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Abstract

The necessity to reduce environmental impact promotes transportation industry
to reduce energy consumption of vehicles. One possible way to improve vehicles’
structural efficiency is to utilize modern composite materials that offer excellent
mechanical performance-to-weight ratio. Mass production of composite parts re-
quires cost effective manufacturing methods. One potential rational method is to
use dry textile preforms and liquid moulding methods, e.g vacuum infusion or resin
transfer moulding. Among different types of textile preforms, non-crimp fabrics
(NCFs) are most attractive for load bearing applications as they offer considerably
higher in-plane mechanical properties compare to other textiles such as wovens or
random mats. Composites manufactured with NCF fabrics are characterised by
distinct fibre bundles separated by resin rich areas. These bundles are not perfectly
straight but have a small yet significant waviness, both in-plane and out-of-plane.
The waviness will influence the performance of NCF composites and especially the
compressive properties. Design of structural parts made of NCF composites requires
both a thorough understanding of the compressive failure process and effective fail-
ure prediction models. This is particularly relevant for the critical compressive
loaded parts, such as bolted joints.

The present work is concerned with the compressive failure of NCF composites
and focuses on two major goals. First is to experimentally characterise the com-
pressive failure process of various NCF composites and identify relevant damage
modes and mechanisms. Secondly is to develop and propose suitable failure predic-
tion models for reliable design of NCF composite parts with special emphasis on
cost-effective methods relevant for industrial design processes.

In the present work, a combination of experimental studies, modelling methods
development and implementation of advanced state-of-the-art failure criteria have
been performed. Optical methods were used to characterise the damage mechanisms
in the material at different stress levels. This allowed both identification of the crit-
ical damage mechanisms and the whole damage progression sequence. Engineering
models were developed to predict the compressive failure of NCF composites. In
the models, the fibre bundles’ waviness was dealt with in a cost-effective way. The
models utilise a state-of-the-art failure criteria that predict both intra-laminar and
inter-laminar damage. The proposed models demonstrated good accuracy in the
predictions of both compressive and bearing failures. In addition, a cost-effective
high-fidelity meso-scale modelling methodology was developed for bearing failure
prediction of NCF composites. The methodology demonstrated a potential for
cost-effective and highly detailed analysis of the bearing failure process and possi-
ble method for parameter studies of mechanical properties and their relation to the
reinforcement architecture.
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Sammanfattning

Behovet att reducera klimatpåverkan innebär att fordonsindustrin behöver minska
fordonsvikten. En sätt att åstadkomma detta är att utnyttja moderna fiberkompo-
siter utmärkta strukturella egenskaper i relation till sin och deras vikt. Högvolym-
tillverkning av kompositstrukturer kräver kostnadseffektiva tillverkningsmetoder.
Till sådana metoder kan vakum injicering och RTM, Resin Transfer Molding. I
dessa används torra armeringar och förformar. Ur mekanisk prestandahänseende
anses sydda mattor, NCF, vara vävar och huggna mattor överlägsna.

Kompositer som tillverkas med NCF mattor har en karakteristisk intern meso-
struktur där impregnerade fiberbuntar är omgivna av i princip ren polymer. Dessa
buntar är inte helt raka utan har en liten men inte obetydlig vågighet, både i pla-
net och ut ur planet. Denna vågighet påverkar de mekaniska egenskaperna i planet,
främst tryckstyvheten och tryckhållfastheten.

Dimensioneringen av strukturella delar och produkter baserade på NCF-kompositer
kräver god förståelse av dels brottprocessen och tillhörande brottmoder och dess-
utom effektiva brottpredikteringsmodeller. Detta gäller framförallt de detaljer som
är belastade i tryck såsom hålkanten i bultförband.

Detta arbete handlar om tryckbrott av NCF-kompositer och fokuserar på två
aspekter av detta. Dels, den experimentella karakteriseringen av brottprocessen för
olika typer av NCF-kompositer inklusive identifieringen av relevanta brottmoder
och brottmekanik, och dels utvecklingen av lämpliga och tillförlitliga brottpredikte-
ringsmodeller som kan användas vid dimensioneringen av NCF-kompositprodukter.
Speciellt fokus ligger på kostnadseffektiva metoder som kan vara relevanta för in-
dustriella designprocesser.

Inom ramen för denna avhandling har en kombination av experimentellt arbete,
utveckling av FE-modelleringsprocess och implementering av avancerade “state-of-
the-art” kriterier för brott utförts. Optiska metoder har använts för att karakterise-
ra brottmekanismer i materialet vid olika spänningsnivåer. Detta innebar att både
kritiska brottmekanismer och brottprogressionen kunde fastställas.

Ingenjörsmässiga modeller och metodiker har utvecklats i syfte att prediktera
tryckbrott i NCF kompositer. Dessa modeller tar särskild hänsyn till de effekter som
uppkommer till följd av fiberberbuntarnas vågighet, både i planet och ut ur planet.
Syftet har varit på att skapa kostnadseffektiva beräkningsprocesser som inkluderar
state-of-the-art kriterier för brott.

De föreslagna modellerna har god noggrannhet i predikteringen av tryckbrott.
Utöver detta har en metod för att skapa en högupplöst mesomodell utveck-

lats i syfte att hantera brottprediktering av hålkanttryck i bultförband. Denna
metod har potential att erbjuda en än mer högupplöst och detaljerad analys av
NCF-strukturer samtidigt som den är synnerligen kostnadseffektiv. Metoden anses
kunna användas för både detaljerade bultanalyser och parameterstudier för att un-
dersöka kopplingen mellan mekaniska egenskaper och fiberarkitekturen hos NCF
kompositer.
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Chapter 1

Introduction

Background and motivation

Mitigation of climate change by decreasing atmospheric concentrations of carbon
dioxide (CO2) is today’s major challenge. Aside from natural sources, a large por-
tion of CO2 is emitted from human activities, including combustion of fossil fuels.
The transportation sector is the source of almost 25% of the total anthropogenic
CO2 emissions in Europe [1], see Fig. 1.1. Within the transportation sector, ap-
proximately 85% of CO2 is generated by road transport and aviation [2]. This
motivates aerospace and automobile industries to improve the structural efficiency
of vehicles to reduce the fuel consumption.

Figure 1.1: Share of EU greenhouse gas emission by source, 2017 [1].

Structural efficiency can be improved by shifting to modern light weight mate-
rials, such as fibre reinforced polymers (FRP), in this context also denoted compos-
ites. Typically, FRP materials manufactured for structural applications consist of

3
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long, continuous fibres made of carbon or glass and a polymer matrix. The fibres
provide strength and stiffness to the composite material, whereas the relatively com-
pliant polymer matrix transfers loads between fibres and protects the fibres from
damage. These materials offer excellent mechanical performance-to-weight ratio.
Depending on the composite’s manufacturing method, fibre reinforcements can be
either dry or pre-impregnated by a semi-cured resin. The composite material is
generally manufactured at the same time as the structural part, where the number
and directions of reinforcement layers can be optimally chosen according to loading
case. This means that the composite’s manufacturing process allows for tailoring
of the mechanical properties to meet specific requirements for each product.

The use of composite materials pioneered in aerospace industry in 1950s. Since
that time the percentage of composites in the aircraft structures has constantly
increased. In modern commercial aircrafts, composite materials have to a great ex-
tent replaced metals. Thus, the newest Airbus A350 and Boeing 787 “Dreamliner”
consist of more than 50% of composite materials, see Fig. 1.2.

Figure 1.2: Use of composite material in the Boeing 787 aircraft [3].

A common manufacturing method for composites used in the primary structure
of aircrafts is based on uni-directional pre-preg tapes (UDPT). In UDTP, aligned
and evenly distributed fibres are pre-impregnated with a partially cured polymer
resin. UDPT are stored in freezers to prevent cross-linking of the polymer, i.e.
curing of the resin. For composite manufacturing, several UDPT layers are stacked
together on the mould and placed into an autoclave, where increased temperature
and pressure ensures the consolidation of layers and complete curing of the resin.
Composites based on UDPT demonstrate excellent in-plane mechanical proper-
ties. Because of the excellent performance UDPT composites are frequently used
in aircraft industry, and current state-of-the-art design methodologies and failure
prediction theories are therefore developed for this type of composites. However,
UDPT composites are associated with both high manufacturing costs and process
times.

