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All things are difficult before they are
easy.

Thomas Fuller (1608-1661)
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Abstract

The growing use of composite materials raises the need for automated manufacturing pro-
cesses, which increase material throughput, cost-efficiency and part quality. The braiding
process has considerable potential for cost-efficient high-volume production. It allows au-
tomated production of near net-shaped preforms for slender and hollow structures, and
combines low material waste with a high flexibility in mechanical properties.

A number of challenges are given in the design of braided composite structures: the
textile yarn architecture controls the material behavior and is likely to vary on a complex
braided component, resulting in variable material properties. Currently, no established
models are available for prediction of braided composites mechanical properties. Thus,
the main goal of this thesis is to create a multi-scale modeling approach for the analysis of
biaxial braided structural components. This requires efficient unit cell models, predicting
mechanical properties for a multitude of yarn architectures, and macroscopic methods
applicable for analyzing large braided components. Additionally, experimental work on
yarn architecture and mechanical characterization, which is needed for model input and
validation, respectively, has been carried out.

The yarn architecture parameters for (±30°) and (±45°) braided composites could be
robustly measured using optical microscopy and image analysis of surface scans. Off-
axis tensile and compressive experiments of (±30°) biaxial braided composites showed
that the material behavior was strongly nonlinear. Inelastic deformation and damage
were identified as the underlying mechanisms, attributed to microscopic cracking at the
fiber/matrix interface. The failure modes observed were dominated by yarn failure and
transverse cracking, with the transverse yarn stress controlling the latter case.

A novel, generic, computationally efficient and parametric finite element unit cell mod-
eling approach, using beam and continuum elements, was developed and applied to predict
the mechanical properties. The stress fields obtained correlated well with classical contin-
uum unit cell results. The predictions, employing a phenomenological plasticity model, in
combination with a stress-based failure criterion, were in good correlation with the exper-
iments. The input parameters of the macroscopic modeling were calculated from the unit
cell results. The macroscopic analyses showed that it is crucial for the failure prediction
to use an equivalent laminate model providing the stresses in the yarn directions. The
equivalent laminate model in combination with Puck’s 2D failure criterion correlated well
with the experiments. Furthermore, the macroscopic model has been extended to non-
linear predictions with a material subroutine in Abaqus/Explicit, improving the results
considerably.
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Übersicht

Der wachsende Einsatz von Faserverbundwerkstoffen erhöht den Bedarf an automatisier-
ten Fertigungsprozessen, mit dem Ziel, den Materialdurchsatz zu erhöhen sowie Kostenef-
fizienz und Bauteilqualität zu verbessern. Der Flechtprozess bietet ein großes Potential
für kosteneffiziente Großserienproduktion und erlaubt eine automatisierte Herstellung von
komplexen, endkonturnahen Preforms für Hohlbauteile. Der Materialverschnitt ist dabei
sehr niedrig und die Materialeigenschaften sind flexibel einstellbar.

Die Auslegung von geflochtenen Strukturbauteilen beinhaltet jedoch einige Herausfor-
derungen: Die komplexe Garnarchitektur beeinflusst das Materialverhalten, wobei die
Garnarchitektur, und damit die Materialeigenschaften, auf komplexen Strukturbauteilen
variieren. Aktuell existieren keine etablierten Methoden zur Materialmodellierung von ge-
flochtenen Verbundwerkstoffen. Daher lag das Hauptziel dieser Arbeit in der Erstellung
eines Multi-Skalen-Ansatzes zur Berechnung von biaxial geflochtenen Strukturbauteilen.
Dies erforderte effiziente Einheitszellenmodelle zur Vorhersage der Materialeigenschaften
für eine Vielzahl von Garnarchitekturen, sowie makroskopische Methoden, welche für die
Strukturberechnung geflochtener Verbundstrukturen anwendbar sind. Zudem wurden die
Garnarchitektur und das mechanische Verhalten experimentell charakterisiert und die
Ergebnisse als Eingabeparameter und zur Validierung der Modelle verwendet.

Die Garnarchitekturparameter von (±30°) und (±45°) geflochtenen Verbundwerkstof-
fen konnten mit Hilfe von Mikroschliffen und Bildanalyse von Oberflächen-Scans robust
gemessen werden. Off-Axis Versuche in Zug und Druck von (±30°) geflochtenen Verbund-
werkstoffen ergaben ein stark nichtlineares Materialverhalten. Inelastische Deformation
und Schädigung, welche auf mikroskopische Risse an der Faser/Matrix-Grenzfläche zu-
rückgeführt wurden, waren die dominanten Mechanismen für das nichtlineare Verhalten.
Garnversagen und transversale Risse waren die dominanten Versagensmodi, wobei Letz-
tere abhängig vom Querspannungszustand im Garn waren.

Ein neuer, generischer, parametrischer und effizienter Ansatz zur FEM Einheitszellen-
berechnung mit Balken- und Kontinuumselementen wurde entwickelt, und verwendet, um
die mechanischen Eigenschaften vorherzusagen. Die berechneten Spannungsfelder korre-
lierten gut mit klassischen Kontinuums-Einheitszellen. Ein phänomenologisches Plastizi-
tätsmodell, in Kombination mit einer spannungsbasierten Versagensvorhersage im Garn,
lieferte gute Ergebnisse im Vergleich mit den Experimenten. Die Eingabeparameter der
makroskopischen Modellierung wurden aus den Einheitszellen-Ergebnissen berechnet. Die
makroskopischen Analysen zeigten, dass es für die Versagensvorhersage entscheidend ist,
ein äquivalentes Laminatmodell und damit die Spannungen in den Garnrichtungen zu
verwenden. Das äquivalente Laminatmodell ergab mit dem Puck 2D Versagenskriterium
gute Übereinstimmung mit den Experimenten. Zudem wurde die makroskopische Model-
lierung mit einer Material-Subroutine in Abaqus/Explicit auf nichtlineare Vorhersagen
erweitert, was die Ergebnisse deutlich verbesserte.
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1. Introduction

Reducing fuel consumption and CO2 emissions for human transportation has become
one of the major goals in the automotive and aerospace industry. Among many possible
approaches, such as improving aerodynamics or developing more efficient engines, the
reduction of structural weight yields a significant potential for economic and environmen-
tally efficient transportation. Thus, lightweight design of structural components is one
of the major challenges for future aircraft and automotive development. In the field of
lightweight design, composite materials are outstanding, offering an excellent stiffness-
and strength-to-weight ratio as well as great possibilities for integral design.

This has lead to an increased usage of composite materials in automotive and aerospace
industry: in 2013, BMW released the electric car i3, whose passenger compartment is
completely built from composite materials (Fig. 1.1), with an anticipated production of
20,000 cars per year [1]. In the same period, Airbus and Boeing released their new aircraft
generation, the A350 and the 787 Dreamliner, respectively, both having a ratio of over
50% composite materials in their structural weight. This increased usage of composite
materials, e.g. 33 tons of composites per Boeing 787 aircraft, has accelerated research and
development in the field of improved and automated manufacturing processes: traditional
hand lay-up, which is too expensive and too slow for such a broad usage of composite
materials, is being replaced by automated and accelerated production processes. How-
ever, when competing with traditional light-weight materials like aluminum, composites
suffer from their high raw-material costs, which leads to the challenge of reducing the
manufacturing costs, while increasing the material throughput.

Fig. 1.1: BMW i3 passenger compartment [2]

These requirements have lead to a huge interest in textile composite materials: tra-
ditional textile processes like weaving or braiding are adapted to the high-strength and
high-stiffness reinforcing fibers; these processes have been proven to be promising for cost-
efficient production of high-volume composite components. Textile fiber preforms can be
produced on well-developed textile machinery with high material throughput, and are
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Fig. 1.2: Overbraiding process

capable of producing high-quality composite components, when combined with modern
resin transfer molding injection technology.

From the textile processes used for composite materials, the braiding process out-
stands in terms of process automation, process flexibility, material efficiency and material
throughput. Overbraiding (Fig. 1.2) allows production of highly-integrated composite
structures, by forming the raw yarn material to a closed network of interwoven yarns
shaped over a mandrel. Variable cross-sectional shape and dimensions along the length
of the mandrel are possible; the choice of yarn angle and the number of yarn directions
(uniaxial, biaxial, triaxial braid) allows adjusting the material properties to the struc-
tural needs. Furthermore, the overbraiding process significantly reduces the cut-waste,
producing near-net-shaped preforms in a single process step from the raw yarn material.

Beside the production process itself, the predictability of mechanical properties of com-
posite materials and structures is inevitable for their optimal usage. Analytical and
numerical models for composite mechanical behavior prediction have to be available and
applicable for structural analysis during the development process. However, from the
perspective of a analysis engineer, braided composite materials still provide a number
of challenges for structural simulation and sizing of components against material failure.
For unidirectional (UD) composite materials, well-established predictive failure models
are available. In the framework of the World Wide Failure Exercise (WWFE) [3], large
efforts have been made to compare and judge the predictive capabilities of different the-
ories. As most of the research in the previous decades was focused on UD composites,
less knowledge exists on failure and damage prediction for braided composite materials.
Additionally, various more challenges are present in the prediction: braided composites
comprise a textile yarn architecture of undulating and crossing yarns, which crucially af-
fects the mechanical properties of the material. Purely macroscopic modeling approaches,
mostly used within the WWFE, are unlikely to be appropriate, as each yarn architecture
configuration to be modeled requires a separate test campaign for input property defini-
tion.

Considering an example for a typical braided component, the yarn architecture and
thus the mechanical properties are likely to change in dependence on the position on



1.1 Thesis objective 3

the component: Fig. 1.3 shows the concept of an braided aircraft frame with integrated
“mouseholes” for the crossing stringers. The cross-section not being cylindrical and the
variation of cross-section height introduces a change of yarn architecture (e.g. braiding an-
gle, preform thickness). The effort for an experimental material characterization would be
largely increased, requiring many test series to cover the variation of yarn architecture and
material properties on the component. Thus, a multi-scale modeling approach, predicting
the influence of the yarn architecture on material properties, substituting experiments
with numeric simulations, is much more efficient.

(a) Braided frame concept with crossing stringers (b) Braided frame preform

Fig. 1.3: Braided frame: concept with integrated mouseholes and braided preform [4]

1.1. Thesis objective

The main objective of the research work presented in this thesis was to develop a model-
ing framework for predicting the constitutive behavior of biaxial braided composites. The
modeling was intended to incorporate details of yarn architecture and its impact on the
mechanical properties, while being applicable for strength design of braided composite
components. The core of the framework was multi-scale-modeling, including efficient unit
cell models and macroscopic methods for structural simulation. Furthermore, experimen-
tal techniques for input property determination and model validation were required. The
major goals of the thesis can be summarized as:

• Yarn architecture characterization: development of an experimental method for
robust internal geometry measurements of braided composites.

• Mechanical characterization: experiments to determine the constitutive and failure
behavior of biaxial braided composites under combined stress states.

• Unit cell modeling: development of an efficient and parametric finite element unit
cell modeling approach, required to predict the mechanical behavior for a multitude
of yarn architectures and load cases.

• Macroscopic modeling: formulation of a modeling approach, based on the unit cell
simulation results, which is applicable for structural simulation of large braided
composite components.
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1.2. Structure of thesis

Chapter 2: Literature review

In Chapter 2, a literature review to previous published work in the field of experimental
characterization and numerical modeling of braided composites is given: a short introduc-
tion is provided to manufacturing aspects of the braiding process and the basic equations
for braiding process modeling are presented. Additionally, the work published on exper-
imental characterization and available analytical and numerical models for textile and
braided composites is reviewed. Finally, a short overview on modeling of failure, damage
and inelastic behavior in composite materials is given and applications of the models to
textile composite materials are described.

Chapter 3: Experimental techniques

Chapter 3 describes the experimental methods used for yarn architecture and mechanical
characterization. A description of the manufacturing process used for the braided com-
posites, characterized in this work, is provided. For yarn architecture characterization
the different techniques are described, including sample preparation and results evalu-
ation. Furthermore, specimen preparation, test set-up and evaluation methods for the
mechanical characterization are given.

Chapter 4: Experimental testing and results

Chapter 4 includes the results of the experimental work conducted for yarn architecture
characterization and mechanical testing. A strategy for yarn architecture measurement,
based on optical microscopy, is introduced. This includes studies on the sample position
dependence and the required number of the samples. Additionally, two braiding angle
measurement techniques based on surface scanning are compared and three-dimensional
effects based on micro computer tomography measurements are investigated. Off-axis ten-
sion and compression tests have been conducted to characterize the nonlinear and failure
behavior of (±30°) braided composites under combined stress states. Furthermore, the
mechanics of failure in tension and compression are identified and damage and plasticity
effects in the material are distinguished using loading/unloading experiments.

