount of fluid transpassing the flow front.∑

k

∑
i

V̇
(i)

flow,k|Γsat︸ ︷︷ ︸
Total flow front rate

!=
∑

k

V̇ +
k,fluid|Γsat︸ ︷︷ ︸

Total overflow rate

(4.27)

In this manner, overflow is only reduced when the fluid has actually
crossed the flow front. This further implies that the pressure field is
forced to adapt to a particular current overflow and the conduction sit-
uation as a whole. This ensures a unique solution for the pressure field.
Implicit time integration methods commonly iterate until a converged so-
lution of velocity field and pressure distribution is reached. The explicit
approach uses a forward modification loop of the pressure field, which
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4.3 Three-dimensional approach (DPE3D)

only considers the fluid velocity field implicitly to achieve the same func-
tionality. This provides an efficient way to consider the fluid velocity field
without actually solving for it directly.

However, the presented approach only provides reliable results if the sys-
tem can adapt its pressure distribution sufficiently fast. The verification
tests (cf. Section 4.3.5.3) will demonstrate that this applies when temporal
integration steps △tinc are small, the hydraulic nodal capacities CN

hyd are
sufficiently low and penalty parameters β+

0 and β+
1 are chosen adequately.

During explicit FE forming simulations, sufficiently small temporal inte-
gration steps (increments) are ensured intrinsically. However, an addi-
tional stabilisation mechanism for the fluid domain is implemented. Its
functionality will be also demonstrated in Section 4.3.5.3.

4.3.5.2 Interface flow modelling

Interface flows between the single plies of the stack need to be captured.
This requires the detection of the current flow front position across in-
terfaces (cf. Figure 4.15) and pressure conduction between the nodes of
different model instances (plies) within the saturated domain. Pressure
conduction can be achieved via an additional gap conduction option αGap

for the already presented built-in contact model. This mechanism is orig-
inally intended to describe thermal conduction in heat transfer problems.

Tracking the flow front across interfaces requires an active comparison
between saturation states (saturated, filling or empty) of currently con-
tacted neighbours. This can be complicated by large interface slip or de-
formations of the individual instances eminent during forming. Besides,
information consistency must be ensured between interfaces that may be
part of other processor threads during runtime.

An algorithm is implemented, enabling a multi-thread optimised neigh-
bourhood search. During initialisation (cf. Figure 4.11), neighbour el-
ements are identified within the plies but also throughout the contact
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4 Simultaneous fluid progression via weak Fluid-Structure-Interaction

interfaces. Scanning spheres around the individual nodes rScan
N and the

element midpoints rScan
i,MP (cf. Figure 4.15) are used to achive this. A rela-

tional network of element, surface and node connectivity is created with
the obtained information. During runtime, this network is updated per-
manently, yet only at positions where changes are possible. As constant
scanning of multiple elements can require considerable computational
effort, dynamic pre-partitioned lists are utilised and updated in parallel
by the individual threads.

g Flow front

Flow through
interface

u3

t0 | Surface initialization

3D

2D

t1 | Transient interface tracking

x x

x x

x x

x x
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xMP
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V̇flow,i
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Thread n Thread n + 1
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Figure 4.15: Illustration of the interface flow tracking algorithm comprising an initialisa-
tion at the start of the analysis and the tracking during runtime. Neighbour
search is supported by dynamic lists and element connectivity.
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4.3 Three-dimensional approach (DPE3D)

Only a minor interface slip occurs between the plies for simpler geome-
tries or forming setups with similar fibre orientations in the stack. Tran-
sient contact tracking can be neglected in these cases. Therefore, an ad-
ditional ’static’ contact mode is implemented, assuming constant element
connectivity at the interfaces.

4.3.5.3 Verification tests

Anisotropic fluid progression. In Section 4.3.2 it was demonstrated that
a non-orthogonal description of the permeability tensor Kf is beneficial
because it intrinsically accounts for shear deformation. The proposed
fluid model is used to demonstrate these claims for an anisotropic flow
progression within a pre-sheared fabric. An experimental result that has
been published by Pierce et al. [176] is used as a reference solution. Their
study characterises the permeability values of differently pre-sheared fab-
rics using a central injection between transparent plates. Since they later
apply Ansys fluent for the flow simulation, they extracted the perme-
ability values using the ellipse method [173] as shown in Figure 4.16 (a).

Fluid submodel

max.

X1; Kf1

Kf2
X2

βrot = 25◦

min.

γ2 = 40◦

Pierce et al. [176]

(a) (b)

Figure 4.16: (a) Results provided by Pierce et. al. [176]; (b) Simulation result using a fibre-
frame based description of the permeability tensor [137].

Figure 4.16 (b) shows that a comparable result can be reproduced with
fluid submodel even though only the permeability values in the unde-
formed state are implemented in the model using Equation 4.12. In both
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4 Simultaneous fluid progression via weak Fluid-Structure-Interaction

cases, an ellipse-shaped flow front progression and ellipse-shaped pres-
sure distribution establish. A comparable rotation angle of βrot = 25◦ be-
tween warp fibre orientation and principal ellipse axis is predicted. The
results support the Demaria’s work [20, 173] and verify the usage of non-
orthogonal permeability description.

Radial compaction. Compaction-induced infiltration provides an im-
portant mechanism during WCM. A verification of the fluid submodel for
a comparable linear case is reported in [343]. Here a radial setup with a
predefined amount of centrally applied resin V fluid

0 is investigated. The
radial flow front progression

rff(t) =

√
V fluid

0
2πhcav(t) · (1 − ϕ(t)) (4.28)

follows from mass conservation. Here, hcav(t) is the current cavity height.
Among others, Bickerton et al. [149] have published the following equa-
tion for the transient pressure distribution

p(r, t) = ηḣcav

4K(ϕ1)hcav(t)

[
(r2 − r2

ff(t)) + 2rinj ln
(
rff(t)
r

)]
. (4.29)

A constant compression rate of ḣcav = 0.055 mm/s is used. An initial resin
distribution with a radius of r0

ff = 60 mm and a constant fibre orientation
of 0 ◦ is assumed. Initial height of the stack is set toh0 = 0.4 mm and quar-
ter model as a length of 100 mm. While compaction proceeds, the resin is
spread to infiltrate the dry fabric. The isotropic in-plane permeability K
results in a circular propagation of the flow front (cf. Figure 4.17 (a)). K(ϕ)
is given by the function provided by Equation 4.12 for the analytical and
numerical case. A structured mesh with 6300 elements is used. The circu-
lar flow progression in the simulation demonstrated mesh-independency.
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Figure 4.17: Compaction test case | Comparison with analytical solution: (a) Flow front
progression; (b) Discrete pressure history at r1(2 mm) and r2(70.7 mm) for
two hydraulic capacities [137].

The flow front progression in Figure 4.17 (a), evaluated along a 45 ◦ straight,
seems to be in good agreement with the analytical solution. Beyond that,
the pressure history (cf. Figure 4.17 (b)) at two distinct points on the 45 ◦

straight r0(2 mm) and r1(70.7 mm) is compared to the analytical solution.
A good agreement is observed. Moreover, the impact of an increased hy-
draulic capacity of Chyd = 1 · 10−2 mm3/MPa is shown in Figure 4.17
(b). Whereas the flow front is not noticeably affected, pressures tend to
lag slightly when hydraulic capacity increases. This is reasonable, as the
pressure field adapts slower when the hydraulic capacity increases.

Domain stabilisation. A local source term S+,vec in combination with
low nodal hydraulic capacities CN

hyd lead to a oscillation-prone system.
Moreover, the strong coupling between deformation and source term
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4 Simultaneous fluid progression via weak Fluid-Structure-Interaction

makes it challenging to estimate a stable time increment in a typical
manner. As a monolithic system combining both submodels is solved,
a stable time increment is required, conserving both.

Therefore, an adaptive scaling based on the forming submodels’ time in-
crement estimation is implemented, using an instability criterium. Usage
of the Vuexternaldb subroutine in Abaqus allows to modify the time
increment at the end of each increment.
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Figure 4.18: Demonstration of domain stabilisation using the radial compaction scenario
with nodal hydraulic capacity CN

hyd [137].

To judge stability, the occurrence of slightly negative pressure values at
the current flow front has proven to be a robust indicator. If instabil-
ity is detected among saturated elements, the currently estimated time
increment of the forming submodel is downscaled. Under stabilised con-
ditions, the time increment is upscaled again. The above-outlined radial
test case is exposed to different stability scenarios via modification of the
nodal hydraulic capacity CN

hyd (cf. Figure 4.18) to demonstrate the reac-
tions of the domain stabilisation.
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4.3 Three-dimensional approach (DPE3D)

While the fluid progresses, emerging instability is detected within all
scenarios and the time increment is reduced accordingly, as Figure 4.18
shows. The smaller Chyd is set, the stronger the time increment has to be
reduced to regain stability of the pressure field. Although different hy-
draulic capacities slightly affect the predicted pressure history as outline
in Figure 4.3, all three scenarios provide a stable, accurate solution. An
error is raised if the domain cannot be stabilised within a user-defined
time range.

Interface flows. A 1D test case in the through-thickness direction is
used to verify the fluid flow across contact interfaces. An eight stack ply
is exposed to a constant inlet flow at the top ply according to Figure 4.19
(a).
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Figure 4.19: (a) Prediction of the flow front progression during injection with constant flow
rate; (b) Resulting inlet pressure – complete saturation is reached at 0.29 s.