The cost issue promotes the interest from industry for alternative high perfor-
mance composite technologies based on suitable and cost effective manufacturing
methods. One potential method to meet these challenges is by using dry textile pre-
forms and liquid moulding methods, e.g. vacuum infusion or resin transfer mould-
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ing. In these methods, a dry textile preform is impregnated with a liquid resin,
creating a composite material after curing. Among the different types of textile
preforms available, the most attractive for load bearing applications is non-crimp
fabrics (NCFs).

NCFs, are dry textile preforms with one or several layers of fibre tows aligned
and stitched together by a thinner yarn. In contrast to more conventional woven
textiles, the tows in NCFs are nearly straight. Therefore, NCF composites demon-
strate considerably higher in-plane mechanical properties compared to wovens, and
are in some respects comparable to UDPT composites [4]. Because of the tow ar-
chitecture NCF composites have a specific internal structure. Fibres are grouped in
bundles that have a complex geometry as the cross-section profile vary along their
length and fibre bundles also have a small but distinct in- and out-of-plane wavi-
ness. The bundles are impregnated with resin during the composite manufacturing
and will have a high fibre volume content in comparison to the resin rich areas
between bundles. This heterogeneous structure will of course affect the mechanical
performance of the composite material. Any prediction model should to a sufficient
extent take the above mentioned features of the internal structure into account for
a correct representation.

NCF as reinforcement in composite materials are well established in some parts
of the composite industry, e.g. in the manufacturing of wind turbine blades and high
speed ship structures and high performance yachts. One example of this is 73 m long
Swedish corvette Visby YS2000 built in 2000s by Kockums AB Karlskronavarvet,
Fig. 1.3. The hull is solely made of a sandwich material with face sheets made of
NCF composite based on carbon fibres and vinylester resin.

Figure 1.3: The corvette Visby YS2000. Copyright Saab AB.

Aerospace and automotive industries show an increasing interest for NCF com-
posites. This can be exemplified by the Airbus A380’s rear pressure bulkhead
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(a) (b)

Figure 1.4: Production of rear pressure bulkhead for the Airbus A380. Draping
of the NCF preform over the mould (a). Manufactured NCF composite bulkhead.
(Photographs from EADS.)

manufactured using NCF and resin film infusion technique, see Fig. 1.4. However,
in these industries, applications of NCF composites for primary structures are still
limited. This because, the maturity of design methodologies for NCF composites
is relatively low compared to those available for UDPT composites. A lack of re-
liable design methods is especially notable for structures loaded in compression as
the in-plane strength is considerably lower than in tension. An example of such
structures is bolted joints.

Mechanical joints are often the most critical parts of composite structures due to
high local stresses around the bolt or rivet hole. Although there are alternative join-
ing methods, mechanical joints are sometimes the only possible option for composite
structures where the design requires for assembling/disassembling operations, parts
replacement, accessibility etc. Composite mechanical joints are typically designed
to transfer in-plane loads between parts by shearing of the fasteners, as shown in
Fig. 1.5, and does not rely on the friction between parts, as it would be for steel
joints. This is because a high clamping force applied to a composite joint may be
lost due to creep in the polymer matrix.

Stress 
concentration

Bolt

Figure 1.5: Scematics of a single-lap bolted joint.
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There are typically three disticnt failure modes in a composite bolted joint:
net-tension, bearing and shear-out failure, see Fig. 1.6. Shear-out and net-tension
modes are usually sudden and catastrophic. These modes should and can be avoided
at the design stage by choosing proper geometry, e.g. distances from plate edges
to a hole. A bearing failure develops gradually and can carry (some) load during
the damage progression until ultimate failure occurs. Therefore, the bearing failure
mode can be noticed prior to ultimate failure of the joint. Bearing failure is usually
the “preferred” mode and the composite joint design is performed accordingly. The
bearing capacity of a joint is mainly related to high compression loads at the contact
area between the bolt and hole edge. The progressive behaviour of a bearing failure
is related to accumulation of local damage at the hole edge. This is an intricate
process that may involve different, and competing damage mechanisms.

Net-section Bearing Shear-out

Figure 1.6: Macroscopic failure modes of composite joints.

The in-plane compressive strength is considerably lower than the tensile strength
and therfore, it often determines the allowable design stress level for NCF composite
structures. This is of primary interest for mechanical joints, where the bolt-hole is
locally subjected to mixed compression-shear bearing loading. However, the exist-
ing design methodologies are lacking from effective and reliable compressive failure
prediction methods when it comes to NCF composites. A proper understanding
of the mechanisms governing material’s performance in compression as well as an
accurate and cost-efficient failure prediction models are highly demanded.

Objectives of work

The current thesis proposes a cost effective design methodology of NCF compos-
ites with emphasis on compression failure in general and bolted joints in particular.
The work consists of methodology development, including both analytical and finite
element (FE) modelling, experimental material characterisation and prediction ver-
ification. An accurate compression failure analysis requires a thorough understand-
ing of the corresponding damage mechanisms. For that reason, the experimental
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part of the work aimed to characterise the damage mechanisms governing failure in
compression, both in general and on the bearing edge of holes. The results from the
experiments were also used for verification of the developed numerical prediction
model. In the experiments special attention was addressed to the influence of off-
axis loading angles and stacking sequence. The results from this part has a great
practical value for industrial applications. This when variations are susceptible to
occur in volume production.

There is a lack of design methodologies for NCF composites that are both re-
liable and cost efficient at the same time. This is especially true for compressive
failure analysis. Several competing failure modes exist which have to be analysed
separately. There are existing advanced failure criteria that are proven to have high
accuracy. However they are primarily developed for UDPT materials and are based
on a stress analysis of individual fibres on a microscopic level. In NCFs fibres are
assembled in bundles, with a certain degree of undulation, separated by resin rich
areas. This meso-structure will affect the stiffness and strength of the composite.
Detailed modelling of this meso-structure is expensive and time consuming. The
developed methodology proposes a stress analysis of the layered composite where
each layer is modelled with one element through the thickness and treating the bun-
dle in- and out-of-plane waviness by rotating the stiffness matrix for each element
thus capturing the effect of undulation. State of the art failure criteria are then
used to evaluate the stress in each element predicting the point of failure. Another
method is proposed in the current work for the failure prediction of bolted joints
and its bearing strength. Here a high-fidelity meso-scale model is created sepa-
rately including full meso-structure geometry representation. This is then inserted
in the global FE-model as a sub element for refined and detailed stress and strength
analysis. This method can be used for parameter studies of mechanical properties
and their relation to the reinforcement architecture.



Chapter 2

Non-crimp fabric composites

Non-crimp fabrics

Textile preforms as fibre reinforcements in composite materials have been used for
decades. Textile preforms allow for fast and cheap layup of composite parts with
complex geometry and large thickness. In addition they have a practically infinite
shelf-life and are tolerant to various storage conditions. A commonly used textile
is the woven fabric, shown in Fig. 2.1. In wovens, the fibre tows in the warp and
weft are interlaced to provide an integrity. Here the terms warp and weft are used
for the longitudinal and transverse directions of the fabric production respectively.
The interlacing produces a fibre tow crimp. This crimp will significantly reduce
the in-plane mechanical properties as compared to when the fibres are perfectly
straight as in uni-directional tapes [4].

Warp tows

W
eft tow

s

Figure 2.1: Schematic of plain weave fabric.

NCFs were invented to keep the benefits of the textiles preform technology and
mitigate the disadvantages, i.e. large tow crimp. In contrast to woven fabrics, the
tows in NCF are not interlaced but held together by a binding yarn system. In
NCFs, differently oriented layers of fibre tows are stacked on top of each other and

9
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stitched together with a thin yarn, as illustrated in Fig. 2.2. In each layer, the
fibre tows are both nearly straight and parallel. The number of layers in a preform
and their respective orientations can be tailored to achieve a fabric with desired
properties.