Chapter 5: Geometric modeling and analytical predictions

Chapter 5 describes the geometric unit cell modeling used in this thesis. Based on the
geometric models, analytical predictions of the braided composite elastic behavior are
given and parametric studies on yarn architecture variations are presented.

Chapter 6: Finite element unit cell modeling

The development of a novel finite element unit cell modeling approach based on beam and
continuum elements is described in Chapter 6. The equations and implementation of the
modeling approach, including constitutive modeling, periodic boundary conditions and
a volume-averaging for stress calculation are presented. An assessment of the predicted
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stress fields is obtained by comparison of the modeling results to a classical continuum unit
cell approach. Furthermore, the influence of boundary conditions in thickness direction
is studied, and the modeling results are finally validated by comparison to experimental
results.

Chapter 7: Macroscopic modeling of biaxial braided composites

The approaches used for macroscopic modeling of braided composites are described in
Chapter 7. Two analytical modeling approaches for failure prediction are compared and
a method for input property definition, based on unit cell modeling results, is derived. In
addition to the analytical modeling, a numerical modeling approach, considering plasticity
and damage effects in the braided composites, is presented and the numerical results are
compared to analytical modeling and experimental results.

Chapter 8: Conclusions and future work

Chapter 8 includes the overall conclusion on the experimental and numerical work con-
ducted in this thesis. Topics, identified in experimental characterization and numerical
modeling are discussed and possible solutions are given. Finally, possible points for future
research work are discussed.



2. Literature review

Fiber reinforced plastics (FRPs) are composite materials typically consisting of two com-
ponents: reinforcing fibers that are embedded into polymeric matrix [5]. The composite
material utilizes the best properties of both components: the high stiffness and strength
fibers take the task to carry the load and are the reinforcing constituent in the material,
while the softer matrix introduces and distributes the load into the fibers, keeps the fibers
in place and protects them against environmental effects. The usage of FRP materials
in aerospace, automotive, and other industrial applications has a long history, spanning
from the first half of the last century. In the 1930s and 1940s the first usages of FRPs
for aircraft wings and fuselages have been reported. The World War II accelerated the
development of composite components, mainly used as secondary structures in military
airplanes. In Germany, the first usage of FRPs in highly-loaded structures was achieved
by academic groups for gliding. In 1957 the glider airplane Phönix, which was the first air-
craft built completely from glass fiber reinforced plastics, took off on his maiden flight [5].
Application of composite materials in commercial airplanes has been done piece by piece.
At first, interior and secondary structures (e.g., leading edge skin vertical tail A300B) were
built from composites and long-term behavior was studied before being used in primary
structures [5].

The early applications of FRPs were focused on lightweight design and mass reduction.
The components were typically produced using hand-layup of pre-impregnated unidirec-
tional tapes, resulting in long and labor-intensive manufacturing processes. With the
growing usage of composite materials in aerospace and with new applications within the
automotive sector, the reduction of manufacturing costs and cycle times is of increasing
interest. Due the increased interest in reduced costs and automation of manufacturing
processes, textile reinforcements were established on the composite market [6].

Textile composites are fiber-reinforced plastics produced from a dry fiber textile rein-
forcement and a matrix (polymeric resin in most cases). The textile reinforcements are
produced from yarns, typically consisting of several thousand fibers, on textile machinery
specially adapted for high-performance fiber reinforcements [6]. The term textile compos-
ites describes a large range of materials, but in most cases, the reinforcements consist of
two or more sets of tows, which are interwoven in a textile process. The dry fiber rein-
forcements are either produced directly in the desired shape (e.g. braiding) or produced
in several preforming steps (e.g. woven fabrics). Commonly, the preforms produced are
then impregnated by a liquid resin infusion process yielding the textile composites. A
typical example for a textile process is given in Fig. 2.1.

The main reason for using textile composites is cost-efficiency [6]. Textile processes
and textile machinery have been developed and automated over centuries, which serves as
a good basis for automated and cost-efficient production processes. The classical textile
processes have been adapted to enable manufacturing of fragile reinforcement fibers ren-
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Fig. 2.1: Textile composite manufacturing process [7]

dering a high material throughput and low manufacturing costs. The variety of different
textile preforms allows the designer to use a material specifically suited to the structural
needs. Additionally, with direct textile preforming processes, such as braiding, it is pos-
sible to produce near-net-shaped preforms from the raw fiber material, which drastically
decreases material waste and manual rework.

Applications for textile and braided composites can be found in all areas of the com-
posite industry: a textile composite produced by 2D braiding in conjunction with a resin
transfer molding (RTM) infused thermoset resin has been used by Dowty Propellers since
1987 [6]. The crash-box of the Mercedes-Benz McLaren SLR sports car was produced by
braiding combined with other textile processes. The taper-shaped crash-box was over-
braided with a triaxial braid and further reinforced with a tufting technique, yielding a
very high specific energy absorption of 70 kJ/kg [8].

The recently developed Boeing 787 Dreamliner aircraft uses triaxial braided compos-
ites for the frames in the fuselage [9]. Additionally, General Electric used triaxial braided
composites in their jet engine containment of the Boeing 787’s engine for better damage
tolerance. The braid provides 30% better containment properties along with approxi-
mately 160 kg weight savings per engine [10]. BMW AG also has used triaxial braided
composites for the bumper beam of the BMW M6 sports car in a quantity of 6000 parts
per year [11].

The following chapter gives an overview of the current state of research regarding
braided composites. First, basic terms and definitions, the current state of braided com-
posite manufacturing, and characterization methods for braided composites will be de-
scribed. The second part will focus on the modeling of braided composites: an overview
of existing models will be given and further points regarding unit-cell modeling, as well
as modeling non-linear material behavior of composite materials will be dealt with.
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2.1. Types of textile composites

Textile reinforcements comprise one or more sets of yarns, which are interlaced with each
other or with additional stitching yarns. The yarns, which comprise several thousand fila-
ments, are the raw product of the textile reinforcement. The most common classification
of textile reinforcements refers to the directionality of the reinforcing fibers (Fig. 2.2): if
the fibers in the preform alone (without a matrix) can continuously transport loads in the
thickness direction, the reinforcements are termed “three-dimensional” [7].

Fig. 2.2: Textile reinforcement classification adapted from [7, 12, 13]

Two-dimensional textile reinforcement are well suited for in-plane loads, but still offer
a layered structure akin to conventional composite laminates. They can be produced
in processes with high material throughput. The interwoven structure of 2D textile re-
inforcements creates an uneven ply interface, which helps to increase the resistance to
delamination between the plies [14]. The in-plane properties are decreased due to the
out-of-plane waviness caused by the yarn interlacements.

Three dimensional textile composites have a certain volume fraction of fibers running
in the thickness direction. These 3D reinforcements offer great advantages in regions with
three-dimensional stress states and in cases requiring great damage tolerance. Only a
modest volume fraction of thickness fibers is needed to improve delamination resistance
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[7], and with an increasing volume fraction of thickness fibers the in-plane properties suffer
drastically due to the decreased in-plane volume fraction and additional fiber waviness.
The mechanical properties and the complexity of textile machinery reducing the rate of
production are the main reasons why the use of 3D textile composites is limited to special
applications [15].

Cox [7] states that all 2D and most 3D textiles are quasi-laminar. They can be con-
sidered to function as laminates, as high fiber volume fractions in the thickness direction
are seldom used as they lead to an unacceptable loss of in-plane properties [7]. If a higher
volume fraction of the fibers is running in the thickness direction, the textiles are termed
nonlaminar. This difference between quasi-laminar and nonlaminar textiles is particularly
relevant when choosing an appropriate modeling approach for the textile composite.

Within the area of quasi-laminar textile composites, the braiding process stands out
due to its high flexibility regarding material properties and the possibility to automate
the production of near-net-shaped preforms. In the following section a brief review of the
current state of research regarding manufacturing of braided composites will be given.

2.2. Manufacturing of braided composites

Braiding is a traditional textile manufacturing technique, comprising three or more yarns
that are interlaced in a defined pattern. Classical applications for braided textiles are
typically un-reinforced tows e.g., ropes or shoelaces. The first applications of the braiding
process in composite materials were reported in the late 1970s by researchers at Mc-
Donnell Douglas Aircraft Company [16]. For composite materials, braiding combines the
possibility of process automation, a high material throughput, low material waste and
improved damage tolerance. This results in a high potential for high-volume production
of composite structures [10, 15, 17, 18].

2.2.1. Braiding machines

Braiding machines can be separated regarding the directionality of the reinforcement
produced into 2D and 3D braiding machines (see Fig. 2.2).

2D braiding machines

Fig. 2.3 presents a state-of-the-art 2D braiding machine. The yarns spools are positioned
on an outer ring and point towards the center of the braiding machine. The yarns are taken
off the spools towards the center of the machine, where the braid is formed. The braids
can be produced without a mandrel, resulting in braided sleeves [19], or with a mandrel
in the overbraiding process. Commonly the mandrels have near-net-shaped geometry and
are guided by a robot through the center of the braiding machine. The basic principle
of 2D braiding is similar to the maypole dance: the yarns are stored in spools which are
arranged around the center of the braiding machine. The spools are placed on two sets of
yarn carriers; one rotating clockwise and the other counter-clockwise around the center of
the braiding machine. The yarn carriers move on sinusoidal paths defined by horngears.
Two adjacent horngears rotate alternately, passing the yarn spool from one horngear to
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Fig. 2.3: 2D maypole braiding machine with 128 yarn carriers.

another, when opposing notches of two horngears meet (Fig. 2.4a). The pattern of yarn
interlacement is thus controlled by the number and position of the spools with regard
to the number of notches (most commonly: 4 notches) on each horngear: if all available
yarn carriers are used on a four notch machine (“full configuration” see Fig. 2.4b), a 2×2
braided fabric is formed. For triaxial braids, additional axial yarns can be introduced
into the process through a tube in the center of the horngear. Special braiding machine
configurations also allow the introduction of axial yarns between two braided plies of
biaxial or triaxial braids [20, 21].

3D braiding machines

Through-thickness reinforced braids are manufactured on 3D braiding machines [15, 16,
22]. Two examples for 3D braiding processes, namely two-step and four-step braiding, are
given in [22]. In two-step braiding, axial yarns, which are arranged in the cross-sectional
shape of the desired preform, are interlaced by braider yarns. The braider yarns are then
diagonally moved through an (n×m) arrangement of axial yarns. In four-step braiding,
the yarns are arranged rectangularly in the machine bed and interlacement is achieved by
their relative displacement. One processing step involves four displacements of rows and
columns that move alternately.

Industrial applications of 3D braiding are still rare and limited to special cases such as
biomedical engineering [15]. In contrast, 2D braiding is a process used in several industrial
applications in the automotive [8] and aerospace industry [6, 10, 17, 20, 21].
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(a) Principle of yarn carrier move-
ment via horngears [15].

(b) Yarn carriers on a braiding machine.

Fig. 2.4: Yarn carrier movement on maypole braiding machine.

2.2.2. Types of braided reinforcements

Depending on the configuration of the braiding machine, different types of reinforcements
can be produced on 2D braiding machines. The type of reinforcement is primarily dis-
tinguished by the number of yarn directions, the braid interlacing pattern, and the type
of preform [15]. The concept of repeating unit cells (RUC) is commonly used to describe
the pattern of reinforcement, which can be done due to the periodicity of the interlacing
pattern (see Appendix C). Three types of braided reinforcements can be distinguished
according to the directionality of the reinforcement (Fig. 2.5):

biaxial braid Two sets of yarns directions are interlaced by the braiding machine with
the braiding angle θ defined relative to the take-up direction (see Fig. 2.5a).

triaxial braid A third set of yarns running in the axial direction is added (Fig. 2.5b).

unidirectional braid A UD braid is a special kind of biaxial braid, where one set of yarns is
replaced by a thin thermoplastic binder yarn. A quasi-unidirectional reinforcement
with reduced waviness is created [21].