A gap conduction of 5000 W/mmK (thermo-mechanical functionality in
Abaqus) is used. In contrast to intra-ply flow progression, the flow front
must now progress through the ply interfaces and not only between el-
ement surfaces of the same mesh instance (ply). Pressure history at the
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4 Simultaneous fluid progression via weak Fluid-Structure-Interaction

top nodes is monitored and compared with the analytical solution given
by Equation 4.7.

Flow front progression and pressure history seem to be in good agreement
with the analytical solution (cf. Figure 4.19).

0.05 s 0.2 s 0.25 s

Empty Filling SaturatedElement saturation Sk (-)

V̇inj

Figure 4.20: Fluid interface | Inter-ply flow front progression during injection [137].

As illustrated in Figure 4.20, volume is constantly added to the top layer
elements. A local overflow is generated, which modifies the pressure dis-
tribution until a stable solution establishes. A slight peak emerges during
later transitions of the flow front from one instance to the next (cf. Fig-
ure 4.19). This is due to a slight oscillation within the pressure field. This
is observed when only a few elements are applied. This is not found to be
an issue for increased element numbers or multi-dimensional flow cases.
The pressure increases considerably beyond 0.29 s as no fluid outlet is
assigned.

In summary, the implemented fluid contact enables a suitable inter-ply
flow front progression between the individual plies of the stack. The cor-
rectly predicted pressure history in (b) further demonstrates that flow rate
boundary conditions can also be applied to the model. Similar to the 2D
approach, an application for RTM or VARI is possible.
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4.3 Three-dimensional approach (DPE3D)

4.3.6 Coupled application

4.3.6.1 Dry forming with variable thickness

The presented 3D forming submodel is applied to a double dome geome-
try as outlined in Section 2.1 to evaluate the impact of a variable thickness
and to verify the dry forming submodel.

End
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Forced compaction

Increased compaction
below blank holder

Slag due gravity

at dome center

Decreasing thickness
at flange

Area-wide compaction

(b)

Ply thickness h (mm)
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Seal
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fR
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0.61 mm

20 %

75 %

100 %

(a)

Pins

Figure 4.21: Forming submodel | (a) Model setup; (b) Exemplary forming result in terms of
ply thickness h and according observations [137].

For this purpose, a simulation setup as displayed in Figure 4.21 (a) is uti-
lized based on the modelling approach displaced in Figure 4.11. The
setup comprises of rigid surfaces to account for a lower and upper tool
and a blank holder and seals. The forming submodel is used within every
single ply of the four-ply woven fabric stack with an initial fibre orienta-
tion of ± 45◦. A predefined ply thickness of h = 0.7 mm is used, obtained
by measurements. The displacement is prescribed at the upper tool ac-
cording to the closing amplitude presented in Section 4.21. Gravity is ap-
plied for the entire model, implying a closing of the blank holder under
its own weight.
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4 Simultaneous fluid progression via weak Fluid-Structure-Interaction

An exemplary forming result is displayed in Figure 4.21 (b). In the begin-
ning, gravity leads to a central slag of the fabric, followed by slight emerg-
ing compaction below the advancing blank holder. Thereafter, forming
starts by central contact of the upper tool with the slagging stack. This
initial contact mainly occurs at the half dome centre and the edges, lead-
ing to localised compaction in these areas. Further forming results in a
thickness decrease at the flanges. Finally, the upper tool gets into large-
areal contact with the stack, leading to final part thicknesses between
h = 0.3 and 0.55 mm.

Validation of shearing. A comparison with the results that have been
published Boisse et al. [217] for a comparable material and double dome
forming setup is given in Figure 4.22.

Shear angle γ12 (◦)
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5 15 25 35 45

5040
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Source: [217]

Ori.
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44.8 ± 1.6
38.5 ± 1.9

48.9
39.7

Ori.

Figure 4.22: (a) Shear angle distribution published by Boise et al. [217]; (b) Shear angle dis-
tribution in the present work and direct comparison with own experiments at
two critical points (P1,P2) [137].

Similar initial fibre orientations are used. A high qualitative agreement
is observed for the predicted shear angle distribution and outer shape,
even though material locking angle and compaction forces are probably
not identical. In addition to the spatial comparison with the results that
have been published by Boisse et al. [217], Figure 4.22 (b) provides a direct
comparison between the optically evaluated and the predicted shear angle
at two critical positions (P1,P2). The former values are obtained from the
experimental trials. A slight overestimation is observed for P1 and a good
agreement is found for position P2.
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Prediction of FVC and reaction forces. The approach can predict the
thickness and corresponding FVC ϕwithin every ply. Figure 4.23 gives an
insight into the predicted final thickness and FVC in the top and bottom
ply. A smooth transition of the quantities is observed for the middle plies.

Ply thickness h (mm)

0.3 0.4 0.5 0.6 0.7

FVC ϕ (-)

I

II III
I

II III

I

II III
I

II III

0.3 0.4 0.5 0.6 0.7

Top ply

Bottom ply

Figure 4.23: Prediction of the final ply thickness h and FVC ϕ in top and bottom ply for
closed mould [137].

Strong differences are predicted for the final thickness in several impor-
tant areas: the flanges (I), the half-dome centre, or the corners (II). Exem-
plary looking at the flange area (II), increased thickness compared to the
surrounding regions is predicted for the top ply (0.55), but the opposite
is predicted for the bottom ply (0.35). This contradictory relationship ap-
plies for several areas and also the FVC distribution on the right side of
Figure 4.23.

In addition to the thickness information, ϕ takes the local in-plane shear
deformation into account (cf. Figure 4.22). The highest FVC (0.61) is pre-
dicted for the part of the flange with the highest shear angles (close to
I). In general, high FVCs are predicted for the highly compacted areas.
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Unfortunately, elastic spring-back of the uncured stack in thickness di-
rection prevents the experimental validation of the predicted thickness
values for the completely closed tool. The predicted location of the max-
imum shear angle agrees with the experimental observations. It is as-
sumed that the maximal predicted FVC in Zone I is slightly overestimated
due to the slight overestimation of the maximal shear angle.

Compaction is shown to be of high importance to accurately predict the
local FVC, especially in minor sheared areas. Here, pure compaction re-
sults in maximal FVC changes of 0.25 to 0.5 (100 %), whereas pure shear-
ing from 0 to 50 ◦ with constant thickness increases area weight and thus
FVC only by 31 % (cf. Section 4.3.2).

Consequently, the spatial distribution of the local FVC appears to be
much more similar to the thickness distribution than to the shear an-
gle distribution. It is concluded that a reasonable prediction of the local
FVC should include both shearing and compaction as an interconnected
source for a non-linear increase of the final local FVC.
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Figure 4.24: Validation of reaction forces by comparison with dry experiments – Initial con-
tact between upper tool and stack surface is made for hcav < 50 mm [137].
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Furthermore, consideration of material compaction enables a prediction
of reaction forces during forming. In Figure 4.24, reaction forces obtained
by dry forming trials are compared with the numerically predicted ones.

An overall good agreement is observed for a substantial part of the tool
stroke. Significant differences only arise for the first 10 mm of tool mo-
tion (50 > hcav ≤ 60) because gravity-induced slag of the stack prevents
contact to the upper tool until a cavity of hcav = 50 mm is reached. More-
over, blank holder pins (cf. Figure 4.21 (a)) are modelled frictionless in
the simulation. During experiments, some slip-stick effects between the
blank holder pins and upper tool are observed for the initial 15 mm of the
tool stroke. For further tool displacement, the free length of the pins is
short enough to prevent such effects of sticking.

Minor differences are observed for the beginning of the final compaction
phase at the remaining cavity height between 5 and 3 mm. Here, the pre-
dicted reaction forces lag slightly behind. This may have several reasons:

1. The scattering within the experiments is quite high in this phase.

2. Bending forces play an important role in the overall reaction forces
in this phase.

3. Some degree of contact penetrations cannot be prevented between
the interfaces, leading to a slightly more compliant system.

Despite this minor differences, reasonable reaction forces are obtained by
the 3D forming simulation submodel. The need for a suitable 3D locking
free formulation for forming simulations is demonstrated.

4.3.6.2 Combined forming and mould-filling

For a combined application, the model is enhanced by the fluid submodel,
following the modelling strategy presented in Section 4.3.3. In contrast
to the 2D approach (cf. Section 4.3), where injection could only be mod-
elled using a predefined pressure at an inlet, the 3D process model allows
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using an initial fluid distribution boundary condition through element
saturations. An initial fluid volume based on the experiments is added
to the undeformed four-ply stack. For the 20 mPas trials, a homogenous
pre-infiltration within the stack centre is used, whereas only the two top
plies are set as infiltrated during the 200 mPas trials. The latter addresses
the mostly superficial distribution prior to forming (cf. Figure 2.3). The
initially infiltrated area within the top plies is needed to be slightly larger
than measured for the experiments to achieve the required amount of
fluid.

An exemplary result, predicting both forming and fluid-progression, is
shown in Figure 4.25. Similar to the experiments, the fluid flow is mostly
driven by gravity and local compaction, until the final compaction results
in in-plane dominated infiltration and increased pressure.

Remainig cavity height hcav (mm)
30 2.255
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Figure 4.25: Process model | Result for cavity pressure (MPa) at a viscosity of 20 mPas [137].

A comparison of the fluid progression between the experimental results
and numerical predictions is presented in Figure 4.26. When comparing
the results for the low viscosity (20 mPas, top row), good prediction accu-
racy is observed regarding flow front progression and local resin amount.
Leaked fluid prevents a proper evaluation of the bottom side at remaining
cavities above 5 mm.
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Figure 4.26: Qualitative comparison of flow front progression with experimental trials at
different cavity heights hcav [137].