-45°
90°

+45°
90°

0°

Stitching yarns

Machine direction

Figure 2.2: Schematic of non-crimp fabric manufacturing process.

In general a NCF is characterised by the number of layers, their respective
orientations and the areal weight of reinforcements in each direction. Commonly,
NCF preforms are found in combinations of 0°, 90° and ±45° oriented plies and
with areal weights ranging from below 100g/m2 up to over 1000g/m2. Glass and
carbon fibres are the most commonly used in NCFs. The thin stitching yarn is
usually made from polyester, although some other materials are used as well e.g.
glass fibre or glass/polyamide fibres mix. There is also a special type of NCFs
where a high strength stitching yarn is used. This type is commonly referred to
as structurally stitched NCFs. The purpose of this stitching is to improve the
material’s out-of-plane strength i.e. the delamination resistance and the impact
performance. This NCF type is not considered in the present work.

The stitching process, also referred to as warp-knitting, is executed by needles
penetrating the different fibre layers, as shown in Fig. 2.2. The needles go though
the textile and form consecutive stitching loops while the stack of layers moves
forward. There are various stitching styles for NCFs [5]. The variation of the
stitching parameters affects the tow architecture of the fabric [6]. This in turn
have an effect on the fabric’s drapeability in the manufacturing process and on
the internal structure of the final composite [6]. Asp et. al [7] studied the effect
of different stitching parameters, i.e. stitch style, gauge and length but found no
major effect on the mechanical properties of NCF composites related to this.

In the present work the NCFs had different stitching types. The geometrical
models representing their architecture are shown in Fig. 2.3. The NCF used in
Papers A, B and C was a tricot-chain stitched fabric from Saertex, see Fig. 2.3
(a). This fabric was manufactured as shown in Fig. 2.2. The NCF used in Paper
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D is a so-called uni-weave NCF, where the tows go in one direction and are held
together by a thin weft yarn, see Fig. 2.3 (b).

(a) (b)

Figure 2.3: Geometrical models representing a biaxial tricot-chain stitched NCF
(a) and an uni-weave NCF (b).

The stitching provides integrity to the NCF, however it also creates distortions
to the initially straight tows paths, mostly by inducing in- and out-of-plane wavi-
ness, as can be seen in Fig. 2.3. Fibre tow waviness is a crucial factor that affect
the composite’s mechanical performance and its failure mechanisms. The waviness
comes not only from stitching but is also affected by the composite manufacturing
process. This is discussed in following section.

Manufacturing of NCF composites

NCF composites are manufactured using liquid moulding methods, e.g. vacuum
infusion or resin transfer moulding (RTM). These processes are considered rela-
tively inexpensive, at least when compared to UDPT and autoclave curing [4]. The
composites studied in this work were manufactured using vacuum infusion method,
see Fig. 2.4. In this method, dry NCF preforms are placed on a mould, sealed with
a vacuum bag and infiltrated with a liquid thermoset resin under vacuum pressure.

Figure 2.4: Manufacturing of NCF composite by vacuum infusion method.
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During the NCF composites manufacturing process the NCF layers are com-
pacted because of the applied pressure (vacuum), see Fig. 2.5. This compaction
causes significant deformations to the fibre tows, making their geometry highly
disordered and irregular. This concerns both tow paths, i.e. in- and out-plane
waviness and their cross sectional shapes. The compaction behaviour of NCF pre-
form is modelled and discussed in Paper D.

Vacuum pressure

Mould

Vacuum bag Orthogonal NCF layers

Figure 2.5: Schematics of compaction of NCF preform during manufacturing.

Internal structure of NCF composites

NCF’s architecture and the manufacturing process significantly affect the internal
structure of the final composite. A typical internal structure of a NCF composite
used in Paper B is presented in the micrographs in Figs. 2.6 and 2.7 demonstrating
both a cross-section and a top view.

Figure 2.6: A detail of microscopy image of the polished composite’s edge.

NCF composites’ internal structure may be described on three different scales:
Micro-scale: Heterogeneity on this scale is within individual fibre bundles in

the form of a fibre-matrix structure. This is quite similar to that of the individual
lamina of UDPT based composites. On this scale, the material can be considered
as transversely isotropic. A single fibre bundle being essentially a uni-directional
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Figure 2.7: A detail of close view image from top on the composite’s face.

(UD) composite has inherent fibres misalignments, similar to that of any other UD
composite.

Meso-scale: On this scale, individual fibre bundles having complex geometries
are separated by resin rich areas. The bundles have a certain degree of waviness
both in- and out-of-plane. This waviness is typically disordered without any clear
periodic pattern and alters for different bundles [8, 9]. Also, the bundle cross-
sections have irregular shapes which are not constant along their paths [8].

Macro-scale: The nature of macro-scale heterogeneity for a NCF composite
laminate does not differ from that of a prepreg tape laminate. The heterogeneity
is caused by differences in the fibre orientation in different lamina.

In this study most attention has been put to the effects and importance of
the heterogeneous structure on the meso-scale, also denoted as the meso-structure.
As mentioned previously, fibre bundles exhibit mesoscopic waviness in- and out-
of-plane. The out-of-plane waviness originates partly from the stitching process.
The stitching thread compress the fibre tows at discrete points, causing the tow to
undulate. The out-of-plane waviness partly comes from when the dry performs are
stacked together and compressed in the early stage of the composite manufacturing
process. The in-plane waviness primarily originates from the stitching process.
Depending on the stitching or knitting type, the tows are stressed in discrete points
causing the tows to undulate in the in-plane direction. Bundle waviness can also
be induced during the draping of a fabric over the mould. The fabric will deform
in e.g. shear and create gaps between tows or local wrinkles. The draping issues
are not discussed in the present work.





Chapter 3

Modelling of NCF composites

The mechanical properties of NCF composites are strongly affected by their meso-
structure [9–11]. The meso-structure is dependent on the fabric’s architecture,
the manufacturing process and the stacking sequence. Therefore, the mechani-
cal performance of NCF composites cannot be predicted based on the properties
measured on individual layers only, which is a standard approach for UDPT com-
posites. Instead, it should be predicted by appropriate models carefully treating
the meso-sctructure.

Modelling of NCF composites can be performed by two major strategies. The
first strategy consists of the so-called engineering models. In these, the meso-
structure is not modelled explicitly but substituted by the effective constitutive
and strength properties [11–13]. These models are computationally efficient and
require only a limited input on the meso-structure. Therefore, they are suitable
for analysis of macroscopic performance of larger NCF composite parts or whole
body analysis. The second strategy consists of meso-scale models, where the meso-
structure’s constituents are described in detailed finite element (FE) models. The
meso-scale models are useful for failure analysis of parts where the loading is highly
localised with respect to the meso-structure, such as bolted joints. These models are
more computationally expensive and require extended input on the meso-structural
geometry.

The present work is more focused on development of engineering models, in
Paper A, B and C. The meso-sacle modelling is addressed in Paper D. Both
types of modelling are described in the following sections.

Engineering models

Engineering models consider an NCF composite as a stack of individual layers
with different orientations of parallel oriented bundles. In each layer the meso-
structure is substituted with effective mechanical (elastic and strength) properties.

15
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This representation allows analysis of the composite’s macroscopic performance by
conventional techniques using classical laminate theory (CLT) or FE methods.

When the meso-structure is not represented explicitly, its effect on the mechan-
ical performance has to be implemented by other means. The macroscopic elastic
properties of the composite are virtually independent of the local distribution of
fibres within layers [8, 13] and can be accurately defined by an integral routine
assuming an even fibre distribution, and applying an appropriate micro-mechanical
model, e.g. the well-known rule of mixtures [13]. The stiffness is however heavily in-
fluenced by fibre bundle waviness [9, 11] but that can be analysed rather accurately
using existing analytical models [14], [11]. The prediction of the strength proper-
ties is less straightforward, as failure in NCF composites includes several different
damage mechanisms at different length scales. Addressing all of them explicitly is
generally not practical for larger structure analyses. Thus, firm understanding of
the damage mechanisms governing the failure for given loading cases is important,
but there is also need for efficient and accurate modelling methods. The latter
requires that the important meso-structural features are properly represented in
the model, in order to relate the applied load to adequate damage mechanisms and
enable predictions of strength.