(a) biaxial (b) triaxial

Fig. 2.5: Types of braid reinforcements [23].
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Braid patterns

The number of active yarn carriers defines the interlacing pattern of the braid (Fig. 2.6).
Most common are the 2×2 (regular braid) and 1×1 (diamond braid) patterns, which are
achieved by using all or half of the available yarn carriers on a regular 4-notch horngear
braiding machine (full configuration on Fig. 2.4b). Furthermore, 3×3 (hercules) and 4×4
braids may be produced by braiding machines with six and eight notches per horngear,
respectively, [24]. The waviness reduces with increasing length of the straight yarn region,
yielding better in-plane material properties. On the other hand the stability of the braid
decreases, which can be an issue for complex parts with large cross sectional changes.
The choice of braid pattern is usually driven by the component dimensions, required
mechanical properties and preform stability.

(a) diamond 1×1 (b) regular 2×2 (c) hercules 3×3 (d) 4×4

Fig. 2.6: Common of braid patterns with corresponding RUC.

Braided preforms

Braided preforms can be produced in different types regarding the continuity of the yarns
(Fig. 2.7). The most common is the overbraiding process, where a near net-shaped man-
drel is used to define the contour of the final part. This is achieved by rotating the yarn
carriers continuously around the braiding machine center through which the mandrel is

Fig. 2.7: Braided preforms: braided sleeves (left) and braided tapes (right) with the corresponding yarn
carrier movement (adapted from [15])



2.2 Manufacturing of braided composites 13

moved. The overbraiding process produces closed braids (braided sleeves [19]): a yarn runs
continuously from the starting point around the mandrel to the end of the component.
Flat braided reinforcements (braided slit tapes) may be produced from braided sleeves
by cutting the braid along the take-up direction [25] and subsequently draping it to a
flat shape. Alternatively, flat reinforcements can be achieved by removing the mandrel
from the braided sleeve and pressing the reinforcement flat [12, 26]. A special type of
reinforcement are braided tapes, which are produced by introducing a yarn carrier turning
point into the braiding machine (Fig. 2.7). In braided tapes the yarns are continuous,
turning at the edge of the preform and running in the reverse direction.

2.2.3. Basic equations for the braiding process

The braiding process includes complex mechanical processes such as yarn tension, yarn
deformation, yarn interaction, yarn mandrel interaction, and many more. Thus, the
quality and uniformity of the resulting preform depends on many interacting parameters,
such as yarn type, braiding machine size, and mandrel material. For a comprehensive
description of the braiding process, including prediction of braiding angle distribution or
possible defects, detailed models are needed. Finite element models [27, 28] provide a
realistic model of the process including friction and yarn-yarn interaction, but suffer from
the drawback of very high computational cost. Alternatively, improved kinematic models
[29, 30] can be used. These models use complex kinematic equations and are typically
based on on the description of a single yarn, i.e. yarn-to-yarn contact is not considered.
Besides these complex prediction models, some basic equations for the braiding process
exist that can be used to estimate the process parameters of the overbraiding process.

Braiding angle

The braiding angle (θ) is the angle of the braid yarns relative to the braiding direction
(Fig. 2.5) and is defined for a cylindrical mandrel guided through the center of the braiding
machine [31]:

θ = tan−1
(
Umωc
2πvm

)
= tan−1

(
dmωc
2vm

)
, (2.1)

where dm and vm are the mandrel diameter and the mandrel take-up speed, respectively,
and ωc is the angular velocity of the yarn carriers around the take-up axis. This can be
calculated from the horngear rotational speed:

ωc =
4πfhg
Nhg

, (2.2)

where fhg and Nhg are the frequency and the number of the horngears, respectively.
Although, strictly, Eq. 2.1 is only applicable to cylindrical cross sections, it can also be
used to estimate the braiding angle of other cross sections by replacing the term Um with
the perimeter of the cross-section [15]. However, it should be noted that the braiding
angle varies on a non-circular cross-section, i.e. the equation only provides an average
value for the cross section.
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Coverage

The number of yarns in a braiding process is controlled by braiding machine size and the
machine configuration. Commonly the braids are required to be closed1 (see Fig. 2.8)
with the active yarns in the process for the given mandrel size. This ensures a high
fiber volume fraction and high mechanical properties of the braided composite. Thus, a
certain number of yarns put a constraint on the mandrel perimeter and vice versa. The
requirement of a closed braid can be checked by the spacing (p) of two adjacent yarns
[16]:

p =
2πdm
Nc

cos(θ) (2.3)

Nc is the number of active yarn carriers, which is twice the number of horngears for a
full configuration on a 4-notch horngear machine. As the width of a yarn in the braiding
process can vary within certain boundaries, three different braid states shown in Fig. 2.8
are possible: a closed braid ensures a high fiber volume fraction without matrix-rich
regions. But if the mandrel dimension changes drastically, the braid may be open (gaps
between the yarns), or may not fit onto the mandrel (jammed) [27]. The status of the
braid can be evaluated by comparing the calculated spacing with the maximum and
minimum yarn width. The values for maximum and minimum yarn width are dependent
on the specific manufacturing conditions and the yarn itself and should be determined
experimentally.

Fig. 2.8: Possible braid states on mandrel with changing cross-section: a) closed, b) jammed, and c)
open (mandrel image from [27]).

1closed braid: the state of a braided preform, where all the yarns lie next to each other without a gap,
the mandrel surface is no longer visible after the first ply is braided.
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Areal weight

The areal weight of a biaxial braided preform can be estimated by applying geometrical
considerations. Potluri et al. [16] introduced a correction to account for the yarn crimp:

FAW =
NcT (1 + c)

πdmcos(θ)
, (2.4)

where T is the linear density of one yarn and c is the crimp factor defined in Eq. 2.10.
With c = 0, yarn crimp is neglected. If the thickness of the final part (such as in an RTM
process) and the fiber density is known, the fiber volume fraction can be estimated using
the fiber areal weight of the braid laminate

ϕf =
FAW

ρfh
. (2.5)

Preform mass produced per unit time

The preform mass produced within a certain time can be calculated from the fiber areal
weight. The mass per unit time is defined as:

ṁpreform = FAWπdmvm =
NcTvm
cos(θ)

=
NcTdmωc
2sin(θ)

(2.6)

For a typical biaxial braid configuration (Nc = 176 carrier braiding machine, T = 800 tex
with a dm = 100 mm mandrel and θ = 30° braiding angle) the theoretical fiber mass
output is 14.5 kg/h.

2.2.4. Resin infusion

Braided fabrics are either braided directly on a mandrel defining the shape of the part
or produced to semi-finished products, which are subsequently draped into the final ge-
ometry. In most applications, a liquid composite molding process in conjunction with a
polymeric resin is used for impregnation [6]. Both, closed mold RTM and single sided mold
resin infusion with flexible tooling processes have been reported [25, 26, 32–34]. Com-
pared to prepreg processes, considerable cost-savings can be achieved by using braided
composites in conjunction with resin infusion processes [18, 35].

2.3. Yarn architecture of braided composites

Textile composites are hierarchical materials: the material definition has to be described
on different length scales which are based on each other: the fibers in the yarns on the
micro-scale, the internal geometry of yarns and fabric unit cells on the meso-scale, and the
textile reinforcement on the macro-scale. Each scale has its characteristic length, 1-10 µm
for the fibers, 1-30 mm for the fabric the unit cell, and centimeters to several meters for
the composite structures [15, 36].
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It should be noted that the term meso-scale is not consistently used in literature. While
Lomov et al., and others, [15, 37, 38] define the field of composite unit cell mechanics
as meso-mechanics, the same type of models are defined as micro-mechanical in other
publications [39–41]. Ladeveze et al. [42] define single (unidirectional) plies in composite
laminates as meso-scale. Throughout this thesis, the definition of Lomov et al. [15] given
in Table 2.1 will be used.

Table 2.1.: Definition for micro-, meso-, and macro-scale used.

micro scale of fiber and matrix
meso scale of yarns and fabric unit cells
macro scale of textile composites and composite structures

The term “yarn architecture” refers to the internal geometry of a textile composite
described on the meso-scale. The yarn architecture of a braided composite comprises
three components, as shown in Fig. 2.9:

• Yarns, consisting of several thousand filaments impregnated with matrix.

• Matrix pockets, regions of pure matrix in-between the yarns.

• Voids: intra- or inter-yarn voids.

In the following section, an overview about previous works regarding the yarn architecture
of textile composites with a focus on woven and braided composites will be given.

Fig. 2.9: Micro-CT scan of the internal geometry of a (±45°) biaxial braided composite

Volume fractions

Volume fractions can be defined according to the components in a textile composite [40].
The total fiber volume fraction (ϕf ) is the volume of fibers in the composites, while yarn
volume fraction (ϕY ) describes the volume of yarns in the composite and can be considered
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as a measure of the tightness. Additionally, the packing density (pd) describes the fiber
volume fraction inside the yarn. These can be described by the following:

ϕf =
Vf
Vges

, (2.7)

ϕY =
VY
Vges

, (2.8)

pd =
Vf,Y arn
VY

=
ϕf
ϕY

. (2.9)

The total fiber volume fraction can be measured directly from braided composites by
using a variety of methods, such as digestion of the matrix [43]. The packing density
can be calculated from the yarn area (measured, e.g. from micrographs) if the diameter
and the number of filaments is known [33]. Typical values of the packing density have
been reported to vary from 60% to 80% [33, 44, 45] for braided composite fiber volume
fractions of 50-60%.

Yarns cross section and yarn path

The shape of the yarns in a textile composite is usually described by using the yarn cross
section, cross sectional orientation, and yarn path [46]. Commonly elliptical [40, 47] and
lenticular [44, 48, 49] cross sections have been reported in literature. Birkefeld et al. [33]
noted that both shapes of cross sections can be seen in micrographs of braided composites.
While the braiding yarns typically manifest a mixture of both cross sections, elliptical
cross sections dominate the axial yarns of triaxial braids. Byun [44] reports consistent
and regular shapes for the axial yarns in a triaxial braid, while the shapes of the braiding
yarns were irregular. Byun also described that the cross sections of the braiding yarns
located on the surfaces of the specimens tended to flatten. This is in agreement with
the observations from [33], where the flattening was considered to be due to the contact
of the yarns with the solid mold or the vacuum bag. Ruijter et al. [50, 51] found that
the average shape is close to lenticular, by applying an averaging routine to several cross
section images obtained from micrographs of a woven fabric. Ruijter noted that the yarn
geometry was variable (aspect ratio between 1:8 and 1:15) and that the automated image
averaging of cross sections only quantifies the variation, but cannot provide information
about the possible reasons (e.g. yarn crossover).

The yarn path can be divided into crossover regions (straight regions, floats: AB, CD,
EF in Fig. 2.10), where the yarns run over/under the crossing yarns, and undulation
regions (BC, DE in Fig. 2.10), where the yarn runs from the upper to the lower surface
and vice versa [40].

Fig. 2.10: Division of the yarn path [40].
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Different parameters are used to characterize the magnitude of undulation: the crimp
angle [7] is the maximum out-of-plane angle of the yarn path inside the undulation re-
gion; the yarn crimp ratio c given in Eq. 2.10 is most commonly defined by comparing
the crimped yarn length to the length of the fabric [52] (cf. Fig. 2.11). It should be
noted, that different definitions for the yarn crimp ratio have been described, e.g. by [53].
Owens et al. [54] use the waviness ratio WR, which is the thickness of the ply divided
through the wavelength of the undulation.

c = lyarn/lfabric − 1 (2.10)

WR = hply/lfabric (2.11)

Fig. 2.11: Yarn crimp interval with parameters to calculate crimp measures.

Besides average descriptions of yarn shape and path, considerable effort has been under-
taken to describe of variability of the yarn architecture. Vanaerschot et al. [55] presented
a stochastic framework based on the period collation method for the analysis of variations
in the yarn path and yarn cross sectional parameters based on micro-CT measurements.
He defines tow geniuses to calculate systematic and stochastic variations of the yarn path
from the geometric properties measured. Dips in the crossover region of the yarn path
shown in Fig. 2.12 are solely observed in inner plies, which he relates to the mold contact
of the outer plies. Vanaerschot concludes that out-of-plane waviness and cross sectional
parameters vary systematically, dependent on the relative positions on the yarn path,

Fig. 2.12: Systematic yarn path representation from [55]
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i.e. these values do not depend on the lateral and laminate position. However, this is
different for the in-plane variation of the yarn path, but a reliable analysis of this would
require a larger specimen. Matveev et al. [49] presented a similar evaluation method for
variability of the yarn paths in a 2×2 carbon-epoxy woven fabric. It was found that the
variations in the out-of-plane coordinates of the yarn path were of the same magnitude
as the resolution of the micro-CT images used for evaluation.