Regarding the 200 mPas trials (bottom row), the prediction accuracy of the
model is slightly lower because the flow progression is more superficial.
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Still, comparable tendencies of the fluid progression can be observed, es-
pecially concerning the inhomogeneous infiltration in the thickness di-
rection. Nevertheless, the initial resin distribution leads to an overesti-
mated flow progression on the top side, which directly follows from the
increased initial infiltration area.

Some experimentally related sources of uncertainty are to be outlined.
Only four plies are used during the experiments, which leads to some
scatter in terms of fluid progression because the transversal permeabil-
ity can differ in some areas due to gaps. Moreover, video analysis of
the transparent tools is hindered by curvature-induced optical distor-
tions,that are reduced where possible with calibrations. In addition, some
scattering must be anticipated in the initial fluid distribution during the
experiments.

4.4 Discussion and conclusion1

A reliable WCM process simulation requires a simultaneous description
of draping and fluid progression. A monolithic approach based on the
similarity of Fourier’s and Richard’s law was proposed in Section 4.1 to
enable direct internal coupling between draping and fluid submodel.

Expending the draping model from Section 3, a 2D fluid formulation
based on a single-phase porous medium throughflow (user element) was
presented and verified in Section 4.2. A feasibility study on a generic
geometry revealed both, advantages and limitations of this 2D modelling
strategy. In particular, crucial process mechanisms such as infiltration
and compaction in thickness direction could not be captured and require
a 3D formulation.

1 Section 4.4 contains extracts of: C. Poppe, F. Albrecht, C. Krauß, L. Kärger: A 3D Mod-
elling Approach for Fluid Progression during Process Simulation of Wet Compression Moulding
– Motivation & Approach, Procedia Manuf. 2020; 47:85-92, 2020 [343].
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In this regard, an expansion for both draping and fluid submodels was
presented in Section 4.3. Modelling of the draping submodel through
user-enhanced continuum shell elements allowed capturing of non-linear
compaction. A superimposed user element (Vuel) was used to formulate
a 3D fluid submodel (user element: DPE3D). It accounts for the local fibre
volume content, the current fibre orientation and infiltration not only in
in-plane but also in thickness direction, even across multiple plies of a
stack. Finally, the 3D process model was compared to the initially out-
lined experimental trials with in-situ flow front tracking (cf. Section 2.1).

The combined application of 3D process model gives important informa-
tion about the achievements (+) and limitations (-) of the forming-driven
modelling strategy:

+ Successful coupling the models for forming and infiltration is es-
sential for an accurate WCM process model.

+ Initial results are promising and confirm the general suitability of
the approach and the need for a 3D formulation for both submodels.

+ The monolithic approach allows an explicit and efficient solving
of the involved equations of the model without iteratively coupled
algorithms.

+ Gravity can be considered in both submodels and proved to be im-
portant for an accurate prediction.

- A suitable approach to consider the superficial flow (squeeze flow)
is crucial to exploit the capabilities of this approach, especially
when applied to more complex geometries or unfavourable process
parameter settings.

- Heat transfer and curing need to be implemented in forthcom-
ing steps to account for changing viscosities and related thermal-
induced strains.

- The macroscopic, single-phase approach assumes a prefect vacuum
inside the mould and within the microstructure of the reinforce-
ments. This currently prevents a prediction of air traps and micro-
saturation.
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Compared to the aforementioned 2D approach (DPE2D), several improve-
ments and new capabilities are capture by the 3D formulation (DPE3D).
Most important, the DPE3D approach allows the inclusion of key WCM
effects and boundary conditions, such as initial resin application, fluid
progression in thickness direction and compaction in a single simulation
run. This can already enable reliable support for virtual process and part
development.
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5 Simultaneous fluid progression
via strong FSI 1

Abstract

The inherent Fluid-Structure-Interaction (FSI) of LCM processes, including the WCM
process, can cause undesired process defects, such as flow-induced fibre displacement
(FiFD). More severe cases can complicate mould-filling and reduce final parts’ structural
performance. Given that simplified, existing analytical predictions are not directly ap-
plicable for WCM parts, a numerical prediction using process modelling is desired.
Unlike woven fabric, which incorporates two fibre orientations, UD-NCF is particularly
vulnerable to FiFD. Hence, the 3D macroscopic process model is adapted to a UD-NCF,
which further demonstrates the modular approach of the proposed modelling strategy.
Using Terzaghi’s effective stress approach, a strong interaction between material defor-
mation and fluid pressure is implemented. The resulting process model is successfully
validated with additional viscous compaction trials. Beyond that, a parametric study re-
veals principal relationships and conditions for a global or localised FiFD. The results
emphasise the high impact of a suitable hydrodynamic tangential contact formulation.
Finally, a feasibility study demonstrates the model’s suitability to predict planar FiFD
by comparison to experimental results from literature. Some important limitations are
identified, e.g. hydrodynamic contact modelling, which motivates further research.

1 Chapter 5 contains extracts of: C. Poppe, F. Albrecht, C. Krauß, L. Kärger, Towards nu-
merical prediction of flow-induced fiber displacements during wet compression molding (WCM),
Paper presented at ESAFORM 2021 – 24th International Conference on Material Form-
ing, 10.25518/esaform21.1938, 2021 [325].
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5 Simultaneous fluid progression via strong Fluid-Structure-Interaction

5.1 Flow-induced fibre displacement (FiFD)

FSI leads to mutual couplings between the material stress and fluid pres-
sure during moulding. This complicates liquid moulding processes since
defects such as fibre-washout [57] or FiFD [59, 147, 346] can significantly
alter the local fibre architecture during processing. This affects mould-
filling behaviour and structural performance [9, 76, 345]. Whereas fibre-
washout during RTM usually addresses the local dissolution of the fi-
bre structure due to locally increased pressure, FiFD describes a local or
global macroscopic shift or reorientation of fibres during viscous com-
paction. FiFD is of minor importance for engineering textiles with two
fibre orientations, such as weaved woven fabrics, as the high fibre stiff-
nesses mostly prevent a deformation within the occurring cavity pressure
range. Yet it can lead to in-plane fibre undulations. In contrast, unidirect-
ional reinforced materials such as UD-NCF are particularly vulnerable to
such effects as these materials show a high anisotropy between the fibre
and perpendicular direction in terms of stiffness and permeability.

5.1.1 Process example

A exemplarily result caused by FiFD is demonstrated in Figure 5.1. The
planar WCM compression trials1 were carried out at the Fraunhofer ICT
in Pfinztal (Germany). A six-ply stack [0/90/0]s of UD-NCF material is
used. FiFD is provoked by a central resin application and a relatively fast
closing velocity of vtool =1.4 mm/s within the final compression phase of
the tool stroke. A constant tool temperature of 120 ◦C and a prior infiltra-
tion time of 30 s is used. The spatial evaluation of superficial FiFD using
Matlab has been developed as part of a cooperative master thesis [346]
between KIT-FAST and Fraunhofer ICT.

1 Part of a cooperative master thesis [346] between KIT-FAST and Fraunhofer ICT, 2019.
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(a) (b)

Initial resin
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Plate tool
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Figure 5.1: Process observation | Superficial FiFD during manufacturing of UD-NCF; (a)
Plate tool and trial setup at Fraunhofer ICT; (b) Calculated displacement and
strain fields of the top side of the stack (based on [325, 346]).

As Figure 5.1 (b) shows, a macroscopic fibre-displacement u⊥ of up to
25 mm is observed perpendicular to the initial fibre orientation at the top
side of the stack. The bottom side of the stack showed no such displace-
ments. Responsible for this is the initial infiltration state of the stack,
which leads to much higher drag forces at the top side. Moreover, it is
assumed that the bottom side of the stack is additionally constrained by
friction with the tool surface. The superficial FiFD leads to a centrally
localised positive material strain (ε⊥ > 0) and in-plane compaction of
the material towards the outer fibre clamping (ε⊥ < 0). Consequently,
the initially homogeneously distributed FVC is reduced within the plate
centre and increases towards the outer clamping. This affects the manu-
factured plate’s structural properties. Preventing such undesired effects
during WCM is important for process robustness. This section aims to
expand the presented simulation approach based on a weak FSI (cf. Sec-
tion 4) by a strong interaction to predict such defects.

Outline. First, additional experimental permeability and compaction
tests are conducted to adapt the process model to UD-NCF (Section 5.2).
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5 Simultaneous fluid progression via strong Fluid-Structure-Interaction

Subsequently, a strong FSI is implemented and verified with dry and vis-
cous compaction trials (cf. Section 5.3.3). In Section 5.3.4, a parametric
study demonstrates the interaction between deformation, pressure field
and the applied contact conditions. Finally, the model’s capability is eval-
uated via a qualitative comparison with the results that have been re-
ported by Hautefeuille et al. [59] for a comparable uni-directional mate-
rial.

Delimitation. Superficial fluid flows are neglected in this chapter. The
presented results are purely based on strong FSI within the porous medium.

5.2 Experimental assessment of UD-NCF

The UD-NCF material (cf. Section 1.5) provides a distinctly different fab-
ric architecture compared to woven fabrics. Consequently, differences
regarding draping and infiltration behaviour are expected. However,
the draping behaviour of the dry UD-NCF has already been investigated
within a DFG Project1 [248, 345, 347]. Consequently, the anisotropic per-
meability and the non-linear compaction behaviour need to be charac-
terised.

5.2.1 Permeability characterisation

For the permeability tensor K, values in fibre direction, perpendicular
and in thickness direction are required (Kf,K⊥,K3). Similar trials to the
ones presented in Section 4.3.2 are conducted with UD-NCF.