In compression, the most important meso-structural feature affecting the strength
is the fibre bundle waviness [9, 10]. Fibre bundle waviness in NCF composites is
complex. It has disordered shape without any clear periodic pattern and varies
significantly from bundle to bundle [8, 9]. Also, the waviness of individual fibres
within a bundle is not the same [9]. One possible approach to model the waviness is
to characterise local fibre orientations at micro-scale by miscroscopic image analysis
and map them on the detailed FE mesh, as proposed by Wihelmsson et al. for UD
NCF composites [15],[16]. However, this approach does not seem to be applicable
for analysis of larger structural parts. Another approach is to approximate the
bundle waviness at meso-scale by sine functions and assume the fibres are parallel
to each other within individual layers [10, 17, 18]. This seems to be a reasonable
and inexpensive approach to represent the effect of the bundles waviness on the
mechanical performance of the material. However, with this approach, one should
be aware of the additional local fibre misalignment within the mesoscopically wavy
bundle.

Engineering models for compressive failure prediction of NCF composites have
been addressed in several studies. Olsson et al. [19] proposed a strength prediction
model for UD NCF composites. In the model, the strength properties of the fibre
bundle material were obtained from experiments. The model is based on a sim-
plistic description of the meso-geometry which excludes the bundle waviness. The
layer strength is predicted using an analytical rule of mixtures model. The pro-
posed model in [19] demonstrates good correlation with data for tensile strength.
The predicted compressive and shear strengths are by 25% lower than in experi-
ments, even though the model does not account for reductions in axial compressive
strength caused by bundle waviness. This has been explained by deficiencies in the
non-standard test method used for compressive strength of the bundle material.
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Edgren et al. [12] proposed a model for strength prediction of multi-directional
NCF composites subjected to mixed compression and shear loading. In the models,
the layer’s failure is predicted by a criterion dictating a linear interaction between
the longitudinal compressive stress and the shear stress. The strength parameters
in this criterion are suggested to be determined using a CLT-based stress analysis
of the laminate. For calibration of the model, the failure strain for a reference
laminate needs to be established experimentally. The proposed model showed good
agreement with experimental results of quasi-isotropic NCF laminates subjected to
different compression/shear loading ratios. However, this model is expensive since
it requires separate experiments for every lay-up.

In Paper A a new analytical model is proposed for compressive failure in NCF
composites. Its novelty lies in the additional analysis step in which a multi-axial
stress state in the fibre bundle is obtained, by addressing both the in-plane and out-
of-plane fibre bundle waviness. In the proposed model, the layer’s effective elastic
properties are determined assuming an uniform fibres distribution and the effect of
bundle waviness on axial stiffness is defined according to [14]. CLT analysis is used
to calculate the stresses in each layer having effective elastic properties. Then, the
layer’s stresses are transformed into a local coordinate system of the most misori-
ented cross-section of the fibre bundle, as presented in Fig. 3.1. Failure analysis
is performed in a fibre bundle’s sub-volume, using the volumetric stress state in
its local coordinate system. Fibre kinking was predicted using the state-of-the-art
criterion LaRC04 [20] and strength parameters of the bundle material. Other dam-
age mechanisms were not considered in the model. The strength parameters are
estimated from available data in literature. However, a recommended approach is
to determine them experimentally, as it was performed in [19][21].
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Figure 3.1: Schematics of a fibre bundle with in- and out-of-plane waviness. Ma-
terial orientations of a layer (1− 2− 3) and a bundle at an arbitrary cross-section
(1′ − 2′ − 3′).
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The in- and out-of-plane misorientation angles, see Fig. 3.1, were characterised
by analysis of microscopic photographs of the top and cross-section surfaces of the
composite. The scatter of measured angles was described with a normal distribu-
tion and their min and max values were defined within 95% confidence interval.
The model was verified by strength predictions of experimentally tested cross-ply
[0/90]2s NCF composites subjected to off-axis compression at various loading an-
gles. The model demonstrated a good accuracy for the all loading angles, except
for 45°. This is explained by that the failure in this case is governed not by kinking
but by other damage mechanisms.

Although CLT-based models are extremely computationally efficient, they are
generally limited to in-plane loading cases and intra-laminar failure modes. How-
ever, design of practical composite structures often requires more detailed com-
pressive failure analyses. One example of a such structures is bolted joints. Failure
prediction there depends on several factors. First, it requires the complex multi-
axial stress state to be accurately determined in the vicinity of the bolt hole. For
that the model should address contact interactions between plates and fasteners.
Also these models should be capable of analysis of the inter-laminar stresses at the
hole’s free edge, since the inter-laminar failure, i.e. delamination, is known to be
an important failure mode [22][23]. These factors are usually beyond CLT-based
analyses and require three-dimensional (3D) FE models [24], [25]. A typical 3D FE
model of a bolted joint is presented in Fig. 3.2.

Pretension
Contact interfaces

Figure 3.2: A 3D FE model of a bolted joint.

In Papers B and C, a 3D FE modelling methodology for compressive fail-
ure prediction in NCF composites is proposed. The methodology is based on an
engineering modelling approach and the NCF composite is considered as a stack
of individual layers where each layer is described using the following assumptions.
First, fibres are assumed evenly distributed and parallel to each other within each
layer. Second, both in- and out-of-plane fibre bundle waviness at meso-scale are
assumed to be sine-shaped and described by the mean measured amplitudes and
wavelength as y = Ain sin(2πx/λin) and z = Aout sin(2πx/λout). In the method-
ology, both the in- and out-of-plane fibre bundle waviness are presented but not
geometrically. Instead the material orientations in each element are rotated to cor-
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respond to the modelled bundle waviness, as illustrated in Fig. 3.3. Here, the
material’s local coordinate system 1-2-3 (in red) is individually varied for each ele-
ment following the local bundle’ orientation, whereas the FE mesh and the global
coordinate system (in blue) remain unchanged. It is important to note that, within
mesoscopically wavy bundles, individual fibres are locally misaligned as well. This
is not addressed in the stiffness modelling but rather in the damage prediction
model.
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Figure 3.3: Local material orientations in individual elements representing the mea-
sured fibre bundle waviness.

The model addresses both intra-laminar and inter-laminar failure. The inter-
laminar failure is addressed by the cohesive zone model native in-built in Abaqus
[26]. The intra-laminar failure considered within fibre bundles, where damage ini-
tiation is predicted by state-of-the-art LaRC04 criteria [20] and damage evolution
is modelled in a context of continuum damage mechanics.

The methodology has been first proposed in Paper B, where it is applied
to predict compressive failure of quasi-isotropic NCF composites having different
stacking sequences. The model is able to predict both intra-laminar fibre kinking
and inter-laminar delamination with excellent qualitative agreement compared to
the experimental observations. However, the model predictions are generally con-
servative. The model is also used in the parametric study on how bundle waviness
affects the onset of fibre kinking and delamination. Fibre bundle waviness is found
to reduce the onset stress for both fibre kinking and delamination. This is in line
with other reported experimental and modelling studies [9, 10]. Another finding is
that the out-of-plane waviness influences the kinking mechanism to a larger extent
than the in-plane waviness; while the opposite is found for the onset of delamina-
tion, which is more influenced by in-plane than out-of-plane fibre bundle waviness.

The same methodology is also used in Paper C, where it is applied to pre-
dict the bearing failure response and corresponding damage mechanisms of NCF
composite bolted joints. The model is able to rather accurately predict both the
damage mechanisms and associated stress levels, and by that to capture the failure
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progression correctly. Essentially, the model correctly predicts the initiation part
of bearing failure. Delaminations and matrix cracks in 90°, −45° and 45° layers
are predicted before the first kinking in 0° layer. The sequence of damage events
as well as their location and stress levels are in good agreement with experiments,
however the kinking prediction is found to be somewhat conservative.