Nesting

Nesting is a phenomenon typically described for textile composite laminates [33, 56–59].
When several plies of a textile are stacked on top of each other to build a laminate
and compacted in a vacuum or RTM process, the thickness of the plies in the laminate
decreases with increasing number of plies. This effect is described as nesting and leads to
an increase of the laminate fiber volume fraction (compared to a single ply) and is mainly
attributed to two mechanisms [58]:

1. If textile composite plies are stacked on top of each other, the discrete yarn archi-
tecture comprises regions with free volume within one ply, which is filled by the
adjacent plies. Lomov et al. [56] presented a purely geometrical approach to model
this.

2. The dry yarns themselves deform under the compressive force [60] applied to the
preform during compaction. This may lead to yarn flattening or yarn cross section
deformation (Fig. 2.13).

Fig. 2.13: Factors affecting fabric compression [59].

The degree of nesting is given by the nesting factor η

η =
Nplies tply

h
, (2.12)

where Nplies is the number of plies in the laminate, and tply and h are the thickness of a
single ply and the laminate, respectively.
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Chen [59] conducted compaction experiments with different textile reinforcements and
found that the nesting of the laminate reached a stable state for more than 10 plies. The
difference in ply thickness in laminates between 10 and 25 plies is negligible. Numerical
studies regarding geometric nesting [56] show that closely packed fabrics are less prone to
nesting. The tightness T can be defined as a measure for this

T = (d1 + d2)/(2p), (2.13)

with d1, d2 being yarn height and width and p being the yarn spacing. It has also been
shown that longer floats (i.e. 2×2 compared to 1×1, cf. Fig. 2.7) and shear deformation
(braiding angles θ 6= 45° for braids), reduce the nesting. This has also been measured
experimentally for biaxial and triaxial braided composites with 30-60° braiding angles
[33]. In addition to the effects described above, Lomov et al. [56] noted that contradictory
results were reported for fabric nesting: Pierce [61] found the ply thickness to increase
with increasing number of plies in a plain glass woven fabric.

2.3.1. Characterization of the yarn architecture

Different methods can be used to characterize the internal geometry of textile composites,
the most common methods are:

• Analytical equations.

• Optical analysis using photomicrographs.

• X-ray micro computer-tomography (micro-CT).

• Finite element process simulation.

Analytical equations can be used to calculate the width of the yarns in the overbraiding
process if a closed braid is assumed [7]. The braiding angle can be calculated from the
process parameters with Eq. 2.1. When assuming a closed braid, the spacing can be
set equal to the yarn width and the yarn height can be calculated by estimating the
packing density (Eq. 2.9). The applicability of this method for the prediction of the
elastic properties of braided composites has been validated [33, 62].

Desplentere [63] presented a comparison of three methods, namely fabric scaning, op-
tical microscopy and micro-CT for dry glass fabrics. Fabric scan images were acquired
with a resolution of 1200 dpi1 from the fabric surface using a scanner and evaluated man-
ually using image analysis software. For optical microscopy, small samples (15×15 mm)
were embedded in an epoxy matrix and analyzed under an optical microscope yielding a
resolution of 22 µm per pixel. Similar samples were used for the micro-CT scans yielding
a comparable resolution (25 µm voxel2 size). A rather large variation of yarn-architecture
parameters was found for the fabrics investigated. The differences in results from the
three methods were found to be not significant at a 95% confidence level.

1dpi: dots per inch
2voxel: three dimensional extension of pixel
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Various researchers hvae used optical microscopy to determine the yarn architecture
of textile composites [33, 44, 51]. Birkefeld et al. [33] characterized biaxial and triaxial
braided composites with optical microscopy. They noted that an uncertainty was intro-
duced as the measured values had to be transformed using the cut angle if the cut plane
was not orthogonal to the yarn path. The cut angle is not known exactly due to uncer-
tainties in the embedding process of the samples. Crookston [64] therefore recommends
to section the samples perpendicular to the yarn path.

Ruijter [51] proposed a pixel-averaging technique to obtain the cross section from mi-
crosections of plain woven fabric composites. He averaged 80 polylines drawn around
the yarn cross sections to calculate the average cross section, but the yarn geometry was
rather variable with aspect ratios from 1:8 to 1:15 (Fig. 2.14). Ruijter furthermore notes
that no correlation between yarn shape phenomena and the position of the cross section
in the textile (e.g. flattened cross sections near the mold) has been done and that the
proposed averaging technique suffers from the fact that the conformance of the yarn cross
section with the longitudinal yarns may lead to an underestimation of yarn width.

Fig. 2.14: Yarn cross section obtained by pixel-averaging: distribution (left) and binary image with 0.5
threshold (right) [51].

Micro-CT measurements provide three-dimensional information about the yarn archi-
tecture. Changes in the yarn architecture can be correlated with the relative position
and information on the variability can be obtained [63]. The main difficulty of an auto-
mated evaluation of the samples is segmentation of yarns and matrix pockets: the contrast
between yarns and matrix is low, attributed to the low density difference of fibers and
matrix in cured composite samples. Vanaerschot et al. [55] described the necessity of
manual input for the image analysis of micro-CT scans to obtain reliable segmentation
results. Djukic et al. [65] used different techniques to improve the contrast and found
yarn coating prior to impregnation to be the most successful method for carbon/epoxy
laminates. In particular, the issue of segmentation of neighboring yarns could be improved
using coating.

Besides micrographs and micro-CT, which are both suitable for small samples of ap-
proximately 10-50 mm, image analysis techniques provide the possibility to investigate
large areas. Recently, some approaches to image analysis of fabric scans have been pub-
lished. Miene [66] presented an approach to automatically detect fiber angles and defects
like gaps for dry fabrics. Thumfart and Tanner [67, 68] presented a sensor based on
photometric stereo for similar purposes. As these approaches allow segmentation of the
textile, yarn width and spacing can also be measured.

A fully predictive approach to the characterization of the yarn architecture of braided
composites is FE braiding simulation [28, 69]. An explicit finite element simulation with
truss elements modeling the yarns was conducted, which allows to include the yarn kine-
matics and friction during yarn contact. The results provide information about the yarn
centerlines on the selected mandrel (Fig. 2.15). Pickett [69] introduced a special post-
processing technique for the braiding simulation and calculated a full 3D continuum model
of the yarns including yarn deformation and compaction. The main challenge for unit cell



2.3 Yarn architecture of braided composites 22

simulations has been identified to be the meshing of the small matrix pockets, which was
solved by using particle methods to represent the matrix.

(a) (b)

Fig. 2.15: Finite element braiding simulation for biaxial (a) and triaxial (b) braid.

2.3.2. Geometric modeling

Most geometric models of braided and woven composites use idealized descriptions for
yarn paths and yarn cross sections [39, 48, 70, 71]. Several software packages such as
WiseTex [46] and TexGen [71] have been developed for geometry modeling of textile
composites and offer a general framework for idealized geometric modeling of the yarn
architecture of various textile reinforcements.

WiseTex computes the internal geometry of the textile from user input, such as yarn
properties and weave patterns, based on an energy minimization algorithm [36]. A com-
bination of elliptical arcs and a 5th-order polynomial function represents the yarn path
in the undulation interval. The cross section of the yarns can be chosen either circular
elliptical or lenticular. WiseTex serves various interfaces, to Mori-Tanaka micromechan-
ics (TexComp [72]), permeability modeling (FlowTex [73]), and finite element (FETex)
software. Recently, a command-line interface and an open XML-dataformat have been
implemented in WiseTex [74]. This allows for straightforward integration of WiseTex
geometry models into simulations realized with 3rd-party software.

TexGen [75] is an open-source software package for textile modeling, providing a Python
scripting interface and various export options to Abaqus [76] FE software. TexGen uses
spline interpolation for the yarn path in-between the user-defined master-nodes and pro-
vides several possible yarn cross sections including elliptical and lenticular [77]. The
models from TexGen can be exported to third-party software as common geometric de-
scriptions (IGES, STEP) or as a tetrahedral or voxel continuum element mesh to the
FE-software Abaqus [38].

Idealized geometric models are rather simple to implement into generic software, how-
ever when a tight yarn architecture (high yarn volume fraction, ϕY ) is modeled and
used for finite element analysis, one faces the problem of yarn volume interpenetration
as shown in Fig. 2.16 [24]. Finite element meshing with continuum elements requires the
geometries to be consistent, which means that yarn volumes cannot overlap each other.
Potluri et al. presented an analytical approach, which overcame this problem by using the
same functions for yarn path and yarn cross section, but the geometry is limited to plain
(1×1) fabrics [62].



2.3 Yarn architecture of braided composites 23

Fig. 2.16: Volume interpenetration for biaxial and triaxial braids [24]

Several researchers proposed improvements to overcome the problem of volume inter-
penetration by using analytical considerations or finite element contact analysis. Sherburn
[77] used an idealized geometry of a 4-harness satin weave modeled with TexGen as a ba-
sis, refined the yarn path definition, and changed the cross sectional shape and orientation
at the crossover points of the fabric. The improved geometry has been validated against
micro-CT measurements and provided good correlation of yarn path, cross sectional shape,
and rotation. In a second publication an automated algorithm for correction of volume
penetration based on an FE contact analysis using plate elements was proposed [78]. The
approach has been implemented in TexGen and led to good improvements regarding vol-
ume penetration for a 2D textile. On the other hand, the results for a 3D orthogonal
weave were less accurate, still showing interpenetrations.

Lomov et al. [24] also presented an approach for interpenetration removal implemented
into the MeshTex [79] software. The unit cell is divided into several sub-problems, each
representing one contact pair, the yarn volumes are moved such that interpenetration is
not occurring and beam elements are defined between the surfaces. The yarns are defined
to be volume-constant (ν = 0.5) and pressed together to create tight, non-interpenetrating
volumes. In the last step, the yarns are re-assembled into the complete unit cell.

In addition to idealized geometrical models with the option of volume-interpenetration
correction as described above, analytical approaches for detailed geometric modeling of
textile composites exist. Hivet and Boisse presented an analytical approach for consistent
geometric modeling of fabric unit cells [80]. The model ensures a realistic contact surface
without interpenetration of the yarns, which is achieved by changing the cross-section
shape of the yarn along the yarn path. A CAD-preprocessor was used for the creation
of the fabric unit cell geometry and export to a finite element code resulting in a high-
quality regular mesh of the yarns. However, the model was applied to dry fabric unit
cell simulations, which do not face the problem of matrix-meshing in the thin crossover
regions.

Different methods using finite element analysis for modeling of compaction have been
presented in the literature. Grail et al. presented a geometrical model with consistent
surface meshes, which do not suffer from volume penetration or free volumes (voids)
[81]. Meshes from a previous preforming simulation were used as an input and a sub-
sequent compaction simulation with multi-layer unit cells yielded realistic yarn volume
fractions within the unit cell. Hsu and Cheng presented an approach to geometry cre-
ation using multi-step FE-analysis [82]. The method included FE compaction simulation,
re-construction of the geometry, and removal of geometric inconsistencies. Stig and Hall-
ström recently presented a new FE-based approach for realistic geometric modeling of 3D
woven textiles [83]. Based on a TexGen geometry, yarns were modeled as inflatable tubes
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in an explicit FE analysis. The validation of the calculated yarn geometry with micro-CT
scans shows good accordance. The model combines advantages of a few input parameters
and is generic and extendable to other types of textiles.

2.4. Mechanical testing of braided composites

Mechanical characterization of braided composites is an important method for both under-
standing the complex and anisotropic material behavior and for creating a basis for the val-
idation of predictions. Common standards for composite materials such as ASTM D3039
(plain tension, [84]) or ASTM D6641 (plain compression, [85]) were developed primarily
for UD, angle-ply, or quasi-isotropic laminates. Special considerations regarding coupon
geometry, measuring systems, and test procedures for textile composites are given in
ASTM D6856 [85]. Among other points mentioned in [85], recommendations regarding
specimen width and strain gauge size are given; the specimen width is recommended to
be larger than two times the width of the representative unit cell marked in Fig. 2.6 to
ensure a representative constitutive behavior. The strain gauge width and length are
recommended to be, at minimum, equal to the unit cell dimensions – as the strain field
on textile composites varies due to the textile architecture [86]. The recommendations
are based on experimental campaigns on different triaxial braided composites that were
carried out by Masters et al. [86–88].