1 ’Experimental and virtual analysis of draping effects and their impact on the mechanical
behaviour of composite components’ (KA4224/1-1).
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Figure 5.2: Principal permeability values for UD-NCF. Kf is measured with the radial setup
presented in Section 4.3.2, K⊥ with the linear setup proposed by [178] and K3
at the Fraunhofer IGCV in Augsburg.

The in-plane components (Kf,K⊥) are measured with the already out-
lined radial setup (cf. Figure 4.7) and an additional linear setup that has
been proposed by Magagnato et al. [178]. As in Section 4.3.2, transverse
permeability in thickness direction was determined at the Fraunhofer
IGCV in Augsburg. The experimental results for different compaction
states are summarised in Figure 5.2. Analogous to other experimen-
tal results that have been published for uni-directional reinforcements
[180, 181], permeability decreases strongly with increasing FVC. More-
over, permeability in fibre direction is approximately 10 times higher
than in perpendicular direction for the same deformation state [181]. The
lowest permeability values are obtained in thickness direction.

The measured permeability values are formalised within function 5.1 to
5.3 based on the current FVC ϕ

Kf(ϕ) = 0.0161 · e−11.6ϕ (5.1)

K⊥(ϕ) = 0.002 · e−11.6ϕ (5.2)

K3(ϕ) = 0.00015 · e−12.0ϕ. (5.3)
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5 Simultaneous fluid progression via strong Fluid-Structure-Interaction

They are obtained by regression with the experimental results. In Sec-
tions 4.3.2 and 4.3.5.3 it was demonstrated that the fibre-frame based de-
scription of the permeability tensor allows to intrinsically capture fibre-
reorientation due to shearing. For this reason, a permeability characteri-
sation in the undeformed state is sufficient for further modelling.

5.2.2 Viscous compaction

Dry and pre-infiltrated compaction trials with a six-ply stack [0]6 are car-
ried out to parametrise the transverse compaction behaviour. The same
punch-to-plate setup outlined in Section 4.3.1 is used.

In Figure 5.3 (a), dry and viscous compaction forces are compared, reveal-
ing a non-linear increase towards high compaction states and a further
increase for pre-infiltrated specimens. Comparable results were found
for the woven fabric (cf. Figure 5.3).

The impact of nesting phenomena, e.g. overlapping at the PP interfaces,
is shown in Figure 5.3 (b). In contrast to woven fabric, no significant im-
pact of nesting is observed for the UD-NCF.

Discussion. An expected non-linear reaction force is obtained for the
UD-NCF. The reaction forces are for example five times higher (≈ 80 N
vs ≈ 400 N at ucom = 2 mm) when the UD-NCF is compared in the wet
state. The insignificance of the nesting phenomena is attributed to the
more homogenous material interface. This favours minimal interlock-
ing between the stack interfaces, even for relative orientations of 0 and
90 ◦. Minor nesting within the UD-NCF stack is also assumed to be re-
sponsible for the less pronounced effect of infiltration on the measured
reaction force (cf. Figure 5.3 (a)). In contrast to the five times higher val-
ues of the UD-NCF, the infiltrated compaction forces for the woven fab-
ric in Section 4.3.1 were about ten times higher (≈ 30 N vs ≈ 300 N at
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Figure 5.3: Compaction results UD-NCF | (a) Impact of infiltration and (b) nesting phe-
nomena on the compaction behaviour of UD-NCF.

ucom = 1.2 mm). It is assumed that this difference originates from the
woven architecture, which allows for a distinct interlocking of the rov-
ings, sealing potential flow channels during compaction. For UD-NCF,
the increased permeability in fibre direction persists even for higher com-
paction states. Due to minimal interlocking of the layers, potential flow
channels are less likely to be sealed, leading to lower fluid pressures be-
low the punch (cf. Table A.1).
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5 Simultaneous fluid progression via strong Fluid-Structure-Interaction

5.3 Numerical modelling

For the numerical implementation on the macro-scale, the fully-coupled
3D modelling approach (DPE3D) introduced in the previous chapter is
adapted to the UD-NCF material. Given the outlined additional exper-
iments, an adaption of the fluid submodel is straightforward using the
permeability functions 5.1 to 5.3. The draping behaviour, especially the
membrane behaviour, is significantly different due to the unidirectional
fibre architecture. In contrast to the interwoven fibre yarns of the woven
fabric, the UD-NCF contains uni-directional aligned fibres that are inter-
connected by a polymer yarn. A macroscopic membrane model that has
been proposed by Schirmaier et al. [248] is used for modelling, replacing
the membrane model within the CS element (cf. Figure 4.11). Moreover, a
parametrisation of the user-enhanced compaction behaviour is required
(cf. Figure 5.3).

The constitutive equations of the UD-NCF draping submodel are out-
lined in the following, followed by the implementation of the strong FSI
in Section 5.3.2. The latter will be verified in Section 5.3.3 using the out-
lined viscous compaction trials.

5.3.1 Adaption of the draping submodel to UD-NCF

Membrane model. In contrast to woven fabric, where pure shear is
the dominant deformation mode, macroscopic modelling of UD-NCF re-
quires capturing large tensile deformations in the stitching direction ε2
in combination with compressive in-plane strains perpendicular to car-
bon fibre direction ε⊥ [105]. Schirmaier et al. [51] propose off-axis-tension
(OAT) tests (cf. Figure 1.7) to analyse and characterise the multiaxial de-
formations at macro-scale [347].

The underlying concept proposed by Schirmaier et al. is to formulate
a non-orthogonal elastic-plastic material model based on linear strain
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measures and especially the perpendicular strain component ε⊥ (cf. Fig-
ure 5.4).

γ12
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Figure 5.4: Schematic illustration of the UD-NCF material model based on linear strain
measures in initial and current deformation state (based on [248, 325, 347]).

This enables a material formulation using the principal material strain ε1
in fibre direction, the non-orthogonal transverse tensile yarn strain ε2,
which only contributes under tensile load, the shear angle γ12 and the
perpendicular strain ε⊥, which is used to model in-plane roving com-
pression. The latter enables homogenised modelling and prediction of
in-plane gapping (ε⊥ > 0) or compression (ε⊥ < 0) in stitching yarn di-
rection. The linear strains ε1 and ε2 are obtained by the stretch of the
respective line segments of the unit cell according to

εi =
|tseg,i|
|t0

seg,i|
− 1 =

√∑
j

F 2
ji − 1, with i, j = 1, 2. (5.4)

Here, the deformed line segment is calculated by tseg,i = F · t0
seg,i. The

corresponding shear angle γ12 in the current configuration is given geo-
metrically by

γ12 =
π

2 − γ2 =
π

2 − cos−1

(
tseg,1 · tseg,2

|tseg,1||tseg,2|

)
. (5.5)
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5 Simultaneous fluid progression via strong Fluid-Structure-Interaction

Finally, the linear perpendicular strain component ε⊥ is introduced by
the stretch of an orthogonal line segment tseg,⊥ with yields

ε⊥ =
tseg,⊥
t0

seg,⊥
− 1 =

|tseg,1| sin(γ12)
t0

seg,2
− 1 =

√
F 2

12 + F 2
22 sin(γ12) − 1. (5.6)

These strains correspond to the nominal stress tensor P ∗ and the scalar
nominal transverse stress P⊥ obtained by an alternative decomposition
of the deformation gradient F [248]. Pushing P ∗ and P⊥ to the current
configuration B1 ultimately yields the Cauchy stress σ̂ by combining the
Cauchy stress σ̂Ph in principal material direction and perpendicular to
the fibre orientation σ̂⊥ according to

σ̂ = σ̂Ph (ε1, ε2, γ12) + σ̂⊥(ε⊥) . (5.7)

Elastic-plastic behaviour is introduced by superimposed elastic εe
2 and

plastic parts εp
2 of the strain components and the elastic γe

12 and plastic
γ

p
12 part of the shear angle. A yield surfaceR2,Γ (εp

2, γ12) and a yield curve
R12,Γ (γp

12) are introduced based on plastic strain εp
2, shear angle γ12 and

the plastic part of the shear angle γp
12, respectively. Moreover, compres-

sive stresses P ∗
⊥ are modelled with a superimposed non-linear elastic ma-

terial law based on the perpendicular yarn strain ε⊥ and the shear angle.
The model is comprehensively described in [51].

OAT trials (cf. Figure 5.5) were used to parametrise the outlined model for
the applied UD-NCF material in the dry state as part of a DFG project1.

Figure 5.5 shows the experimentally obtained reaction forces for different
shear angles following the setup illustrated in Figure 1.7 (c). Moreover,
a comparison with the UD-NCF model is given – a good agreement is

1 ’Experimental and virtual analysis of draping effects and their impact on the mechanical
behaviour of composite components’ (KA4224/1-1).
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observed. The obtained dataset (cf. Table A.14 in Appendix A) accounts
for all three fibre orientations simultaneously.
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Figure 5.5: Results of the experimental OAT trials with fibre orientations of (a) 30 ◦, (b)
45 ◦ and (c) 60 ◦ using a specimen size of 320 x 160 mm and a constant traverse
velocity of u̇raw = 100 mm/min; The results are compared with the identified
parameter set for the applied UD-NCF.