Meso-scale modelling

In the meso-scale FE models, the meso-structure is represented explicitly. Different
meso-scale models developed for NCF composites are available in literature. Some
of these are based on a two-dimensional (2D) approach and a generalised plain-
strain [17, 18, 27] or a plain-stress [10] formulations. Such models are found useful
to perform representative studies of the meso-structure, however they are unable to
analyse a multi-axial stress state in the meso-structure. Other models are based on
3D formulations [28], [29] , [30], [31] and utilise a concept of representative volume
element (RVE). In these models, basic meso-structural features are represented
using simple geometrical approximations based on optical measurements of the
manufactured composites. In a typical RVE of a single layer, the meso-structure
is presented by two half-bundles having constant cross-sections and the resin rich
area in between. The out-of-plane bundle waviness is either approximated by sine
functions [28] or is localised in the gap between the bundles [29–31]. The local
fibre orientations are following the curvature of the bundle. The in-plane bundle
waviness is simply omitted. Generally, these models demonstrate their abilities for
accurate stress analysis and damage prediction at the meso-level.

The accuracy of meso-models is strictly dependent on the fidelity of the pre-
sented meso-structural geometry. A development of the high-fidelity meso-scale
models is usually challenging and expensive. First, the characterisation of the
meso-geometry requires access to specimen of the material. Secondly, the mea-
surements of the meso-geometry by optical or other methods commonly require
significant efforts. And thirdly, the generation of FE model based on the measured
geometry is time consuming.

In Paper D, a cost-effective methodology for high-fidelity meso-scale modelling
of NCF composites is proposed. In the methodology, the meso-structural geometry
is obtained from an integrated compaction analysis of NCF’s multi-fabric preform.
The compaction analysis requires input only on basic geometric data of the NCF ar-
chitecture, which are relatively easy to access, and a single yarn compaction curve.
The latter is required to predict the effect of fibres consolidation during the com-
paction process on elastic properties of the tows. In the methodology, non-linear
tow’s material model is derived based on [32][33] and implemented into the anal-
ysis as a user material subroutine VUMAT. Thus, the proposed methodology also
benefits from being independent on expensive measurements of the meso-structure,
nor access to the material’s specimen.
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The modelling process is automated by a developed Python-based modelling
framework and consist of the following basic steps:

1. An initial geometry of NCF’s multi-fabric preform is modelled in the textile
geometry preprocessor TexGen [34].

2. A compaction analysis is performed to predict the meso-structure of the final
NCF composite, as shown in Fig. 3.4.

3. Pre-processing to complete the meso-scale model of the NCF composite.

4. The meso-scale model is imported as a sub-part into a macroscopic FE model.

The developed framework is based on the previous work of Stig et.al [35, 36].

Initial 

Compacted 

Figure 3.4: Predicted initial and compacted geometries of NCF preform.

The proposed methodology is applied to predict bearing failure in a pin-loaded
quasi-isotropic NCF composite and is verified by experiments. A good agreement
of the predicted and measured meso-structural geometry is found. The proposed
method could accurately predict the meso-structural geometry of the manufactured
NCF composite in terms of both tow paths and their cross sectional shapes. The
predicted bearing failure response is found to be in a general agreement with the
experiments. However, predictions of damage initiation and progression are quite
conservative. This is explained by the conservatism of used material properties and
material model.





Chapter 4

Damage mechanisms and prediction
models

Compressive failure in composite materials has been extensively studied by re-
searchers during last few decades. The high interest to this topic is promoted by
several factors. The compression strength is significantly lower (typically by 40%)
than that in tension and therefore it is critical for the design and strength assess-
ments. Compressive failure behaviour is also difficult to characterise and capture
correctly in experimental investigations due to its abrupt and catastrophic char-
acter. Accurate prediction is also challenging due to complexity of the involved
damage mechanisms and high sensitivity to fibre misalignment.

Most studies are concerned with UDPT based composites and only a few are
dedicated to NCF composites. However, the aforementioned factors show the im-
portance to study compressive failure and this is also crucial for NCF composites.
There is a much higher difference between compressive and tensile strength for NCF
composites [4] [37] compared to the difference found for UDPT. This is mainly at-
tributed to the fibre bundle waviness [10][9]. Second, due to the additional meso-
level of heterogenity, the compressive failure behaviour and the associated damage
mechanisms are more complex in comparison. For failure prediction models to be
attractive, the detaling of meso-structure requires a balance between accuracy and
computational efficiency. A sufficient level of the detalisation can be identified only
with the knowledge on important damage mechanisms and their dependency on
meso-structure geometry.

Damage mechanisms in NCF composites under compression are discussed in
the following section. Fibre kinking as a dominant damage mechanism governing
compressive failure is discussed in a separate section. Then damage prediction
models are reviewed.
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Damage mechanisms.

Damage mechanisms in NCF composites subjected to compression are addressed
in only few publications. Damage mechanisms in UD NCF composites subjected
to longitudinal compression were studied by Wihelmsson [9][16]. Under axial com-
pression, the failure was reported solely by fibre kinking, as it was found by SEM
fractographic analyses [9]. The same damage mechanism, kinking, was reported
in off-axis compression tests where the loading angles ranged from 0 to 20°[16].
In these tests, the kink-plane orientations were studied using X-ray computed to-
mography (CT). A transition from out-of-plane to in-plane dominated kinking was
reported at 15°angle, which also led to a dramatic drop in the compressive strength.

Studies on UD composites are useful for understanding damage and strength.
However, in practise composites are almost always multi-directional, with UD layers
stacked together with different orientations. The failure process in multidirectional
composites is more complex compared to UDs. This when the local stress state
varies through the layers different damage mechanisms may be present in each
layer simultaneously . Failure in multi-directional composites is progressive, where
damage in one layer will cause redistribution of the local stresses to the nearby
layers that might lead to additional and/or other failure modes. On the other hand
damage progression in one layer might be restricted by neighbouring layers, which
then increases the apparent strength of the damaged layer, which is known as the
in-situ effect.

Damage mechanisms in multi-directional NCF composites have been addresses
by very few studies. Shivakumar et.al studied biaxial [0/90]4 NCF composites
subjected to axial compression [38]. There, fractographic analyses revealed fibre
kinking in main load carrying plies (0°) as a key damage mechanism. Edgren
et.al investigated quasi-isotropic [0/90/ − 45/45]s3 NCF composites under off-axis
compression where the loading angles ranged from 0 to 22.5°[12] . Postmortem
analyses revealed that for all angles the failure is governed by fibre bundle kinking in
the most highly loaded layers. In both these studies, no other damage mechanisms
than fibre kinking in the main load carrying layer was not reported.

In Paper A damage mechanisms in cross-ply [0/90]2s NCF composites sub-
jected to off-axis compression loading angles ranging from 0 to 90°. For all off-axis
loading angles, the damage mechanisms were investigated by high resolution mi-
croscopic anlysis. The typical failure mode for specimen loaded at 20°off-axis angle
is presented in Fig. 4.1 showing a polished specimen’s edge. As can be seen, the
failure is a complex combination of different modes. In the most highly loaded
layers (20°), failure was due to fibre kinking (4) and splitting (5). A complete
kink-band can be seen in the bottom 20°layer. In other two 20°layers in middle,
kink-bands are forming and localised fibre splitting can be seen. In the transverse
layers, differently oriented cracks were found inside fibre bundles (1), in resin rich
areas (2) and on the bundle – matrix interface (3). The latter is more related to
delamination between two layers.

In Paper A, the described failure was found identical for almost all the off-axis



4.1. DAMAGE MECHANISMS. 25

angles. The exception was for the 45°angle, where fibre kinking was not observed
at all but the governing failure mechanisms were shear cracks inside fibre bundles
and splitting cracks in the bundle-matrix interfaces.

500 μm 

(2)

(1)

(3)

(4) (5)

Figure 4.1: Damage mechanism in [0/90]2s NCF composite.

The effect of stacking sequence on compressive failure of NCF composites has
received only little attention in the past. However, for UDPT composites this
effect was reported to shift a dominant failure mechanism from kinking to delam-
ination [22][23]. Delmaination is promoted by the inter-laminar stresses present
on the composite edges. Fibre waviness was reported to significantly increase the
inter-laminar stresses [39], [40]. Therefore the bundle waviness in NCF composites
can potentially cause inter-laminar stresses greater than those occurring in UDPT
composites.