2.4.1. Elastic behavior

Birkefeld et al. presented an experimental test campaign comprising biaxial and triaxial
braided carbon/epoxy composites with θ = 30°, 45°, and 55° braiding angles [33]. The
triaxial braided composites exhibit a higher stiffness in both axial and transverse direction
when compared to biaxial braids with the same braiding angle. The modulus in the axial
direction was reported to decrease with the braiding angle. This is in accordance with the
results presented by Charlebois et al. [25] based on tensile and compressive experiments of
glass/epoxy biaxial braided composites with θ = 35°, 45° , and 50° braiding angles. The
shear behavior of the braided composites was also evaluated; the Iosipecu shear testing
method used was found unsuitable due to the high stiffness and strength of the braided
composites.

2.4.2. Nonlinear and failure behavior

Several publications have reported on the nonlinear and failure behavior of braided com-
posites. During the early 90s, many experimental studies were published concerning
triaxial braided composites [87–91]. Minguet and Gunther [92] compared the response
of triaxial braided composites to tape laminates with equivalent material and layup. It
was found that transverse tensional strength and shear strength was lower for the braids,
which was attributed to the braid yarn undulation. Open-hole and filled-hole tensile
strength can be increased with the braids, but all compressive properties were higher for
the equivalent tape laminates.
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A study on the mechanical behavior of biaxial braided composites was conducted by
Tsai et al. [32]. They used pressurized cylinders with a braiding angle of 45° with biaxial
and triaxial braided reinforcements of graphite and glass fibers. The hoop strength of
the cylinders increased by 25% for graphite compared to glass fibers and triaxial braids
were reported to have a lower hoop strength, which was attributed to the lower volume
fraction of circumferential (braid) fibers in the triaxial braid.

An extensive study on glass/epoxy biaxial braids was conducted by Harte and Fleck,
characterizing braided tubes with different braiding angles in tension, compression, and
shear [93, 94]. The tensile and compressive strength increased with decreasing braiding
angles, while shear strength decreased. This was attributed to the increased influence
of the matrix material at higher braiding angles, where the angle between fibers and
load direction is higher. The influence of the braiding angle was also observed in the
stress-strain behavior, which was linear for small braiding angles and strongly nonlinear
at higher angles (Fig. 2.17).

Fig. 2.17: Failure chart (left) and stress strain curves (right) measured from biaxial braided tubes [93].

Similar results have been obtained for glass/epoxy biaxial braids by using flat coupons
[25]; a linear increase of strength with the braiding angle was reported in tension, while
the compressive strength was lowest at a braiding angle of 45°. Further studies regarding
strength at low braiding angles have been carried out by Huang and Ramakrishna [48]: a
specimen with continuous yarns was studied (braided sleeves Section 2.2.2) and showed
that the longitudinal strength increases by 50% for a braiding angle of 15° compared to 25°.
While the stress-strain response was linear for small braiding angles, major nonlinearities
before final failure were observed for braiding angles higher than 25°.

Failure modes

The failure modes described for biaxial braided composites follow the same mechanics as
those occurring in UD composites [95]. However, the internal structure of the braided
composite triggers different failure modes than the ones observed in UD composites.

The micromechanical events during failure in yarns and matrix of textile composites
are described by Cox et al. [7, 91]: for tensile loads, micro-cracking in the transverse
oriented tows (if present) is the first failure event, followed by fiber (tow) rupture, which
is the dominant failure mechanism. Fiber strength is reduced compared to UD materials
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due to the uneven load-distribution within an undulated tow. If the load is not aligned
with one of the fiber directions, shear failure or transverse cracking can become dominant.
Compressive failure may involve several mechanisms such as shear micro-cracking, inter-
ply and intra-ply delamination, and kink-band formation within the tows (Fig. 2.18).
Shear failure within the tows starts with arrays of microcracks involving considerable
micro-plasticity and propagates to larger matrix cracks with the damaged material broken
into pieces.

Fig. 2.18: Failure mechanisms in compression [7]

Harte and Fleck [93, 94] identified four failure modes for glass/epoxy braided tubes:
fiber failure and neck propagation in tension, fiber microbuckling and diamond shaped
buckling in compression and shear. There was a strong dependence of the failure mode on
load and braiding angle. The results are summarized in a multi-axial failure mechanism
map, presented in Fig. 2.19.

Fig. 2.19: Failure map for biaxial braided tubes under combined loads [94].
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Fouinneteau [12] further stated that fiber failure in tension and compression and shear
induced fiber/matrix debonding occurs as in-plane failure modes of biaxial braided com-
posites. In addition, inter- or intra-laminar delamination, as shown in Fig. 2.18, may
occur due to tow-straightening.

Cutting of the specimen and coupon geometry

The internal structure of most braided composites is of similar length scales as common
coupon dimensions for mechanical characterization [84, 85], which draws attention to the
influence of coupon size [96]. In addition, the overbraiding process yields a continuous
fiber network on the mandrel, i.e. a fiber (yarn) runs continuously from the beginning to
the end of the mandrel. This is not the case, if braided coupons are cut from composite
panels. The influence of coupon dimension and the effect of continuous yarns has been
investigated by various researchers.

While the elastic properties of braids are not influenced by the continuity of the
fibers, the strength of uncut coupons may exceed that of cut configuration coupons (see
Fig. 2.20). The effect becomes particularly dominant for small braiding angles: more than
100% strength increase was reported by [70] for (±17°) and (±15°) biaxial braids, while
moderate strength increase of 27.5% and 13.3% is measured by [34] for (±25°) and (±45°)
biaxial braids, respectively.

Additionally, the failure mode of the specimen can change between cut and uncut config-
uration: while cracks are forming in the center of the specimen in the uncut configuration,
edge cracks initiate the failure in the cut configuration [97].

Fig. 2.20: Uncut (left) and cut (right) edge configuration of braided composites [70].

Kelkar and Whitcomb [26] characterized flattened braided sleeves and reported strong
braiding angle variability to be a consequence of process inaccuracy during the flattening
of braided tubes. It was possible to improve the braid angle variation by using “slit tapes”,
which are braided on a circular mandrel and slit along the braiding direction.

Van den Berg [96] investigated the influence of the coupon width on the mechanical
properties of biaxial carbon/epoxy braids. He found the Young’s modulus to be insen-
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sitive, but the yield and ultimate stress were smaller, if the width of the coupon was
decreased to less than twice the unit cell width. He attributed this fact to the failure
mode, which was purely matrix-dominated in the case the coupon width was smaller the
width of one unit cell. In contrast, the failure mode was fiber-dominated for larger coupon
widths.

Damage initiation and progression

A general methodology for the experimental characterization of damage initiation and pro-
gression in textile composites was published by Lomov et al. [98]. Different techniques such
as acoustic emission, full-field strain measurement via digital image correlation (DIC), and
postmortem micrograph investigation were proposed to study the occurrence and pattern
of micro-cracking within different loading stages.

Littell et al. [99] used DIC techniques to obtain information about local deformation
and failure mechanisms of triaxial braided composites. It was stated that DIC provides
information about local failure initiation mechanisms in different yarn orientations and
in-situ yarn properties could be measured by local evaluation of the strain field.

2.5. Textile composites constitutive behavior prediction

A variety of analytical and numerical models exist to predict the constitutive behavior of
textile composites. The models can be divided into three major groups:

1. Analytical methods, e.g., Iso-Strain/Stress, Mori-Tanaka, and methods of cells.

2. CLT-Methods: classical laminate theory is adapted to model the textile reinforce-
ment.

3. Finite element unit cell models: the yarn architecture is modeled in a unit cell.

The models require different depth of input and numerical effort and offer different levels
of detail regarding the predicted information: analytical models can include detailed
geometric information about the yarn-architecture and provide a very efficient solution.
However, such models often suffer problems in correctly representing the stress and strain
fields in yarns and matrix, which is important for failure and damage modeling [100].
FE unit cell models provide detailed stress and strain fields and can include various
constitutive models for plasticity and damage in matrix and yarns. However, these models
require a considerable number of input properties, can be very complex to implement and
require high computational cost [101]. Computational efficiency is the biggest advantage
of the CLT-models, which enable ad-hoc implementation into most FE packages and can
be used to analyze structural problems with existing FE methods [12]. The following
section gives an overview of models for textile composite constitutive behavior prediction,
with a focus on models for braided composites.
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2.5.1. Analytical models

The first analytical models for woven composites were presented by Ishikawa and Chou in
the early 1980s [102–105]. Three methods, namely the Mosaic Model, Fiber Undulation
Model, and Bridging Model (Fig. 2.21) were developed. The mosaic model neglected
undulation, and used cross-ply laminates assembled under the assumption of iso-strain
and iso-stress to model woven fabrics. The fiber undulation model [105] calculates the
stiffness knockdown due to yarn crimp in a woven fabric by modeling the out-of-plane
waviness of the yarn as an assemblage of various slices of stacked matrix and UD off-
axis laminates. The local stiffness of the yarn is transformed into the global coordinate
system, one slice of yarn and matrix is assembled using iso-strain condition and the slices
are assembled by applying the iso-stress condition. The bridging model can be described
as a combination of mosaic and fiber undulation models: a woven fabric is sub-divided
into regions of straight and undulating yarns and assembled by a combination of iso-stress
and iso-strain conditions [102].

Fig. 2.21: Mosaic, fiber undulation and bridging model [102]

Many extensions and enhancements of Ishikawa’s and Chou’s models have subsequently
been developed. Naik and Shembekar [106] extended the fiber undulation model to 2D
using the Parallel-Series or Series-Parallel models. An iso-stress condition is used along
the loading direction, while iso-strain is used in the transverse direction: the models are
distinguished by the order of the homogenization. The Parallel-Series model has been
noted to give better results for the elastic constants of woven fabrics.

A general model, namely the “orientation averaging” model, was proposed in [107–109].
The model treats the textile composite as an assembly of small volumes of unidirectional
composites, weighted by their volume fraction and assembled under iso-stress or iso-
strain assumption. Cox and Dadkhah [91, 110] used this method including a correction
for stiffness knockdown due to fiber undulation and obtained good results for 3D woven
and triaxial braided composites.

Various extensions of iso-strain / iso-stress methods have been applied to braided com-
posites. Most models include a more detailed geometric description [44], and some are
also extended to failure prediction [70]. An extensive overview and comparison of these
models has recently been given by Hallal et al. [111].

Another approach to homogenization of textile composites using a Mori-Tanaka method
has been proposed by Huysman et al. [72, 112]. The yarns in a fabric unit cell were sub-
divided into smaller segments, with the segments characterized by fiber volume fraction,
orientation, cross section, and local curvature. The segments are then replaced with
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ellipsoids of identical cross sectional shape and the length correlated to the curvature.
Eshelby’s equivalent inclusion principle and the Mori-Tanka scheme are used for the ho-
mogenization. The method was implemented into the TexComp software, which is part
of the WiseTex package [46]. Good predictions for the elastic constants of woven and
braided composites have been obtained with the method [33, 63, 112].

Recently, the Methods of Cells [113] has been applied to textile composites. Prodro-
mou et al. presented an approach using the geometric description of WiseTex and Methods
of Cells for the prediction of stiffness and strength [100]. It was outlined that the model
is computationally very efficient and general. The results were compared to conventional
methods and experiments and a promising correlation was achieved.

2.5.2. Classical laminate theory methods

Classical laminate theory (CLT) was primarily designed for UD composites but can be
applied to laminar textile composites [7] using equivalent tape laminates to represent the
directionality of the reinforcement.

Smith and Swanson used the strain in the axial and braid fiber direction for failure
prediction of triaxial braided composites [90, 114–116]. The global strain was transformed
into the fiber directions and a maximum strain criterion in the yarn direction was used
to predict the failure under various loads. The criterion was in good correlation with
experimental data when the failure strain values for axial and braid yarns were obtained
by correlation to selected test results.

Johnson et al. [117] presented a constitutive model for the prediction of nonlinearities
and damage in woven composites. A continuum damage mechanics approach is used
in conjunction with a one-dimensional plasticity law under shear. The approach was
implemented in the explicit FE code PAM-Crash. Later, a similar model for braided
composites was implemented into PAM-Crash and extended in order to account for tow-
straightening and delamination [12]. Comparison to experimental results on coupon tests
and sub-structures showed promising correlation, but the coupling between inter- and
intra-ply damage was not considered due to the lack of experimental data [12].