Compaction. Compaction behaviour is modelled within the mechani-
cal part of the superimposed user element similar to the equations out-
lined in Section 4.3.4. The non-linear stiffness in thickness direction C33
is given by

C33 = ESC
0 + a0e

[εI(ε3−εII)]+εIII︸ ︷︷ ︸
if ε3 > ε0

3

, (5.8)

where ε3 provides the compressive strain in thickness direction and ESC
0

the base stiffness of the CS element. Similar to the previous Chapter, the
model is parametrised using reverse parameter identification with virtual
compaction trials (cf. Figure 5.3). The final dataset is given in Table A.12
in Appendix A. A verification will be given in Section 5.3.3.
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5 Simultaneous fluid progression via strong Fluid-Structure-Interaction

Tool-ply contact. The term ’in-mould stiffness’ of the material is often
used in the context of fibre-washout and FiFD [57,58,60]. The term recog-
nises that the current material stiffness inside the mould depends on its
local deformation state and imposed contact boundary conditions. FiFD
arises when the fluid-induced drag forces exceed the material’s tangen-
tial contact stresses and/or in-plane stiffness. Consequently, local contact
conditions strongly affect the results [57, 60].

Regarding modelling, the implementation of a strong FSI in Section 5.3.2
introduces pressure-related forces to the nodes of the saturated elements.
This fluid pressure must be considered at the contact interface to predict
viscous compaction forces. However, these superimposed normal contact
stresses cannot be directly combined with a Coulomb friction law. An in-
terpretation of the pressure as a normal contact force for the coulomb
model would lead to overestimated tangential forces in the contact. This
would imply a distinct, impenetrable interface between fluid pressure in-
side the porous medium. In reality however, the fluid encloses the stack.
Therefore, a hydrodynamic contact formulation is required for the infil-
trated part.

To contribute to this without an extensive expansion of the contact model
and additional experiments, a maximal tangential stress τmax is intro-
duced, limiting the predicted tangential stresses for the infiltrated con-
tact zone. A shear flow for an incompressible Newtonian fluid is assumed
for an estimation of τmax

0 according to

τmax
0 = η

∂vFluid

∂y
≈ η

vFluid −���*
0

vwall
Fluid

hrim
. (5.9)

Assuming a viscosity of 100 mPas, a channel height of hrim = 0.01 mm for
the fluid boundary layer and an average fluid velocity of vFluid = 10 mm/s
this yields τmax

0 = 1 · 10−4 N/mm2. This is an interim solution and the
impact of the applied maximal tangential stress will be investigated in
Section 5.3.4.

230



5.3 Numerical modelling

5.3.2 Implementation of strong FSI

Terzaghi’s effective stress as described by MacMinn et al. [321] is used
for a strong coupling between fluid pressure and deformation. Two ad-
ditional sources for nodal reaction forces within Abaqus’ Green-Naghdi
frame [ei] are introduced to the user element. The first one represents the
reaction forces caused by the fluid pressure f̂

p
R within the skeleton struc-

ture of deformable porous medium and the second one gives the fluid
drag f̂d

R between flow and fabric. The pressure itself cannot lead to de-
formation of the element cell, since the fluid is assumed to be incom-
pressible [61]. Superimposed to the dry material response in thickness
direction f̂mat

R , the entire material reaction yields

f̂FSI
R = f̂mat

R︸︷︷︸
Eq. 4.21

+ f̂
p
R + f̂d

R︸ ︷︷ ︸
strong FSI

(5.10)

= det (J )
[

1
J
B1 · τ̃ − pĨ + ϕNshape

˜grad (p)
]
. (5.11)

Here, B1 provides the operator matrix of the user element, det(J) the
Jacobean determinant, τ̃ the Kirchhoff stress tensor in Voigt Notation
and Nshape the shape function matrix. Gravity within the fluid submodel
is implemented through an additional body force (cf. Section 4.3.5.1).

5.3.3 Validation of viscous compaction

The dry and viscous compaction trials (cf. Figure 5.3) are used for val-
idation of the dry material response of a multi-ply stack (cf. Figure 5.6
(b)) and the implemented FSI in Sub Figure 5.3 (c). A half model of the
compaction setup containing 2000 elements per single ply is used. The
contact normal stiffness cN

p is set significantly higher than the maximal
material compaction stiffness. The stack size from the experiments is
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used for the simulation of the dry trials (cf. Figure 5.3 (b)). For the simu-
lation of the viscous compaction trials, the stack size is matched with the
punch size to ensure suitable outlet condition and ambient pressure.
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Figure 5.6: (a) Measured and predicted reaction forces during dry and viscous compaction;
(b) Exemplary dry simulation results; (c) Setup and predicted pressure distribu-
tion below the punch [325].

As shown in Figure 5.6, a good agreement between experimental re-
sults and model predictions is observed. As nesting is of minor im-
portance, one parameter set is able to capture both investigated layups
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([0]6, [0/90/0]s). The only difference between the dry and infiltrated setup
is the presence of the fluid. It is concluded that the implemented strong
FSI allows for a prediction of the viscous reaction forces during compres-
sion. This confirms that the entire fluid pressure needs to be considered
at the interface for a reasonable prediction of the normal reaction forces
at the tool-ply interface.

5.3.4 Parametric study

Seong et al. [60] have experimentally studied flow-induced process effects
on UD-NCF. They separate between two types of flow-induced displace-
ments - rigid body slip and local deformation such as fibre-displacement,
ondulation or wrinkling. Rigid body slip occurs when the flow-induced
drag exceeds the frictional tangential forces. In contrast, local deforma-
tion occurs when the flow-induced drag forces exceed the local material
stiffness of the stack. Consequently, the ratio of in-mould stiffness and
frictional conditions determines which deformation is most likely trig-
gered. Similar observations for WCM have been made in literature [147]
and during own trials [346].

In the following, a comparable numerical study on a partly and completely
infiltrated strip is carried out to evaluate the models’ response to differ-
ent frictional conditions. This allows a comparison between the above
introduced experimental observations and the predicted deformations.

Setup. A pre-infiltrated strip (100 x 10 x 0.5 mm) containing the model
is compacted with a constant rate of ḣ = 0.05 mm/s between two paral-
lel rigid planar surfaces (cf. Figure 5.7 (a)). The left strip side is pinned
and an outlet is defined at the opposite nodes at the right side. All re-
maining nodes are unconstrained. A fibre orientation of 90 ◦ is used to
maximize the effect of FiFD. Due to compaction, a 1D flow from left to
right establishes, leading to a similarly directed drag. A constant viscosity
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of 100 mPas is assumed. Contact is implemented with a coulomb friction
coefficient of µTP = 0.2.
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Figure 5.7: Parametric study | (a) Setup illustration; Impact of contact formulation on pre-
dicted flow-induced strains [325] (b) and pressure distribution (c) for a fully pre-
infiltrated specimen. Results are plotted with respect to the initial the config-
uration for the final deformation state (time point t1 = 0.6 s).

For the study, the maximal tangential stress is varied using the above es-
timated maximal stress centre value τmax

0 = 1 · 10−4 N/mm2 by a factor
of 10 (τmax

-1 = 1 · 10−5 N/mm2, τmax
+1 = 1 · 10−3 N/mm2). The average pre-

dicted FVC ranges between 42 and 50 % for the final deformation state.
The ambient pressure is set to zero. Gravity is neglected. x0

ff is the initial
flow front position, xt1

ff gives the current position for the final deforma-
tion state t1.
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Results. The results of the fully-infiltrated strip (x0
ff = 100 mm) and

different contact conditions are displayed in Figure 5.7 (b,c). The spatial
distributions of linear perpendicular strain ε⊥ and the related pressure
distribution along the strip are compared for the final deformation state
t1 = 0.6 s. Rigid body slip cannot occur as the left side of the strip is
pinned. Looking at the centre configuration τmax

0 , an interesting strains
transition is observed (b). The strain increases from the left to right until
a maximum at approximately 80 mm is reached. As in-plane strains occur,
increased pressure is prevented (cf. Figure 5.7 (c), τmax

0 ). Reducing the
tangential friction stress τmax

-1 increases the FiFD along the strip.
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Figure 5.8: Parametric study | Nodal displacement along the (a) fully-infiltrated and (b)
partly infiltrated strip for the final deformation state, time point t1 = 0.6 s.
A transition between global and local FiFD is predicted, depending on the as-
sumed contact conditions.

Consequently, the pressure reduces compared to the central configura-
tion. In contrast, high friction between ply and tool prevents FiFD al-
most completely (cf. Figure 5.7 (b,τmax

+1 )). Only minor local FiFD is pre-
dicted near the outlet. As the contact stress prevents in-plane strains,
more fluid is forced out, FVC increases and more than twice as high pres-
sures values are observed. The presented time point t1 represents the
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5 Simultaneous fluid progression via strong Fluid-Structure-Interaction

entire observed behaviour for the complete simulation run and the final
deformation state.

The predicted perpendicular strains in Figure 5.7 imply nodal displace-
ments, e.g. FiFD, along the strip (cf. Figure 5.8). Whereas no significant
FiFD is observed for τmax

+1 , displacements up to 5 mm are predicted to-
wards the outlet under low frictional condition τmax

-1 (cf. Figure 5.8 (a)).
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Figure 5.9: Parametric study | (a) Perpendicular strain and pressure distribution along the
fully-impregnated strip (x0

ff = 100 mm); (b) Similar for the partly-saturated strip.

Since drag forces only act on the saturated part of the strip, a similar dis-
placement profile is predicted within the infiltrated area of the partly in-
filtrated strip in Figure 5.8 (b). The remaining dry part is pushed to the
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5.3 Numerical modelling

right side since the remaining contact forces are not sufficiently high.
Only the high frictional conditions slightly reduce the slip behind the
flow front.

Moreover, the spatial distribution of the perpendicular strain ε⊥ along
the strip is given by Figure 5.9 (a). Similar to the observations for the
displacement field, the occurrence of FiFD changes from globally dis-
tributed (τmax

-1 ), to localised at the outlet (τmax
+1 ), solely by changing the in-

terface behaviour.