In Paper B compressive failure and strength was studied in quasi-isotropic
NCF composites of four configurations with different stacking sequences. Damage
mechanisms for all configurations were investigated, first in the post-mortem state,
and then by filming the progression on the composites edge during the compression
test. In the post-mortem fractographic analysis it could be concluded that all
configurations had failed in an identical mode, failure of 0°layers because of fibre
kinking. The typical failure mode for [90/0/45/− 45]s NCF composite is presented
in Fig. 4.2. As can be seen the damage mechanisms are identical to those discussed
above in Paper A

However, the analysis of the filmed damage showed significant differences in the
onset and growth of damage for different stacking sequences. For configurations
[0/90/− 45/45]s and [90/0/45/− 45]s intensive delamination cracks were observed
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in the 45°/−45° layer interfaces at 60-75% of the ultimate load. For other con-
figurations [45/ − 45/0/90]s and [−45/45/90/0]s no delmainations were observed
until final failure. In Paper B, this effect could be explained through the results
from the FE modelling. High peeling inter-laminar normal stresses were observed
in the corresponding interfaces. In the configurations where delaminations did not
occur, such peel stresses were absent and the normal stresses at the corresponding
interfaces were compressive rather than tensile. The strength was also affected by
the stacking sequence but in another way. The configurations [0/90/− 45/45]s and
[−45/45/90/0]s demonstrated a strength 20% higher than other two configurations.
This effect could also be explained using the developed FE model. Even though all
configurations failed by kinking, the two configurations that showed lower strengths
the kinking was initiated by matrix tensile stresses and for the two configuration
showing higher strengths kinking was governed by compressive matrix stresses.
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Figure 4.2: Damage mechanism in [90/0/45/− 45]s NCF composite.

Investigating compressive damage mechanisms is difficult when the failure gen-
erally is very abrupt and of a catastrophic character. In post-mortem fractographic
analysis individual damage mechanisms are usually obscured by severe damages in
the material. This can be mitigated by interrupting the test after the first observed
load drop. But it may be difficult to observe this and stop the test prior to final
failure. In Papers A and B, the first damage registration was performed using
an accelerometer mounted on the specimen. During the tests, the accelerometer
recorded the dynamic response from the micromechanical excitations associated
with damage in the material. This method was found useful, specifically for tests
of cross-ply NCF composites with lower off-axis loading angles.

Bearing failure in NCF composites has also received a very small attention in
the literature. Kelly and Hallström [41] studied bearing failure in quasi-isotropic
NCF composites. Fractographic analyses after ultimate failure revealed fibre kink-
ing and fibre shear, intra-bundle cracking, matrix shear cracking and delamina-
tion as the predominant mechanisms. Inal et al. [42] studied macroscopic failure
modes in bolted joints with different quasi-isotropic and cross-ply NCF composites.
Macroscopic matrix cracks and bundle separations in the transverse direction were
reported for both configurations. However, no studies on the bearing failure process
and associated damage mechanisms in NCF composites are available.
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In Paper C, the bearing progressive failure process was experimentally char-
acterised in [−45/45/0/90]7[−45/45] NCF composites. Damage mechanisms and
load level(s) corresponding to the failure initiation and progression were deter-
mined. The study was performed by a set of experiments on bolted joints between
NCF composites and steel plates. Bearing failure progression in the composite was
monitored by fractography analysis on microscopic images taken on cut-outs from
the specimens. The first observed damages were localised delaminations and intra-
bundle matrix cracks, as presented in Fig. 4.3. Shortly after this, fibre kinking
occurred in the most highly stressed 0° layer, i.e. the layer where the fibres are
oriented in parallel to the global loading. This is can be seen in Fig. 4.4. When
increasing the load further the subsequent 0° layers failed in kinking one by one.
Matrix cracking and delaminations were also observed in the neighbouring ±45°
and 90° layers.
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Figure 4.3: Damage in [−45/45/0/90]7[−45/45] NCF composites, at a load of 32%
from the ultimate.
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Figure 4.4: Damage in [−45/45/0/90]7[−45/45] NCF composites, at a load of 40%
from the ultimate.
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In Paper D, bearing failure was studied in pin-loaded quasi-isotropic [0/90/−
45/45]2s NCF composites. Fractography analysis revealed damage mechanisms
genrally identical to what was observed in Paper C. Failure of the load bearing
0°layers was clearly associated with fibre kinking. In the surrounding 90°and ±45°
layers, intra-bundle matrix cracks were found next to the kink-bands in the 0°layers.
Delamination cracks were observed in all layers interfaces, but the most extensive
delaminations were in between ±45° layers.

Fibre kinking.

If the fibre is subjected to a compressive stress the failure is controlled by one of
three different mechanisms; fibre kinking, fibre splitting or shear-driven fibre fail-
ure. Although the stresses are acting in the fibre direction, only the last mechanism
of the three will result in actual fibre failure. Fibre splitting and kinking are ini-
tiated and controlled by a matrix failure [43]. Which of the three mechanism that
will become dominant and render failure is dependent on the level of fibre mis-
alignment. A shear-driven fibre failure was reported to occur only for very small
misalignment angles (< 2°) and with high lateral support [44][45]. This mechanism
is also referred to as fibre crushing. In contrast, fibre splitting occur at very large
misalignment angles or when off-axis compression is applied [43]. Kink-band for-
mation, or kinking, is the most common mechanism relevant for the largest span
of misalignment angles in practical composites. Therefore it was identified as a key
damage mechanisms controlling the compressive failure [43].

A kinking failure is shown in Fig. 4.5 taken from the one of the tested specimens
in Paper D. The key parameters of a kink-band are also presented in Fig. 4.5;
the initial fibre misalignment angle φ0, the additional rotation introduced by the
compression φ, the kink-band propagation angle β and the kink-band width w.

Due to its complexity, the physics behind kinking is still open for debate within
the research community [46]. Some researchers promote the hypothesis that kink
band failure results from fibre micro-buckling, as proposed Rosen [47]. Others argue
for the hypothesis by Argon [48] suggesting that the kink-bands are caused by a
localised matrix failure between the misaligned fibres. Worth noting is that both
hypotheses do not predict the kinking formation process directly, but rather predict
a damage event responsible for kinking, micro-buckling or matrix failure [46].

However, from recent experimental observation [44][43][46], fibre kinking can be
assumed to result from shear-dominated matrix failure in between locally misaligned
fibres, subjected to significant longitudinal compression. When matrix failure oc-
curs, the fibres loses their support resulting in further fibre rotation and localisation
of failure [43]. Thus, the kinking mechanism is largely dependent on the matrix
shear strength and the initial fibre misalignment angle.
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Figure 4.5: Micrograph of a kink-band from the experimental study in Paper D.

In multi-directional composites, there is a interconnection between damage
mechanisms in neighbouring layers. In Fig. 4.5 a matrix crack in a transverse
layer can be seen above the kink-band. As reported in [46], kinking in the 0° can be
induced by a matrix crack in adjacent transverse 90° layers, causing a loss of lateral
support and thus promoting fibre bending. However, the kink-band growth can also
activate other failure mechanisms such as matrix cracking and/or delaminations.
Thus, determining the order of these damage events is not always straightforward.

The mechanism of kinking is difficult to experimentally investigate due to its
unstable character and the difficulties to observe the process initiation on a micro
scale, while the specimen is in compression. Gutkin et al. [44] developed a test
method for UD and cross-ply notched composite specimens that could be tested
inside a SEM chamber. In their experimental study, the process of kink-band for-
mation was identified using SEM images where it propagated from the notch tip
in a single edge notch UD composite [43]. From the CT scan pictures in Fig. 4.6
it is clear that kink-band formation is related to the development of microcracks
in the matrix which eventually coalesce in splits (label ‘c’ in Fig. 4.6 (a)). The
fibre failure occurs relatively late in the failure process and results from the com-
bined bending and axial compressive loading, see Fig. 4.6 (b-c). The carbon fibres
then fracture due to the formation of shear bands on the side with the highest
compressive stresses.