Goyal et al. [118] presented an equivalent tape laminate model for biaxial braided
composites. The laminate comprises one ply for every yarn direction and an additional
matrix ply (Fig. 2.22a). Hill’s yield criterion is used in yarn and matrix plies to predict
nonlinearities prior to final failure. Comparison of the equivalent tape laminate to 3D
continuum unit cell results show only minor deviations; this shows the potential of the
equivalent tape laminate modeling approach. The correlation to experiments was good
for both methods, but the equivalent tape laminates were stiffer than the unit cells as
fiber undulation was not considered.

Zebdi et al. [119] presented an inverse modeling approach based on CLT. Equations
were given to calculate the equivalent properties of the single plies within a virtual (±θ)s
laminate based on the experimental results of biaxial braided composites. The calculated
properties of the virtual plies differ significantly from those obtained for UD plies. The
applicability of the approach to braids of various braiding angles and woven fabrics is
successfully demonstrated.
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(a) Equivalent tape laminate including matrix layer
[118].

(b) Sub-cell approach for triaxial braided compos-
ites [120].

Another approach to modeling braided composites using CLT are the so-called sub-
cell models [120–122]. These represent the textile architecture macroscopically using
sub-cells with different layups in FE calculations (Fig. 2.22b). Usually, two types of sub-
cells, comprising and not comprising axial yarns, are distinguished for triaxial braided
composites.

2.5.3. Finite element unit cell modeling

FE unit cell modeling is commonly used for prediction of the elastic and nonlinear be-
havior of textile composites. The basis for FE unit cell modeling is a suitable geometric
description of the yarn architecture of a representative unit cell (RUC). The geometry of
yarn and matrix pockets is imported into FE software, meshed, and solved using periodic
boundary conditions. The models typically require high effort for model generation and
increased computational cost [101], which makes these models unattractive for macro-
scopic modeling. However, FE unit cell models provide a high level of detail in stress
and strain fields inside yarns and matrix, making them suitable for the prediction of fail-
ure and damage inside textile composites. Lomov et al. [123] highlighted their potential
by comparing the strain field calculated by FE unit cell models to experimental results
obtained by shearography. The FE unit cell solution could represent the features of the
measured strain field such as tension-bending coupling of single ply woven fabrics when
loaded along one yarn. The calculated strain values have been reported very close to the
measured values.

In an earlier publication, Lomov et al. [24] summarized the relevant modeling stages to
be considered for meso-FE unit cell modeling:

1. Build a model of the yarn architecture.

2. Transfer the geometry to a volume representation .

3. Correction of volume interpenetration before meshing.

4. Meshing yarns and matrix.

5. Assignment of local material properties.
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6. Definition of the smallest possible unit cell size and application of periodic boundary
conditions.

7. Homogenization procedure.

8. Damage initiation modeling.

9. Damage propagation modeling.

The modeling stages described in [24] mainly refer to full 3D continuum element unit cells.
Depending on the FE unit cell modeling technique used and on the aim of modeling, some
points may be added or skipped; e.g. some of the models do not require a correction of
volume interpenetration [124, 125] and others use a failure criterion for prediction of the
bearable stress, which does not include damage propagation [47, 62]. A classification of
the different FE unit cell modeling techniques may be given by the meshing technique
(i.e. the type of finite elements) used. The following section gives a short overview of the
available approaches to FE unit cell modeling.

The most common technique for finite element unit cell modeling is 3D continuum
element modeling. Both yarns and matrix pockets are meshed with tetrahedral or hex-
ahedral volume elements. As the yarn and the matrix domain have to be meshed with
opposing nodes, a consistent geometry description is needed for continuum unit cells. As
idealized geometric models are likely to provide penetrating volume descriptions for the
yarns, several methods for interpenetration correction have been proposed [24, 77, 78].
For high fiber volume fractions resulting in high yarn volume fractions ϕY , the matrix
pockets in the RUCs become very small, which requires small and often distorted elements
of coarse quality [37, 101]. To overcome this problem, models with decreased yarn volume
fractions and adapted packing density are sometimes used to achieve a realistic total fiber
volume fraction [45]. Alternative techniques including compaction simulation have been
proposed to obtain models with realistic yarn volume fraction [81, 82], but these require
an additional independent simulation step, which highly increases the computational cost.

Despite the complex mesh generation, continuum element unit cells have the advan-
tage that common constitutive models can be used to describe damage initiation and
damage progression in the yarns. Early unit cell computations [79, 126] used simple dam-
age models, instantly reducing the stiffness to a value near zero after damage initiation.
Zako et al. [79] compared the results of unit cell simulations of a single ply woven fabric to
experiments and found that the transverse cracking within the yarns could be predicted
in good correlation to the experimental results.

Ivanov et al. [45] used the physically-based Puck criterion [127] to predict damage initi-
ation in the yarns and a continuum damage mechanics approach for damage progression.
The local damage mechanics – i.e. relating the progression of damage to local values –
can result in physically unrealistic predictions of damage progression. Thus, a non-local
one-parameter damage evolution law based on the average shear stress in the yarn was
proposed. The unit cell calculations were compared to experimental results and damage
initiation as well as stiffness degradation were in good agreement.

Carvalho et al. [47] recently presented a study on the nonlinear behavior of woven
fabrics, including a yarn failure criterion for failure onset, debonding between tows and
matrix, and a plasticity criterion in the matrix. The predicted compressive strength
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was highly dependent on the out-of-plane boundary conditions used. Considering matrix
plasticity and tow/matrix debonding prior to final failure could improve the accuracy of
the numerical results.

For biaxial braids, severe nonlinearity prior to final failure was described by Goyal
[39]. An anisotropic Hill plasticity criterion was used to model the nonlinear behavior of
the yarns, and hardening was defined by using a single master curve. The parameters
for the yield criterion and hardening were obtained by fiber/matrix unit cell simulations
under distinct load cases. Non-linearity of the braids prior to failure was predicted by full
3D unit cell simulations and compared to experiments for different braiding angles. The
predictions were in excellent agreement for glass/epoxy braids, while reasonable agreement
was obtained for the carbon/epoxy braids [118].

An alternative technique using 3D continuum elements is voxel meshing. Equivalent to
micro-CT scans, the volume of the unit cell is sub-divided into cuboids of equal size, which
are labeled volumetric pixels. The volume mesh is not consistent to the geometry, i.e. yarn
and matrix volumes are solely defined by the material properties assigned to an element
(cf. Fig. 2.23). Kim and Swan [128, 129] presented techniques for textile composite unit
cell voxel meshing and proposed a refinement technique based on the virtual strain energy
to improve the accuracy of the voxel meshes along material boundaries. Voxel meshing
was found to be able to rapidly and automatically generate unit cell models maintaining
excellent shape and aspect ratio of the elements under mesh refinement, which is not the
case for tetrahedral meshes. It was concluded that for voxel-based meshing, a tradeoff
exists between a higher computational expense of the models and the reduced time spend
on manual mesh generation [128]. Crookston compared conformal tetrahedral and voxel
meshing techniques for woven fabrics [38]. The conformal technique was found to converge
faster in terms of fiber volume fraction and stiffness; however tight textiles with touching
yarn boundaries are unlikely to be successfully meshed by conformal techniques. Thus,
voxel meshing may be an appropriate technique for such tight textiles. Recently, Potter
[37] presented a new voxel meshing algorithm including surface smoothing, which makes
it possible to model tow/matrix debonding in the unit cell simulations.

(a) (b)

Fig. 2.23: Comparison of continuum (a) and voxel (b) mesh for (±45°) biaxial braids [130].

The Binary Model, a reduced approach for textile composites finite element modeling,
was presented by Cox et al. [125]. The model uses truss elements for the yarns, which are
embedded in continuum elements: this represents a separation of the material properties
into the two types of elements. While the longitudinal properties of the yarns are rep-
resented by the truss elements, the transverse and shear properties of the yarns, as well
as the isotropic properties of the matrix, are smeared in the effective medium continuum
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elements. Elastic and failure models related to the binary model representation and the
implementation of the model in Abaqus for 2D and 3D woven composites were presented.
In a subsequent publication, an improved constitutive model was proposed [131], which
takes into account the effect of volume doubling and allows to calibrate the constitutive
model on the basis of UD experiments. The Binary Model predictions were reported
to give excellent correlation for the elastic constants of 3D woven composites. Further
models for tensile or compressive fiber failure were provided, including the effect of tow
misalignment and uneven load distribution.

Yang and Cox [132, 133] presented a further extension of the model by introducing a
multi-point-constraint coupling between truss and continuum elements and an averaging
technique for the strains in the effective medium. The strain field inside the effective
medium is mesh dependent, as the mesh size introduces an averaging of the theoretically
divergent strain at the point where the truss is embedded into the effective medium. Yang
and Cox presented a strain averaging technique and demonstrated that the strains are
mesh-independent when averaged over volumes with dimensions greater than half the
width of a tow. It was also noted that these averaged strains were favorable for failure
analysis, as the failure events inside a composite are connected to stresses or strains
averaged over a distinct length scale [134, 135]. In a later publication, the applicability of
the strain averaging approach for failure predictions was shown, including the comparison
with experiments [133]. The material parameters used tor the two failure modes were
obtained from calibration of uniaxial experiments, and the strength of a triaxial braided
composite could, in most load cases, be predicted within 10% of the experimental value.

Flores et al. [136] included a plasticity law into the Binary Model to account for matrix
nonlinearity prior to final failure. A Drucker-Prager plasticity criterion with fully associ-
ated flow rule and perfectly plastic deformation was used in the effective medium. The
material parameters were obtained by calibration of the model to uniaxial tests. Com-
parison of the model predictions to open-hole tension experiments (see Fig. 2.24) show
that the Drucker-Prager criterion is able to accurately model the matrix nonlinearity and
that gauge-averaged stresses are suitable for predicting the failure stress measured in the
experiments.

Fig. 2.24: Open-hole tension simulations using the Binary Model [136].

Blacklock [137] presented an approach for the generation of virtual textile specimens,
using statistical data from micro-computed tomography and used the binary model to
create a virtual specimen.
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Jiang et al. [124] proposed a domain-superposition technique (DST), which can be
considered as an extension to the binary model. But in contrast to the binary model,
the DST embeds continuum yarns in the continuum matrix elements (Fig. 2.25). The
coupling uses multi-point-constraints that relate the displacements of the yarn nodes to
the displacement of the matrix host element. This is similar to the embedded elements
function described by Yang and Cox [132]. The stiffness of the tow was adjusted by
Jiang et al. by subtracting the matrix stiffness, which is required due to the doubling
of volume. The error in stiffness and stress fields between DST and conventional FE
analysis was reported to be less than 5%, while a significant reduction of model DOF can
be achieved using DST. This was confirmed by Tabatabaei et al. [138], who performed
a study on the DST and found the stress fields in good accordance with traditional
continuum meshes.

Fig. 2.25: Domain superposition technique: overlay of meshes from tow and matrix [124].

An alternative reduced FE unit cell modeling technique for 2D woven and braided com-
posites was proposed by Gager et al. [101, 139, 140]. The technique uses shell elements to
model yarns and matrix within the unit cell (Fig. 2.26). The shell elements are connected
with multi-point-constraints and nonlinear material models including damage and plastic
deformation [141] are used for matrix pockets and yarns. The model comprises far fewer
DOF compared to a conventional continuum model and thus allows a significant reduction
of computational cost [140].

Fig. 2.26: Shell element unit cell [101].
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2.6. Multi-scale modeling and homogenization

Multi-scale modeling is based on the principle of homogenization of properties from a
smaller (commonly micro) scale to a larger (commonly macro) scale [142]. If a material
has heterogeneous material properties C(x) on the microscopic scale, the microscopic
stress and strain fields σ(x) and ε(x) are also heterogeneous under a given boundary
condition. For a macroscopic problem the microscopic variations of the strain field are
not of interest and thus stress and strain are homogenized to macroscopic properties
(〈σ〉 , 〈ε〉). The effect of the changing microstructure can therefore be described by a
change of the macroscopic material constitutive tensor C∗ (Fig. 2.27).

Fig. 2.27: Homogenization and characteristic length [142].

In this section, a short overview of homogenization and boundary conditions will be
given.