Beyond that, a similar results for a partly saturated strip (x0
ff = 60 mm)

are shown in Figure 5.8 (b) and Figure 5.9 (b) for the final compation state
t1 = 0.6 s. As mentioned above, drag forces act solely on the saturated
part of the strip, which leads to a rigid body slip of the dry unconstrained
part of the strip (cf. Figure 5.8 (b)). The predicted perpendicular strains
are significantly higher than for the fully impregnated case. Moreover,
the positive strain in the saturated domain can lead to slight in-plane
compression (ε⊥ < 0) behind the flow front (xt1

ff ) (cf. Figure 5.9 (b), τmid).

Discussion. The results agree with observations that have been pub-
lished in literature [57, 60, 147]. In this regard, increased fluid drag can
lead to local or global FiFD, depending on the material behaviour and
contact conditions. In agreement with the results that have been pub-
lished by Seong et al. [60], FiFD is favoured by low frictional conditions
(τmax

-1 ), resulting to a deformation which solely depends on the ratio be-
tween in-mould stiffness and fluid drag. The obtained distribution of the
linear strains along the strip (cf. Figures 5.7 (b) and 5.9 (a, left)) is assumed
to result from the plastic part in yarn direction [248]. Although the pres-
sure slightly decreases towards the flow front (cf Figure 5.9 (a, right)), in-
creasing yarn stiffness and accumulated tangential friction towards the
outlet lead to an almost linear strain state along the strip (cf. Figure 5.9
(a, left)). This results in a linear slope for the displacement in the drag di-
rection. This has been experimentally confirmed by a master thesis [346].
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5 Simultaneous fluid progression via strong Fluid-Structure-Interaction

In all cases, the pressure at the flow front drops to ambient pressure zero,
which increases the gradient-related drag towards the outlet. For low
frictional conditions (τmax

-1 ) the resulting local drag is not high enough to
affect the strain distribution. This changes when an increased friction
is assumed (τmax

0 ,τmax
+1 ). Then, FiFD increasingly localises at the outlet.

This originates from high drag forces resulting from the increased fluid
pressure within the strip.

Similar correlations are observed for the partly infiltrated strip. The fric-
tional conditions are more complex, which results in more pronounced
strain localisation along the strip (cf. Figure 5.9 (b)). Beyond that, addi-
tional tangential friction forces within the clamped dry part of the strip
can lead to positive strain within the saturated and a corresponding in-
plane compression ε⊥ < 0 within the dry part. This occurs when the
fluid drag locally exceeds the frictional forces and in-mould stiffness of
the UD-NCF, but rigid body slip at least partly prevents this deformation
in the remaining dry part (cf. Figure 5.9 (b, τmax

0 ). Seals and blank hold-
ers can have similar effects on the part manufactured by WCM. A similar
situation is assumed to be responsible for the initially motivated process
results (cf. Figure 5.1).

5.3.5 Comparison with literature

This section aims to quantitatively compare the introduced model’s re-
sponse with experimental results from literature. The presented compar-
ison is therefore not a validation of the modelling approach. Yet, it allows
investigation of whether the modelling approach can predict comparable
qualitative results by addressing the same underlying mechanisms lead-
ing to FiFD. Moreover, an experimental reference without superficial
flow is required since they are neglected in the current model. The same
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5.3 Numerical modelling

reason prevents a direct comparison with the above-introduced plate ex-
periments (cf. Figure 5.1), as current research suggest that superficial
flows play an important role during mould closure.

5.3.5.1 Experimental results

In their experimental study on viscous compaction of a quasi UD ’weft
glass fabric’ (UDT1 400P), Hautefeuille et al. [59,147] have measured FiFD
via video tracing of markers. Instead of a strip-shaped geometry, they
used a 2D plate setup for compaction, which results in anisotropic FiFD
as shown in Figure 5.10.

Experimental results by
Hautefeuille et al. [59]

u2 (mm) E11 (-) FVC ϕ (-)

0 252015105 0 0.60.450.30.15 0.6 0.30.40.5

X2

X1

Figure 5.10: Experimental results published by Hautefeuille et al. [59] for in-plane FiFD
during viscous compaction for an unidirectional reinforced composite (glass
fibre UDT) – the fabric is oriented in X2 direction [325].

For one of their trial sets, they compact pre-infiltrated stacks with a very
low compression rate of ḣ = 0.025 mm/s, using a constant, relatively high
viscosity of 4580 mPas, provoking FiFD. The low compression rate fur-
ther prevents a potential superficial fluid flow as it is being squeezed out
before relevant forces, pressure or displacements occur [59]. Due to the
low compaction rate, one trial took around 92 s.

1 Supplied by Chomarat, 400 g/m2 weft, 20 g/m2 wrap.
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5 Simultaneous fluid progression via strong Fluid-Structure-Interaction

Moreover, compression forces up to 150 kN are applied to the material,
resulting in FiFD of the stack. The high compaction force and low com-
paction rate favours localised FiFD towards the outlet (cf. Figure 5.10).
The anisotropy of the unidirectional reinforcement leads to pronounced
FiFD (u⊥) perpendicular to the fibre orientation. In their work, Haute-
feuille et al. use optically tracked markers to calculate the spatial dis-
placement field u⊥ and the perpendicular Green strain E11 (cf. Equation
3.2). The FVC ϕ is estimated using ε⊥ and the cavity height hcav.

5.3.5.2 Prediction of the process model

A similar 2D pre-infiltrated compression setup is simulated with the 3D
process model. As a relatively low compaction rate was used for the ex-
perimental trials, high contact forces are assumed for the simulation τmax

+1 .
In contrast to Hautefeuille et al., more realistic process conditions for a
WCM process are assumed for the simulation, as FiFD was already ob-
served at these conditions for the UD-NCF (cf. Figure 5.1). Moreover, a
simulation time of 92 s exceeds the available computational resources. A
compaction rate of ḣ = 0.3 mm/s and a constant viscosity of 100 mPas is
used.

Numerical prediction at
comparable aver. ϕ

u2 (mm) ε⊥ (-) FVC ϕ (-)

0.7 0.30.40.6 0.50.0 0.80.60.2 0.40 503010 20 40

X2

X1

Figure 5.11: Qualitative comparison with literature | Numerical prediction with process
model for the UD-NCF material [325].
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5.4 Discussion and conclusion

A good qualitative agreement for the in-plane displacement, strain and
FVC field is observed (cf. Figure 5.11). Even though two slightly different
kinds of unidirectional fabrics are compared (glass fibre UDT (400 g/m2))
vs UD-NCF (330 g/m2), similar mechanisms favour FiFD during compres-
sion. These mechanisms arise during the experiments and are captured
by the model.

5.4 Discussion and conclusion

FiFD is an undesired process defect that may significantly affect mould-
filling behaviour during the processing and structural performance of the
manufactured part.

The macroscopic process model is adapted to a UD-NCF via an additional
characterisation of permeability and compaction behaviour (cf. Section 5.2).
For modelling of the membrane behaviour, an existing model that has
been proposed by Schirmaier et al. [248] is used and parametrised via
OATs. Using Terzaghi’s effective stress approach, a strong interaction
between material deformation and fluid pressure is implemented. Addi-
tional viscous compaction trials are used to verify the introduced strong
FSI (cf. Section 5.3.3).

A parametric study reveals key relationships and conditions for global
or localised FiFD and the overall high importance of the frictional con-
ditions. The predicted results agree with experimental results that have
been published and discussed in literature [57,59–61]. Moreover, the suit-
ability of the numerical model is demonstrated via a comparison with an
experimental study that has been presented by Hautefeuille et al. [59] for
a comparable material. The results emphasise the substantial impact of
anisotropic material behaviour.
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5 Simultaneous fluid progression via strong Fluid-Structure-Interaction

Beyond that, some important limitations of the current modelling ap-
proach have become apparent, thus motivating further research. As dis-
cussed in Section 5.3.1, the contact formulation needs further improve-
ment. A comprehensive investigation of the contact formulation is re-
quired to distinguish between a hydrodynamic and a dry material state
in a homogenised manner. Moreover, only a single phase flow is investi-
gated. Thus air traps are neither predictable nor investigated. Further-
more, a suitable cavity representation approach and superficial flow are
needed to account for more complex process conditions.

Finally, a deeper look into the applied UD-NCF membrane model is rec-
ommended. The membrane model invokes a complex material formu-
lation which is challenging to parametrise. Although the complex yarn
behaviour requires capturing, it remains debatable if the implemented
complex plasticity formulation is necessary for the obtained results.
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6 Conclusion and
recommendations

A systematic analysis of woven fabrics’ forming and mould-filling be-
haviour under wet compression moulding (WCM) process conditions
has been conducted. The physical mechanisms have been identified
and structured into four areas during simulation model development: (1)
Viscous draping, (2) Simultaneous fluid progression, (3) Fluid-Structure-
Interaction and (4) Non-isothermal curing. A macroscopic simulation
strategy was presented that can account for simultaneous draping and
fluid progression during moulding. The process model predicts crucial
interactions between material behaviour and process boundary condi-
tions. A good agreement with experimental results is achieved. More-
over, it was demonstrated that the modelling approach could be adapted
to other textile architectures, as shown for UD-NCF. An enhanced ver-
sion of the process model can predict crucial process defects such as
flow-induced fibre-displacement (FiFD). This was achieved by introduc-
ing a strong Fluid-Structure-Interaction (FSI) between material stresses
and fluid pressure. These results contribute to a virtual process and com-
ponent development for WCM processes.