Fibre splitting is similar to kinking since it is also related to shear failure of
the matrix in between fibres. However, in contrast to kinking, splitting does not
localise but propagetes along the fibre/matrix interface.

Experimental evidence related to fibre splitting is rather scarce. It was propsed
[43] that splitting occurs when large in-plane shear stresses are combined with
compressive loading. Such stress state is ususally happens when composites are
loaded at large off-axis loading angles. It was reported by Sun [49] that the transi-
tion from kinking to splitting happens for off-axis loading angles larger than 15°in
UDPT composites. In NCF composites, kinking was experimentally observed at
higher off-axis angles. In [12] and [16] kinking was found in NCF composites loaded
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upto 20°off-axis angle. In Paper A, biaxial NCF composites were tested in com-
pression with off-axis angles in a range of (0:90)°. For 20°, failure was primarily due
to kinking with only a minor indication of splitting. At 30°, both mechanisms were
pronounced clearly. At 45°, no evidence of fibre kinking was found, but intensive
splitting was observed at the interface of fibre bundles. Thus, it is suggested that
the transition from kinking to splitting takes place at the angles larger than 30°.

Figure 4.6: SEM micrographs showing the edge of kink-band (a); fibre failure at
the kink-band edge (b,c). These photographs were taken from Gutkin et al. [43].

Prediction models

A large number of strength criteria for composite materials that covers both intra-
laminar and inter-laminar failures have been introduced over last few decades. This
subsection is focused on intra-laminar failure criteria.

All intra-laminar strength criteria can be divided into the following groups; limit
criteria, polynomial criteria and physically based criteria. The results of the two
Word Wide Failure Exercises (WWFE I and WWFE II) [50][51] demonstrated that
available intra-laminar failure models and criteria could not provide completely
satisfying predictions of failure nor the description of physical processes. Among
all failure criteria evaluated the physically based criteria provide most accurate
prediction. This when they represent concrete physical mechanisms for each failure
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mode. Thus correct physical models for each failure mode are required for accurate
strength prediction and analysis of post-failure behaviour. A brief overview and
discussion of different criteria under each group is presented below. The LaRC04
set of failure criteria is detailed separately.

Failure modes
Failure of composites is a complex process which involves a number of different
damage mechanisms on several different scales. Addressing all the mechanisms and
their interaction is a very complicated and is out of reach for any prediction model.
Therefore, in practical analyses, the complex damages are often simplified and
classified into a few distinct failure modes. There are two main categories of failure
modes, intra-laminar and inter-laminar. The intra-laminar failure occurs within a
layer. The inter-laminar failure is between layers, also know as delamination.

The intra-laminar failure is further divided into four modes based on the loading
direction and the fibre orientation, as presented in Fig. 4.7.

Matrix tension Matrix compression

Fibre tension Fibre compression

In-plane shear

Figure 4.7: Intra-laminar failure modes. Redrawn from [52].

In the matrix modes and the in-plane shear, failure results from matrix crack-
ing and the strength here is mainly depending on the matrix properties. In the
fibre tensile mode, a longitudinal loading is mostly carried by the fibres and the
strength is controlled by the properties of the fibres . In the fibre compressive mode,
failure typically occur due to kink-band formation and is controlled by the matrix
properties. This failure mode is discussed in details in the following.

Limit criteria
In this type of intralaminar strength criteria the failure is simply assumed to occur
when any of the lamina stress/strain components reaches its limit value:

σ11

X
= 1 where

{
X = XT if σ11 > 1
X = Xc if σ11 < 1

(4.1)
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σ22

Y
= 1 where

{
Y = YT if σ22 > 1
Y = Yc if σ22 < 1

(4.2)

σ12

SL
= 1 (4.3)

where XT and Xc are the lamina tensile and compressive strength in fibre direc-
tion, YT and Yc are the tensile and compressive strength in transverse direction and
SL is the shear strength. The maximum strain criteria can be written analogically.
The main drawback of this type of criteria is that there is no interaction between
the stress components considered.

Polynomial criteria
In this type of strength criteria a single scalar-valued function including all in-plane
stress components is considered. One of the most recognised polynomial criteria,
the Tsai-Hill criterion, is formualted as(

σ11

X

)2
+
(
σ22

Y

)2
+
(
τ12

SL

)2
−
(
τ12σ22

X2

)2
= 1 (4.4)

where : 
X = XT if σ11 > 1
X = Xc if σ11 < 1
Y = YT if σ22 > 1
Y = Yc if σ22 < 1

(4.5)

The Tsai-Hill criterion takes into account the interaction of all in-plane stress
components. However it is based on the yielding mechanisms observed in metals,
whereas failure mechanisms in composites are dependent on loading and can be
very different from this.

Yamada Sun criterion is widely used for compressive strength prediction and is
similar to the Tsai-Hill criterion if σ22 = 0:

FIfc1 =
(
σ11

X

)2
+
(
τ12

SL

)2
= 1 (4.6)

Another well-known polynomial criterion is the Tsai-Wu criterion. The criterion
accounts for the interaction between axial and transverse stresses. A corresponding
material strength parameter can be obtained by a biaxial load test.

Polynomial criteria are not based on physical behaviour but are essentially curve
fits to a few experimental points. These criteria provide continuous and smooth
failure envelopes what seems doubtful considering that the physical phenomena are
completely different for different loading cases.
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Physical criteria
The failure in composites is driven by different damage mechanisms. Physically-
based criteria address each failure mode inidvidually by a adequate physical model
describing the domninat daameg mechanism for this mode.

A widely used set of physically-based two-dimensional (2D) criteria was pro-
posed by Hashin [53]. These criteria recognise the fibre dominated and the matrix
dominated failure modes and distinguishes between tension and compression.

Tensile fiber failure: (
σ11

XT

)2
+
(
τ12

SL

)2
= 1 (4.7)

Compressive fiber failure:
σ11

Xc
= 1 (4.8)

Tensile matrix failure: (
σ22

YT

)2
+
(
τ12

SL

)2
= 1 (4.9)

Compressive matrix failure:(
σ22

Yc

)2
+
(
τ12

SL

)2
= 1 (4.10)

The 2D versions of the failure criteria was later modified to account for a full
3D stress state [53].

As seen, Hashin’s criteria assume a quadratic interaction between the stresses
acting on the plane of failure. According to [54], the quadratic interaction is due
to the difficulty in identifying the fracture plane in the matrix compression mode,
and is based more on logical reasoning rather than on micro-mechanics. Also, the
criteria are not able to address the effect of increased shear strength in presence of
transverse compression. As reported in [54], Hashin’s criteria are not accurate in
some loading situations, i.e matrix and fiber compression modes.

More recently, a set of three-dimensional failure criteria LaRC04 [20]was pro-
posed. The criteria are based on state-of-the-art physical models and demonatred
high prediction accuracy in [51] In a more detailed way LaRC04 and Puck criteria
are considered in a next subsection.

LaRC04 criteria
The LaRC04 [46] is a set of physically-based criteria, that accounts for three-
dimensional stress states and distinguishes between different failure modes. A com-
plete description of the LaRC04 is not presented here, but the most relevant for
the present work aspects are discussed below.
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Figure 4.8: Kinking plane and misaligned frame (a); Fracture plane tractions at
matrix compressive failure (b); Stresses acting in the crack plane at matrix tensile
failure (c).

Fibre kinking is assumed to occur in a plane inclined to the transverse direction
of a bundle, quantified by the angle ψ. Kinking will occur in what Pinho et al.
[46] refer to as a misaligned frame, Fig. 4.8(a), where the fibres are oriented or
misaligned by an angle ϕ. Please note that this misalignment angle is not the same
as the meso-scopic bundle misalignment but related to the local fibre waviness
within a sub-volume of the curved bundle.

Kinking is triggered by matrix failure between misaligned fibres and could occur
in two different modes, tensile or compressive, depending on how the transverse
stress is acting in the misaligned frame.