2.6.1. Averaging and effective properties

A macroscopic material point is related to a microscopic volume with fluctuating stress and
strain fields. The mechanical state of the macroscopic point is related to the microscopic
field through volume averaging:

〈σ〉 =
1

V

∫

V
σ(x)dV 〈ε〉 =

1

V

∫

V
ε(x)dV . (2.14)

The macroscopic constitutive equation,

〈σ〉 = C∗ · 〈ε〉 (2.15)

can be used to calculate the effective macroscopic constitutive tensor C∗, if macroscopic
stress and strain are known [142]. For the calculation of a full constitutive tensor, six
independent load cases in an FE unit cell are required [40].
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2.6.2. Representative volume element / repeating unit cell

The difference in terminology between RVE and RUC is discussed in further detail in
Appendix C, only a short description will be provided here. For a material with a statis-
tically distributed microstructure, the concept of representative volume elements (RVE) is
used: the subvolume investigated needs to be large enough that the volume fractions and
the statistical distribution from the complete material can be reproduced. The repeating
unit cell (RUC) concept describes a material whose microstructure is periodic. The RUC
is the smallest volume that can reproduce the microstructure through repetition.

As braided composites have a periodic microstructure introduced through the interlac-
ing yarn pattern (see Fig. 2.6), the RUC concept is commonly used for unit cell modeling
[39, 40, 45, 62]. The RUCs used in literature are not always the smallest possible volume
to describe the microstructure (cf. [40, 62]); this is primarily due to practical reasons such
as simplicity of the boundary conditions implemented.

2.6.3. Homogeneous boundary conditions

Homogenous boundary conditions prescribe either the traction or the displacement on
the boundary of the investigated volume. Fig. 2.28 presents a 2D example for a uniaxial
stress and a uniaxial strain boundary condition. For homogenous materials, homogenous
boundary conditions can be used to evaluate the material properties, but for heterogeneous
materials, the response is dependent on the size of the investigated volume and on whether
displacement or traction boundary conditions are used [143]. Applying these simplified
boundary conditions to finite element unit cell calculations may be valid for some purposes,
but should be handled with care as they can lead to artificial stress concentrations, as
reported by [64], for an FE unit cell of a woven fabric.

Fig. 2.28: Homogeneous boundary conditions

2.6.4. Periodic boundary conditions

The equations and theory of the periodic boundary conditions presented in this section
are based on the publications of Pahr [144] and Anthoine [145]. A short review of the
equations will be given here. The complete equations and numerical implementation for
the unit cells used in this thesis can be found in Section 6.4.
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Each periodic medium is defined by the so-called periodicity vectors pi, which are
the vectors along the edges of a cuboid unit cell. Two periodicity vectors i = A,B are
defined for plane (two-dimensional) periodic and three periodicity vectors i = A,B,C
are defined for spatial (3D) periodic media. Periodicity implies that mechanical and
geometrical properties F are invariant for positions which differ by a linear combination
of the periodicity vectors:

F(x + m) = F(x), (2.16)

m = mApA +mBpB +mCpC , (2.17)

where mA,B,C are integers. A graphical interpretation of periodicity is given in Fig. 2.29.

Fig. 2.29: Description of spatial and plane periodic medium [144].

Periodic boundary conditions are applied in cases in which a macroscopic homogeneous
stress state is modeled. A homogenous macroscopic stress state in this case implies that
all unit cells are subjected to the same stress and deform in the same way: two initially
adjacent unit cells must still fit together in any deformed state. In mechanical terms,
this enforces the following requirements when passing over a unit cell boundary to the
adjacent unit cell:

1. stress vectors σ are identical (tractions t = σ · n are opposite)

2. strains ε are continuous (neither separation nor overlapping of the cell boundary)

To ensure the conditions described above, it is necessary that two opposing sides of the
unit cell have identical displacements except for the macroscopic strain introduced into
the unit cell. Such a displacement field is termed a periodic displacement field and can,
in the absence of rigid body translation and rotation, be written as [144–146]:

u(x) = 〈ε〉 x + uP (x). (2.18)

The total displacement, u(x), is given by the sum of the macroscopic strain tensor, 〈ε〉,
which is constant in the unit cell, multiplied by the position, x, and the periodic part of
the displacement field, uP (x), which is zero when averaged over the unit cell volume (cf.
Fig. 2.30).

The macroscopic strain can be calculated by volume-averaging the microscopic strain
field, but in some cases of FE unit cell calculations this is not possible. In this case, an
alternative averaging technique based on the displacement of special nodes can be used
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Fig. 2.30: Graphical interpretation of constant and periodic part of the displacement field [144].

[144, 145]. If Eq. 2.18 is evaluated at two adjacent points, x and x + pi, of the unit cell,
where the periodic part of the displacement is equal (cf. Fig. 2.29), on yields

u(x + pi) − u(x) = 〈ε〉 pi. (2.19)

If x is set to zero and the origin of the unit cell is defined as fixed (u(0) = 0), this leads
to

U = 〈ε〉 · P, (2.20)

or 

uA1 uB1 uC1
uA2 uB2 uC2
uA3 uB3 uC3


 =



〈ε11〉 〈ε12〉 〈ε13〉
〈ε21〉 〈ε22〉 〈ε23〉
〈ε31〉 〈ε32〉 〈ε33〉


 ·



p1

1 p2
1 p3

1

p1
2 p2

2 p3
2

p1
3 p2

3 p3
3


 , (2.21)

i.e. the homogenized strains are controlled by the displacements of the nodes at the end
of the periodicity vectors (see Fig. 2.31).

Fig. 2.31: Description of spatial and plane periodic medium according to [144].

Thus, the displacements to be introduced into the unit cell can be calculated from the
macroscopic strain tensor and the periodicity tensor. The strain tensor as a function of
the masternode displacements can be calculated by multiplying the inverse periodicity
tensor:

〈ε〉 = U · P−1. (2.22)
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Pahr [144] noted that Eq. 2.22 may lead to an non-symmetric strain tensor and suggests
an alternative to calculate a symmetric strain tensor:

〈ε〉 =
1

2
(U · P−1 + (P−1)T · UT ). (2.23)

In the case that a stress vector is given, considerations including the anti-periodicity of
the traction on the faces of the unit cell [144] lead to:

〈σ〉 =
1

2V

(
F · PT + P · FT

)
, (2.24)

where V is the volume of the unit cell and F is the master node force tensor defined
similarly to U.

F =



FA

1 FB
1 FC

1

FA
2 FB

2 FC
2

FA
3 FB

3 FC
3


 . (2.25)

From this it is possible to obtain the master node forces from the macroscopic stress
tensor.

F = V 〈σ〉 · (PT )−1. (2.26)

With the equations given above, the loading of the unit cell can be stress- or strain-
controlled: either forces or displacements are prescribed, and the unknown quantity is
obtained as the result of the FE analysis. Six independent load cases are required to
calculate all entries of the effective stiffness tensor C∗ with the macroscopic constitutive
Eq. 2.15. The numerical implementation of the periodic boundary conditions into the FE
unit cell calculations conducted in this project will be given in Section 6.4.

2.7. Modeling of nonlinearities, failure and damage in
composite materials

The analysis of large composite structures usually involves complex geometries and a
large number of load cases. Due to computational efficiency, this restricts the analysis
methods to macroscopic approaches. Thus, for use in structural problems, failure and
damage modeling of braided composite materials on a macroscopic scale is favorable [12].
As few failure or damage models with a focus on braided composites are available in
literature, a short overview of existing models for UD composites and applications to
braided composites will be given in this section.

2.7.1. Failure theories

Numerous different failure theories are available in literature. Most of the commonly used
models are macroscopic in a way that they are based on the homogenized stress values
in the material coordinate system, which equates to the fiber and transverse direction for
UD composites. This allows for a straightforward usage of these theories within structural
simulations conducted with the use of FE codes.
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In the World-Wide Failure Exercise (WWFE) Hinton, Soden, and Kaddour compared
the predictive capabilities of different failure theories [3, 147–149]. The investigation in-
cluded independent (e.g. maximum stress or maximum strain [150, 151]), fully interactive
(e.g. Tsai-Wu [152]), and partly-interactive (e.g. Hashin [153], Puck [127]) failure theories.
The predictions made by the participants were compared to experimental results and used
to judge the predictive capabilities of the different theories.

No clear recommendation for one failure criterion could be made as the quality of
predictions differed from the material configuration and the load cases. Among the five
criteria that were ranked highest by the authors, the two physically-based failure criteria
from Puck [127] and Cuntze [154] were highlighted as they gave the best predictions and
captured more general features than the other criteria [3].

Further efforts have been made by the authors to benchmark existing 3D failure criteria
in WWFE-II [155, 156] and predictive failure models including damage in the WWFE-III
[157].

The considerations published in the framework of Puck’s action-plane failure criterion
[127] were used by several researchers to formulate improved failure criteria for UD com-
posites. Davila et al. [158] presented the LaRC03 criterion which uses a Mohr-Coulomb
approach to calculate the fracture angle under transverse compression and includes a cri-
terion for fiber kinking as well as the usage of in-situ strength (cf. [159]) for transverse
tensile cracking. The criterion was further developed to account for three-dimensional
stress states and named LaRC04 [160]. Recently, Catalanotti et al. [161] presented an
improved failure criterion that has been developed to account for in-situ effects under
transverse tension, transverse compression, and in-plane shear.

Application of failure theories to braided composites

Physically based failure criteria have been used to predict failure within the yarns of a
woven or braided composite FE unit cell model [41, 45, 47, 101]. The yarns comprise
several thousand filaments running in the yarn direction and thus can be considered to
behave locally similar to unidirectional composites. Puck states that UD failure theories
should be applicable to textile composites with low waviness, but questions the appli-
cability for higher waviness as different failure mechanisms may become dominant [95].
Regardless of the waviness, it was concluded that the same failure and damage processes
are occurring inside the yarns, but it was assumed that the in-situ effect (described in
detail by Camanho et al. [159]) may be more prominent, as the yarn area is much smaller
than a common UD ply.

Within macroscopic woven fabric and braided fabric laminate models, usage of inde-
pendent failure criteria such as maximum strain [116] or maximum stress [12, 117] was
reported. Charlebois et al. [25] used the Tsai-Wu criterion for the prediction of biaxial
braided strength. They reported good correlation to experiments in tension, but higher
deviations from the experiments in compression were attributed to the effect of fiber
undulation.
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2.7.2. Damage modeling

A general framework for the description of damage in materials has been developed by
Kachanov [162]. The amount of damage on a specific plane of the material is described
by an internal damage variable. The concept has been integrated by Lemaitre into a
thermodynamic framework for solid mechanics of isotropic materials [163].

Kachanov’s principle was used by several researchers to model damage in composite
materials [12, 42, 117, 126, 164–168]. Common failure criteria as presented in the previous
section are used to determine the stress state at which damage initiates. The main
difference between the approaches lies in the type of failure criteria used and how damage
progression is calculated. Early models, such as [79, 126], used independent or fully-
interactive failure criteria for damage initiation, and the stiffness in the direction that the
damage was predicted was suddenly reduced to a small fraction (typically 1-20%) of the
initial value, by using a discount factor. A comprehensive overview of different stiffness
degradation models was given by Goyal [39]. He found that the models, although showing
differences in the way how properties are degraded, produce similar results, when the
discount factors were equalized. A gradual decrease in stiffness after damage initiation can
be modeled by continuum damage mechanics models [159, 164]. While Matzenmiller [164]
proposed a damage evolution law based on strains, Maimí, Camanho and co-workers [166,
167] presented an improved damage model, based on Baẑant’s crack band model, including
regularization of the dissipated energy with respect to the size of the finite element mesh.
Fracture toughness values of the material were incorporated into exponential damage
evolution laws and a mesh-independent solution was achieved, which is not the case for
strain-controlled damage variables. Similar approaches exist, comprising different failure
criteria and linear as well as exponential damage growth [141, 165, 168].

Application of damage to braided composites

Similar to the failure theories, damage modeling is often used within the yarns of woven
or braided composite FE unit cells [41, 45, 79, 101, 126]. The application of damage
mechanics to the macroscopic modeling of braided composites are rather rare. Fouin-
neteau [12] used the ply damage model from Ladeveze [42] for biaxial braided composites.
He added a phenomenological treatment for stiffness reduction due to delamination un-
der fiber tension and assumed that transverse damage under normal stresses is negligible.
Furthermore, the shear damage evolution model was improved to account for large strains
observed experimentally. The model was implemented in the FE code PAM-Crash and
validated with experiments.

2.7.3. Inelastic deformation

Ladeveze [42] states that damage within composite materials is highly complex and can
include micromechanical mechanisms such as sliding and friction, which leads to inelastic
deformation. Thus, the phenomenon of damage in composite materials may be coupled
with plasticity or viscoplasticity.