Major conclusions and recommendations are summarised in the follow-
ing, categorised by the initially proposed objectives (cf. Section 1.3). The
first objective was to empirically determine the relevant physical mecha-
nism during WCM processing.
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6 Conclusion and recommendations

A complex demonstrator could be manufactured using direct WCM.

Tool and part concept were designed virtually using the CAE-Chain.
The direct WCM process route is analysed.
Exp. findings confirm the results obtained at the test bench level.

WCM process for a complex demonstrator (Sec. 3.4)

Results and conclusions for Objective 1
Systematic analysis of the interrelated material behaviour of textile and fluid during WCM
processing with special emphasis on a comprehensive, physics-based understanding of
significant mechanisms and their interdependencies to ultimately enable process modelling.

Shear resistance can be increased or decreased by the infiltration state.

The trials allowed for an in-situ visualisation of the flow progression during moulding.
The mutual dependencies between draping and mould-filling are demonstrated.

impact of transversal permeability on the final resin distribution.
Material behaviour and process control (u̇T, K3, tsoak) are decisive for the

A comparison between a woven fabric and UD-NCF material highlights the

Process simulation requires coupled modelling of draping and infiltration.

An infiltrated bias-extension test for shear characterisation
of low-viscous infiltrated fabrics is developed.
Rate- and viscosity-dependent shear behaviour is observed.

WCM processes analyis (Sec. 2)

Membrane behaviour (Sec. 3.1)

A modified cantilever test and a rheometer bending test are applied
for bending characterisation of low-viscous infiltrated fabrics.
The results are qualitatively but not quantitatively comparable.
Low-viscous infiltration reduces the bending stiffness significantly.
Viscosity-, rate-dependency and hysteresis behaviour is observed.

Infiltration significantly affects bending stiffness.

Bending behaviour (Sec. 3.2)

Process simulation requires compaction and anisotropic permeability.

Non-linear compaction behaviour with shear-dependency is observed.
Anisotropic permeability with shear-dependency is measured.
Viscous reaction forces depend on both the material’s and fluid’s response.

Compaction & permeability (Sec. 4.3.1, 4.3.2, 5.2)

Woven fabric UD-NCF

relevance of superficial flows.

Low inter-ply stresses prevent a relevant impact of infiltration.

Infiltration reduces interface friction but introduces rate-dependency.
Due to the low viscosity, tangential stresses remain comparably low.
Infiltration affects normal behaviour but is difficult to measure.

Inter-ply behaviour (Sec. 3.3)

Figure 6.1: Objective 1 | Experimental results and conclusions.
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6 Conclusion and recommendations

Virtual process development is enabled with the developed models.

Results and conclusions for Objective 2
Development and validation of a macroscopic WCM process simulation model, allowing for
a simultaneous description of draping and fluid progression under consideration of process
boundary conditions.

Infiltrated membrane behaviour is relevant for process modelling.

A non-orthogonal, hyperviscoelastic material model is developed.
Infiltration states of 20-250 mPas are modelled homogeneously.
A significant impact on part level is observed.

Membrane behaviour (Sec. 3.1)

A non-orthogonal, hypoviscoelastic bending model is modified.
Infiltration is modelled in a homogenised manner.
Contact slip prevents a higher significance on part level.

A viscoelastic model, parametrised in a dry state, is sufficient.

Bending behaviour (Sec. 3.2)

A dry, built-in contact modelling seems to be sufficient (weak FSI).

A penalty-based tangential and normal contact model is developed.
Infiltration is modelled in a homogenised manner.
Numerical studies showed an only minor significance on part level.

Inter-ply behaviour (Sec. 3.3)

Promising results on part level motivate further research.

A 2D approach demonstrates the feasibility of an explicitly formulated,

A 3D formulation enables the prediction of transverse fluid progression and

Verification tests and experimental validation on part level demonstrates

3D process model (weak FSI, Sec. 4.3)

The outer shape and fibre orientations in critical regions are predicted accurately.
The study supports the lower significance of the contact formulation.
Limitions (multi-axial stress states, constant thickness) of

Viscous draping of a complex demonstrator (Sec. 3.4)

Sim. Exp.

Woven fabric UD-NCF

A combined viscous draping simulation based on the submodels is conducted.

fully-coupled process simulation model based on draping- and fluid-submodels.

consideration of key process boundary conditions such as compaction,
initial fluid distribution and sealing edges.

the suitability of the proposed strategy for a multi-ply stack.

Draping

Fluid

Coupled process effects (reaction forces, FiFD) become predictable.

Numerical studies show the relevance of the contact formulation.
Superficial fluid and curing is requried for further enhancement.

Terzaghi’s effective stress approach is used to implement a strong FSI.
3D process model (strong FSI, Sec. 5.3)

The modular concept allows for fast adaption to other textiles.

current 2D macroscopic forming simulations are outlined.

Figure 6.2: Objective 2 | Numerical results and conclusions.
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The according experimental results and conclusions are summarised in
Figure 6.1. Based on the derived requirements, the second objective
was the development and validation of a macroscopic process simula-
tion strategy (cf. Figure 6.2). For this purpose, material models as well
as numerical solid- and fluid-mechanics approaches were developed to
capture the observed physical mechanisms. Moreover, numerical stud-
ies were conducted to assess the relevance of individual mechanisms on
component scale and give recommendations for WCM modelling.

Outlook. Throughout this thesis, comprehensive knowledge regarding
the WCM process and a suitable process simulation model is presented.
Although the model shows already good agreement with experiments,
further development is still envisaged towards elimination of simplifying
assumptions. These assumptions limit the area of application in some
cases. In this regard, the following recommendations for improvements
motivate further research:

• Viscous draping submodel (Quarter 1 in Figure 2.8)

– A 3D formulation for FE-draping models (e.g. a solid-shell el-
ement) is required to account for compaction during challeng-
ing geometries.

– Implementation of relevant couplings for multi-axial stress
states such as shear-tension or shear-compaction is recom-
mended for the woven fabrics, especially for complex geome-
tries. Moreover, in-plane compression states should be ad-
dressed with suitable experiments and constitutive equations
as illustrated by the application on the demonstrator.

• Fluid submodel (Quarter 2 in Figure 2.8)

– A suitable approach to model the superficial flow (squeeze
flow) is important to further exploit this approach’s capabili-
ties, especially concerning complex geometries or unfavourable
process parameter settings.
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• Fluid-Structure-Interaction (Quarter 3 in Figure 2.8)

– Comprehensive experiments are needed to further investigate
the partly-infiltrated contact behaviour in the case of strong
FSI.

– Implementation of a hydrodynamic contact formulation cou-
pled with the current flow front position is recommended.

• Non-isothermal curing (Quarter 4 in Figure 2.8)

– Heat conduction needs to be implemented within the user
element and coupled with the convective part of the fluid sub-
model. The thermo-mechanical analysis inAbaqus/Explicit
provides this degree of freedom, which allows for such an im-
plementation.

– A suitable curing submodel should be implemented in the user
element to predict the degree of cure. Combined with a rhe-
ology model and linked with the heat transfer equation, this
would enable a local prediction of viscosity during moulding.
This would allow the optimisation of processing temperatures
and timings.

• The macroscopic, single-phase approach neglects air inside the
mould and within the microstructure of the reinforcements. This
currently prevents a prediction of air traps and micro-saturation.
Further work may find approximative approaches or numerical for-
mulation to overcome this limitation.

• The modular modelling strategy allows for a fast adaptation to other
reinforcements on the macroscale. As material compaction can be
considered, additional reinforcements such as different engineer-
ing textiles or recycled nonwovens could be addressed in future
simulations.
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A Appendix

A.1 Material parameters

Table A.1: Comparison of permeability values in principal material orientation [137, 325].

Woven fabric UD-NCF
φ (-) K0

11 (mm2) K0
22 (mm2) K0

33 (mm2) K0
11 (mm2) K0

22 (mm2) K0
33 (mm2)

0.3 6.62 · 10−4 6.62 · 10−4 1.08 · 10−5 4.96 · 10−4 6.16 · 10−5 4.10 · 10−6

0.45 1.05 · 10−4 1.05 · 10−4 9.87 · 10−7 8.71 · 10−5 1.08 · 10−5 6.77 · 10−7

0.6 1.71 · 10−5 1.71 · 10−5 9.03 · 10−8 1.53 · 10−5 1.90 · 10−6 1.12 · 10−7

A.1.1 Membrane model – Woven fabric
Table A.2: Membrane model | Dry fiber elongation dataset.

Einit
f,i (N/mm2) Eend

f,i (N/mm2) εinit
f,i (-) εend

f,i (-)

844.53 7248.36 1.37·10−3 3.21·10−3

kP1
1 (-) kP1

2 (-) kP1
3 (-)

4.22·108 -1.15·106 1.633
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Table A.3: Membrane model | Elastic shear dataset.

ηFluid kP2
1 kP2

2 kP2
3 kP2

4
dry 0.986 -0.551 0.099 6.400
20 0.846 -0.390 0.052 4.565
135 1.189 -0.547 0.072 4.300
250 1.634 -0.844 0.123 4.427

G1 (N/mm2) G2 (N/mm2) γinit
12 (rad) γmid

12 (rad) γlock
12 (rad)

dry 0.097 0.023 0.005 0.280 0.545
20 0.039 0.007 0.036 0.231 0.571
135 0.050 0.009 0.044 0.230 0.558
250 0.084 0.014 0.053 0.258 0.550

Table A.4: Membrane model | Viscous shear parameters.

20 mPas 135 mPas 250 mPas
ds(η) 0.0120 0.0121 0.0247
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A.1.2 Bending models

Table A.5: Bending model | Ply-Ply contact parameter settings.