Compressive matrix failure is predicted by a modified Puck criterion [55] using
Coulomb friction theory to predict the critical combination of shear and normal
stresses acting on a potential fracture plane ( Fig. 4.8(b)). The fracture plane is
defined by an angle γ inclined with respect to the through-thickness direction.

The corresponding failure index is given by

FI4 =
(

τT
ST − ηTσn

)2
+
(

τL
SisL − ηLσn

)2
(4.11)

where τT , τL, and σn are the shear and normal stresses acting on the fracture
plane, ST and SL are the transverse and longitudinal shear strengths. The internal
material friction is characterised by the coefficients ηT and ηL. SL is assumed to
be known and in absence of data for ηT , ηL and ST they can be obtained from the
relations given by

tan(2γ0) = − 1
ηT
, ST = Yc

tan(2γ0) ,
ηL
SL

= ηT
ST

(4.12)

as suggested by Puck [20, 55], where Yc is the transverse compressive strength,
and a fracture angle typical for pure transverse compression, i.e. γ0 = 53°, is as-
sumed.



4.3. PREDICTION MODELS 35

As suggested in [20] kinking occurs if the index in 4.11 ≥1 for the fracture plane
angle γ = 0. Otherwise, matrix failure is not considered to trigger kinking.

The tensile matrix failure prediction is based on fracture mechanics analysis of
a transverse matrix crack as suggested by Dvorak and Laws [20, 56]. The crack is
assumed to be situated in the plane (1m; 3ψ) perpendicular to the misaligned frame,
Fig. 4.8(c). Such a crack may represent a manufacturing defect or similar and can
propagate in the longitudinal 1m direction and/or the transverse 3ψ direction. The
failure criterion FI6 predicts crack propagation under mixed mode loading through
in-plane shear and transverse tension, and assumes a linear in-plane shear response
according to

FI6 = (1− g)σ2m2m

Y isT
+ g

(
σ2m2m

Y isT

)2
+
(
τ1m2m

SisL

)2
(4.13)

where σ2m2m is the transverse stress and τ1m2m is the in-plane shear stress acting
in the misaligned frame. SisL and Y isT are the in-situ transverse tensile and in-plane
shear strengths, respectively. The material constant g represents the ratio between
the fracture toughness components GcI and GcII , according to

g = GcI/G
c
II (4.14)

The ratio between GcI and GcII is derived by Dvorak [20, 56] for a linear or-
thotropic material using its elastic and strength properties.

The orientation of the kinking plane ψ can be derived iteratively. In this model
it was determined from the assumption that the shear stress acting out of the kink
plane τ2ψ3ψ = 0, which is a condition for the kink band to stay in the plane as
suggested in [20]. This orientation is defined by

tan(2ψ) = τ23

σ22 − σ33
(4.15)

The in-situ strengths for thick embedded bundles were estimated as proposed
by Camanho et al. [57]; the transverse tensile strength Y isT = 1.12

√
2YT and the

in-plane shear strength SisL =
√

2SL.





Chapter 5

Contribution to the field and summary
of the appended papers

The concept of non-crimp fabrics is now over 20 years old, however the use of NCFs
as reinforcements in composite materials is still limited. One important issue to
improve concerns compressive performance and design predictions of compression
failure. Existing design methodologies for NCF composites are lacking reliable and
efficient methods for compressive failure analysis. In order to improve this two
areas must be addressed: further understanding on how the NCF material behave
in compression and development of cost efficient design and analysis tools. This
thesis contributes to both of these areas facilitating further understanding of the
NCF material subjected to compressive loads and more efficient modelling methods
for failure prediction.

In the current work, special attention was on the compressive bearing failure in
bolted and pin-loaded NCF composites. This is motivated by the fact that bolted
joints are the most common method to connect composite and metallic parts, but
also often the most critical spot of the structure. Identification of the onset bear-
ing failure is challenging from both experimental and prediction perspective as it
will occur progressively well before final catastrophic rupture. Therefore, the de-
veloped experimental and modelling methodologies were extended to be capable
with investigation and prediction of progressive damage behaviour. It was also
important to address industry aspects and possible implementation of the devel-
oped methodology into the product design processes. This require cost effective
methodologies possible to be used for full-body or full-structure analysis without
compromising effects of relevant material aspects. The methodology developed here
meet such requirement. In addition a concept of meso-scale high-fidelity modelling
methodology was developed which has the potential for combining both cost effec-
tive calculations and high resolution predictions. This proposed methodology can
further be used also parameter studies of mechanical properties and their relation
to the reinforcement architecture.
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APPENDED PAPERS

Paper A A detailed experimental study was conducted to investigate the effect
of off-axis loading on the compressive strength and damage mechanisms in
cross-ply NCF composites. The experimental campaign included 11 test se-
ries, all with different off-axis compression loading angles in a range (0:90).
A detailed fractography investigation was performed to identify responsible
damage mechanisms. A novel analytical model for the strength prediction was
suggested and verified. The model takes in- and out-of-plane bundle waviness
in to account and utilizes state of the art failure criteria.

Paper B Both experimental and theoretical study was performed on the effect
of stacking sequence and fibre bundle waviness on the compressive failure of
quasi-isotropic NCF composites. Four different stacking sequences were con-
sidered, and the compressive strength as such, and on the underlying failure
mechanisms were identified. Experimentally, failure initiation and progression
were identified by both post-mortem fractography and online during the tests
by the developed optical method. A cost-effective FE simulation methodology
considering both in-plane and out-of-plane fibre bundle waviness is developed
and used for a parametric studies. The model predicts both intra- and inter-
laminar failure using state of the art failure criteria.

Paper C A detailed experimental investigation was performed to identify the bear-
ing failure initiation and progression in NCF composites. A set of experiments
on bolted joints between NCF composite and steel plates have been per-
formed. The bearing damage onset and failure progression were monitored
at different load levels by microscopic image analysis. A cost-effective FE
model that predicts progressive bearing failure of NCF composites was pro-
posed. The model utilises state-of-the-art failure criteria and predicts both
intra- and inter-laminar progressive damage.

Paper D The study presents a cost-effective methodology for high-fidelity meso-
scale modelling of NCF composites and bearing failure prediction. The pro-
posed methodology does not require expensive measurements of the meso-
structure, nor access to the material’s specimen. Instead, the complex meso-
structural geometry in the model is achieved by the included compaction anal-
ysis of a dry multi-layers NCF preform. The modelling process is assisted
by the developed Python-based automated framework. The methodology
was applied to predict bearing failure of the experimentally tested pin-loaded
quasi-isotropic NCF composites.



Chapter 6

Future work

This thesis is concerned with the characterisation and prediction of failure initiation
and progression of NCF composites subjected to in plane compressive loads. The
characterisation part aimed to identify the most relevant modes and stress levels
at when these occur. The results were also used to verify the proposed prediction
methodologies. The prediction methods need to be accurate both regarding the
level at which failure is initiated and also what kind of mode that is to be expected.
From an industrial perspective, the prediction method must accurate, of course,
but also cost-effective in terms computational time and accessibility. The fibre
bundle waviness is the geometric parameter that have the highest influence of the
performance of an NCF composite. In the proposed method this parameter is
included in a rational way and the implemented strength criteria are state of the
art. The proposed methods have demonstrated both accuracy and effectiveness.

The more advanced, from a preprocessing point of view, methodology that was
proposed in Paper D has a potential for more detailed studies of failure modes.
This method should lend it self exceptionally good for parametric studies of the ef-
fect from the NCF reinforcement architecture on internal structure and mechanical
properties of the final composite.

However in this thesis, the developed method has only been verified on small
scale specimens and single-bolt joints and also only two type of materials. It would
be interesting to apply the developed methods on full scale structures with more
complex geometries and load paths. Additional material combinations should also
been used for further verification of the method.

As the NCF textile technology is very flexible in terms of fabric structure;
gauge and stitch length, width and height of the tow and it is also possible to
incorporate more functionality into the composite, such as optical sensing fibres
or electrical cables. With the methodology proposed in Paper D the effect on the
overall structural performance of a finished composite for any variation and/or
combination of these parameters could easily be investigated and predicted. Such
a parametric study that also would include verifying experiments should be an
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excellent topic for a future thesis work.
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