Setting µPP (-) ηPP (Ns/mm) τPP,0 (N)
low 0.28 0.0 2.5 · 10−5

high 0.28 0.0 2.5 · 10−2

Table A.6: Bending model | Material parameter of rheometer model.

Viscosity Parameter Erheo
i

ηFluid (mPa s) E0 (MPa) E∞ (MPa) m1 (-) n1 (-)
dry 987.079 3381.037 72.917 0.299
20 628.903 1980.352 77.302 0.252
135 645.101 2161.137 76.402 0.248
250 669.672 2278.262 62.484 0.283

Viscosity Parameter ηD

ηFluid (mPa s) η0 (MPa s) η∞ (MPa s) m2 (-) n2 (-)
dry 45301.348 5.410 248515.843 -0.0001
20 39127.217 172.315 474982.425 -0.007
135 42021.124 207.418 351671.347 -0.016
250 42932.570 210.495 401156.578 -0.025
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A.1.3 Contact model

Table A.7: Contact model | Traction parameters (·10−3).

1 Layer 2 Layer 3 Layer 4 Layer
Viscosity cT

N dT
N cT

N dT
N cT

N dT
N cT

N dT
N

(mPas)
(

MPa
mm

)(
MPa
s mm

)(
MPa
mm

)(
MPa
s mm

)(
MPa
mm

)(
MPa
s mm

)(
MPa
mm

)(
MPa
s mm

)
20 0.088 2.029 0.033 1.204 0.029 0.439 0.045 0.345
135 0.681 6.687 0.358 2.931 0.066 2.040 0.077 1.640
250 1.008 9.180 0.640 3.893 0.321 3.750 0.285 3.171

Table A.8: Contact model | Traction results.

1 Layer 2 Layer 3 Layer 4 Layer
Viscosity fmax

T,3 ξmax
T,3 fmax

T,3 ξmax
T,3 fmax

T,3 ξmax
T,3 fmax

T,3 ξmax
T,3

(mPas) (N) (mm) (N) (mm) (N) (mm) (N) (mm)

Pull-off rate: ξ̇3 = 5.0 (mm/min)
20 0.925 0.154 0.479 0.096 0.233 0.082 0.264 0.180
135 4.461 0.337 2.167 0.201 0.850 0.136 0.767 0.161
250 6.402 0.513 3.471 0.265 2.290 0.233 1.980 0.233

Pull-off rate: ξ̇3 = 20.0 (mm/min)
20 2.751 0.237 1.563 0.136 0.628 0.099 0.574 0.170
135 10.49 0.469 4.804 0.277 2.685 0.208 2.240 0.196
250 14.64 0.648 6.974 0.362 5.687 0.350 4.831 0.317

Pull-off rate: ξ̇3 = 50.0 (mm/min)
20 6.403 0.402 3.720 0.217 1.418 0.134 1.195 0.150
135 22.51 0.733 10.08 0.427 6.358 0.353 5.184 0.267
250 31.17 0.918 13.98 0.557 12.48 0.582 10.54 0.484
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Table A.9: Contact model | Tool-ply parameter | θ = 0◦ relative fiber orientation.

Tool-ply (TP)
Viscosity (mPas) µTP (-) η0 (MPas/mm) η∞ (MPas/mm) m (-) n (-)

dry 0.189 1.0 · 10−7 1.0 · 10−7 1 1
20 0.200 1.2 · 10−5 0.0 0.01 −5.0
135 0.171 1.7 · 10−5 1.4 · 10−5 0.01 −5.0
250 0.185 1.7 · 10−5 2.6 · 10−5 0.01 −1.589

Table A.10: Contact model | Ply-ply parameter | θ = 0◦ relative fiber orientation.

Ply-ply (PP)
Viscosity (mPas) µPP (-) η0 (MPas/mm) η∞ (MPas/mm) m (-) n (-)

dry 0.290 2.0 · 10−6 0.0 1 1
20 0.223 1 · 10−4 2.0 · 10−6 0.01 −5.0
135 0.203 9.0 · 10−5 2.0 · 10−6 0.01 −5.0
250 0.185 8.0 · 10−5 2.0 · 10−5 0.01 −5.0
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A.1.4 Compaction model and user element

Table A.11: Datasets for compaction | Woven fabric.

γ12 ε3,0 a0 εI εII εIII εlim
3,s εlim

3,e Elim
3

(◦) (-) (N/mm2) (-) (-) (-) (-) (-) (N/mm2)

0 0.137 1.0 46.535 0.810 0.317 0.432 1.139 39.725
25 0.098 1.0 27.735 0.603 0.126 0.406 1.122 39.569
50 0.011 1.0 17.122 0.787 0.296 0.343 1.300 14.837

Table A.12: Datasets for compaction | UD-NCF.

ESC
0 ε3,0 a0 εI εII εIII ηMat

0
(N/mm2) (-) (N/mm2) (-) (-) (-) (Ns/mm2)

0.001 0.133 1.0 36.758 0.709 0.214 5 · 10−6

Table A.13: Element integration points in isoparametric configuration ςi.

IP1 IP2 IP3 IP4 IP5 IP6

ς1
1
6

2
3

1
6

1
6

2
3

1
6

ς2
1
6

1
6

2
3

1
6

1
6

2
3

ς3 −
1

√
3

−
1

√
3

−
1

√
3

1
√

3
1

√
3

1
√

3
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A.1.5 Membrane model – UD-NCF

Table A.14: Datasets for UD-NCF membrane model – the parameters and their nomencla-
ture is comprehensibly outlined in [51] .

E1,t E1,c E2,t E2,t γ0
12 γc

12 R2fmax,0,γ0
12

(N/mm2) (N/mm2) (N/mm2) (N/mm2) (rad) (rad) (N/mm2)
1000 1000 3 0 0.05 0.15 0.1

R2fmax,0,γc
12

H2p,γ0
12

H2p,γc
12

R2f,0,γ0
12

R2f,0,γ0
12

k2p,γ0
12

k2p,γc
12

(N/mm2) (N/mm2) (N/mm2) (N/mm2) (N/mm2) (−) (−)
0.05 0.25 0.1 0.005 0.005 30 40

H2p,lock,γ0
12

H2p,lock,γc
12

|ε2p,lock,γ0
12

| |ε2p,lock,γc
12

| △ε2p,lock E⊥ γ0
12,P⊥,off

(N/mm2) (N/mm2) (−) (−) (1/s) (N/mm2) (rad)

0.02 0.012 0.1 0.2 0.4 1 0.2

γc
12,P⊥,off E0

⊥,off Ec
⊥,off |P 0

⊥,off| |P c
⊥,off| E0

⊥,lock Ec
⊥,lock

(rad) (N/mm2) (N/mm2) (N/mm2) (N/mm2) (N/mm2) (N/mm2)
1 0.08 0.01 0.008 0.004 10 5

|ε0
⊥,lock| |ε0

⊥,lock| △ε⊥,lock G12 R12f,0 H12,plast aγ12p

(−) (−) (1/s) (N/mm2) (N/mm2) (N/mm2) (−)
0.2 0.5 0.2 3 0.002 0.6 10

bγ12p cγ12p dγ12p γ12,p,lock H12p,lock |γ12p,lock| △γ12p,lock

(−) (−) (−) (rad) (N/mm2) (rad) (rad/s)

0.028 10 0.018 -2 0.02 1 0.3

v12,e v12,p v21,e v21,p ε2p,QK η η⊥

(−) (−) (−) (−) (−) (MPas/mm) (MPas/mm)

0 0 0 0 0 0.001 0.001
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A.2 Complementary plots

A.2.1 Membrane behaviour
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Figure A.1: Additional experimental results for the membrane trials using the IBET | Com-
parison at constant velocity of vtool = 350 mm/min.
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Figure A.2: Additional experimental results for the membrane trials using the IBET | Com-
parison at constant velocity of vtool = 700 mm/min.
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A.2.2 Bending behaviour
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Figure A.3: Additional experimental results of RBT | Rate-dependency for specimens with
a infiltration viscosity of (a) 135 mPas and (b) 250 mPas [348].
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Figure A.4: Additional experimental results of RBT | Hysteresis behaviour during 3 load
cycles with a infiltration viscosity of (a) 135 mPas and (b) 250 mPas [348].
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A.2.3 Complex demonstrator

(a)

Half model

Legend

(b) (c)

Built-in contact Full-user contact

1

2

1 2 1 2

Ply 1 (0◦)
Ply 2 (±45◦)
Ply 3 (0◦)

No tacking Tacking

Figure A.5: Demonstrator | Impact of tacking in thickness direction within the contact for-
mulation; (a) Forming at a remaining tool stroke of 30 %; (b) Detailed zones
using the built-in contact model without tacking; (c) Detailed zones using the
user-contact formulation including tacking. Without tacking, large gapping of
3-8 mm is observed in thickness direction for some region (black arrows). This
could impede transverse fluid progression.
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(a) (b)

Shear strain γ12(−)

-0.7 0 0.35 0.7-0.35

f2 f1 f2 f1

ClosedRemaining tool stroke: 20 %

Base G12

G12 · 10

Figure A.6: Demonstrator | Impact of shear modus for (a) a remaining tool stroke of 25 %
and (b) the complete closed tool for an initial fibre orientation of ±45 ◦.
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Figure A.7: Demonstrator | Impact of mesh size for (a) a remaining tool stroke of 25 % and
(b) the complete closed tool for an initial fibre orientation of ±45 ◦.

259



A Appendix

A.2.4 Permeability
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Figure A.8: Permeability results | Impact of shearing with standard deviation [137, 343].
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