This is in accordance with the experimental observations of Varna et al. [169], who mea-
sured a decrease in modulus in (±25° and ±40°) angle-ply laminates, but did not observe
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any macroscopic cracking. The underlying mechanism for this behavior was believed to be
caused by fiber/matrix microcracking induced by in-plane shearing. Puck also describes
this phenomenon and terms it micro-damage: very small cracks (approximately the size of
the fiber diameter) in the matrix and the interface. Puck described experimental evidence
of the existence of micro-damage from opaqueness of GFPR laminates [170].

The inelastic deformation of composites is typically modeled using conventional or
adapted plasticity models known from metals [12, 42, 117, 141, 171–173]. Early models
assumed a transverse normal σ22 and in-plane shear τ12 stress, or a combination of both,
to cause the inelastic deformation. Flatscher [141] presented a multi-surface plasticity
model describing plastic deformation under transverse compression and in-plane shear. A
new plasticity model recently presented by Vyas et al. [168, 172] accounts for hydrostatic
pressure, non-associated flow, and kinematic hardening. Vogler, Camanho, and co-workers
[173, 174] presented an invariant-based plasticity criterion combined with a smeared crack
model with the use of a structural tensor defining the fiber direction and accounting
for hydrostatic pressure as well as non-associated flow. Vogler et al. [173] noted that
hardening in polymer matrix composites was believed to be a mixture of isotropic and
kinematic hardening, but used an isotropic hardening law due to a lack of experimental
data for calibration of a mixed hardening law.

Application of inelastic deformation models to braided composites

One-dimensional in-plane shear plasticity [12, 117] based on Ladeveze’s ply model [42] has
been applied to biaxial braided and woven fabric composites. Fouinneteau [12] compared
the predictions of inelastic strains to experiments and found a good correlation for the
biaxial braided composites investigated. Goyal et al. [39, 118] used an anisotropic Hill-
plasticity criterion in an equivalent laminate model and could successfully model the
nonlinearities of biaxial braided composites loaded in tension in the take-up direction.
The model required additional input-parameters to describe the anisotropy of the yield
surface, which were calculated using a fiber-matrix unit cell model.

2.8. Conclusions

The published literature regarding the braiding process, yarn architecture of braided com-
posites, characterization methods for braided composites, and mechanical modeling ap-
proaches including FE unit cell modeling and macroscopic approaches has been reviewed.

Braiding offers significant possibilities for process automation, high-volume production,
and cost reduction during the manufacturing process. High flexibility is available, as the
type of reinforcement can be adapted to the mechanical needs and the overbraiding process
allows for curved mandrels with changing cross sections. This makes the usage of braiding
favorable for a multitude of lengthy structures.

From the designers viewpoint, the flexibility of the process creates the challenge of
a highly variable yarn architecture and thus changing material properties of the braid.
Different possibilities to characterize the yarn architecture and approaches to geometric
modeling of the yarns have been reviewed. Different methods have been used to provide
input for geometric models. However, to date there is no evidence, which of the charac-
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terization methods and models provides a suitable balance between effort, level of detail,
and robustness.

The mechanical behavior of braided composites was reviewed, with many publications
describing the elastic, nonlinear, and failure behavior of braided composites under uniaxial
loads. Failure mechanisms and modes were described for both textile composites and
general and braided composites in particular. The mechanisms driving the failure and
damage are similar to those of unidirectional composites, but influenced by the textile
architecture.

Different approaches for the prediction of textile composite constitutive behavior have
been evaluated with a focus on: simple and analytical models for stiffness prediction; FE
unit cell models for the detailed modeling of the nonlinear effects and failure within a
braided composite; and macroscopic CLT based methods favorable for structural simula-
tion. Besides the analytical models, which are only suitable for stiffness prediction, FE
unit cell methods can be used to provide detailed predictions of different damage and fail-
ure events inside the textile. Structural simulations typically use macroscopic approaches
with high computational efficiency and good possibilities for implementation into conven-
tional FE analysis. It should be noted that simple failure and damage models are mostly
used for braided composites on a macroscopic scale and to date no validation of these
models exists regarding the applicability on multi-axial stress states.

The literature review has emphasized the need for an integrated approach to the char-
acterization and simulation of biaxial braided composites on different length scales. Fur-
thermore, failure and damage models must to be validated under various combined load
cases. Chapter 5 and 6 address this point, comparing FE unit cell simulations to vari-
ous in-plane load cases under tension and compression. The experimental methods and
results for mechanical and yarn architecture characterization are described in Chapter 3
and Chapter 4. Additionally, a focus is the transfer of the unit cell results to macroscopic
modeling using CLT. Different failure theories and the effects of inelastic deformation and
damage are investigated in Chapter 7.



3. Experimental techniques

Experimental investigations were carried out in this thesis to gain a knowledge about the
material behavior and the internal structure of biaxial braided composites. Besides the
goal of providing a phenomenological understanding, the experimental results can be used
to provide both input data for simulation models and an experimental basis to validate
the predictions made by the models.

Flat (±30°) biaxial braided composite panels were produced from overbraiding and
coupons cut from the panels were used in tension and compression off-axis tests. The goal
was to characterize the elastic, nonlinear and failure behavior under combined load states.
The manufacturing process of the braided panels, including preforming and infiltration,
and the preparation of the specimen for coupon testing is described in this chapter.
Furthermore, the test set-up including techniques for strain measurement and evaluation
procedures for the nonlinear and fracture behavior are presented. Additionally, equations
to normalize the mechanical properties of biaxial braided composite to a common fiber
volume fraction are given.

Besides the mechanical experiments, different techniques to characterize the yarn archi-
tecture of braided composites, namely optical microscopy, micro-CT and image analysis,
are explained. The machinery, machine configuration and processes for data acquisition
are given. Furthermore, two evaluation techniques for braiding angle measurements based
on surface images are described.

3.1. Coordinate systems

Different coordinate systems and designations for distinct orientations (e.g. fiber orienta-
tion) are used for braided composites [40, 45, 62]. As no common definition is available
for both meso- and macro-scale, the coordinate systems used are defined in Fig. 3.1 and
Table 3.1.

(a) complete (b) short (c) off-axis angle

Fig. 3.1: Coordinate systems for braided composites (a,b) and definition of the off-axis angle (c)
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Biaxial braided composites behave macroscopically orthotropic, thus the general or-
thotropic coordinate system [175] is used. For braided composites, the 11-axis is equal to
the take-up direction with the yarns oriented at an angle θ to the 11-axis. The longitu-
dinal yarn direction and direction transverse to the yarn are labeled with by 1F+/1F−
and 2F+/2F−, respectively. Furthermore, the off-axis angle ψ defines the angle between
the global (e.g. load) direction and the braid 11-direction.

Table 3.1.: Coordinate systems for braided composites (Ivanov’s designation [45] given for comparison)

designation orientation material-CS Ivanov [45]

take-up direction 0° 11 MD
transverse direction 90° 22 CD
fiber (yarn) direction 1 +θ 1F+ BD
fiber (yarn) direction 2 −θ 1F− BD

The braided composites used within this thesis were produced from high-strength
carbon fibers and epoxy matrix. Both constituent materials chosen are aerospace certified
and the manufacturing processes were configured to provide with minimized waviness and
fiber volume fraction of 60%, yielding optimal mechanical properties.

3.2. Manufacturing of biaxial braided composites

3.2.1. Constituent materials

Fiber material

Toho Tenax E HTS40 F13 12K (800 tex) 0z [176] yarn were used for the braiding process.
The yarns consist of 12,000 high-tenacity carbon filaments with a polyurethane sizing.
Untwisted yarns were used to yield optimal mechanical properties. Prior to the braiding,
the yarns were rewound from the 2 kg spools delivered to the braiding spools used on the
braiding machine (cf. Fig. 2.4b). A low yarn tension of 2 N during rewinding was used to
minimize yarn damage. An overview of the yarn properties is given in Table 3.3a.

Matrix material

The matrix system used for the impregnation was a Hexcel HexFlow RTM6 monocompo-
nent epoxy resin [177]. RTM6 has a high viscosity at room temperature, must be heated
to 80°C prior to infusion and is cured at 180°C. Before the infusion, the resin was degassed
for 15 minutes at a temperature of 80°C. An overview of the RTM6 properties is given in
Table 3.3b.

3.2.2. Manufacturing of braided composite panels

The preforms were braided on a Herzog RF 1-176-100 maypole braiding machine at the
Institute for Aircraft Design in Stuttgart. The braiding machine consists of 88 horngears
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Fig. 3.2: Manufacturer data sheet values for yarn and matrix system used

(a) Toho Tenax HTS40 12K yarn

yarn linear density [tex] 800
filament count 12000
filament diameter [ µm] 7

density [ g/cm3] 1.77
tensile strength [MPa] 4300
Young’s modulus [GPa] 240
failure strain [%] 1.8

(b) RTM6 monocomponent epoxy matrix

density [ g/cm3] 1.14
strength [MPa] 75
Young’s modulus [MPa] 2890
fracture strain [%] 3.4

and 176 yarn carriers. All yarn carriers at the machine were used, yielding a 2x2 braid
pattern on a circular mandrel with 100 mm diameter and a length of 1500 mm. The
diameter of the mandrel was found by a preliminary study to be an optimal choice between
maximum yarn width (minimal waviness), and a complete coverage of the mandrel. The
mandrel used was specially designed for braiding of flat plies and has two cutting channels:
one around the cross section at the beginning and end, which is used to cut the ply to the
desired length and one additional channel along its length to cut a flat preform from the
mandrel. The braid guiding ring diameter was chosen circular with a diameter of 110 mm,
which ensures a good deposit of the braided preform. The mandrel was guided by a robot
(see Fig. 3.4) and the take-up velocity was constant and calculated by Eq. 2.1 to achieve
a braiding angle of θ = 30°.

Fig. 3.4: Maypole braider Herzog RF 1-176-100 with 176 yarn carriers

Some of the braided plies yielded quality issues due to an increased tension in the yarns,
attributed to lubrication problems within the yarn carriers. The yarn tension and thus
yarn-to-yarn friction was increased and defects (uneven braiding angle, locally open braid,
etc. Fig. 3.5) arising from broken filaments were visible on some of the braided preforms.
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All braided preforms were therefore visually inspected and only defect-free plies were used
further.

Fig. 3.5: Defect in the preform: uneven braiding angle and open braid

The manufacturing process of one braided ply can be summarized with the following
steps:

1. Braiding of one ply with the length of 1500 mm on a cylindrical mandrel (Fig. 3.4).

2. Cut the ply to the desired length, place the mandrel on the cutting table, cut along
the mandrel length and unroll the braided preform to the table (Fig. 3.6).

3. Cut two rectangular preforms of 650 × 314 mm2 from the braided ply (Fig. 3.6)

Fig. 3.6: Manufacturing process for flat preforms: braiding on circular mandrel (left) and cutting and
unrolling of the ply (right).

All cutting lines were taped before the cutting with a 2 cm wide 180°C temperature-
resistant tape1 to avoid distortion of the preform during cutting. The first 150 mm and
the last 50 mm of the braided plies (cf. Fig. 3.6) were not used, as local effects like e.g.
yarn slippage at the beginning and end of the braiding process can lead to an uneven yarn
architecture in these regions.

The described manufacturing process produces panels for coupons of the so-called cut
configuration without continuous fibers at the edge (cf. Section 2.4.2). The process was
chosen, as it is able to produce specimens with even quality and small deviations in the
yarn architecture. Producing uncut specimen either requires a special braiding machine
with a yarn carrier turning point (cf. Fig. 2.7) for braided tapes or it introduces an addi-
tional preforming step, which includes taking-off the braided sleeve from the mandrel and
draping it flat. For the latter, the additional manual work introduces a high uncertainty

1To prevent a dissolving of the tape during infusion and curing, a 180°C resistant tape was used.
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regarding the distortion of the preform and can result in an increased braiding angle
variation as reported in [26].

Five and eight plies of the preforms were stacked on a flat glass tooling for the tension-
and compression-test panels, respectively. For the compression tests, eight-ply laminates
were chosen to prevent specimen buckling during the test. No considerations were given
to create a distinct nesting configuration during the stacking. The laminates had a nom-
inal thickness of 2.5 mm respectively 4 mm with a desired fiber volume fraction of 60%
as calculated from Eq. 2.4 and Eq. 2.5. The braid laminates were vacuum-bagged for
injection as shown in Fig. 3.7 and infiltrated and cured in a convection oven by using
the vacuum assisted process (VAP) [178]. The infiltration process and cure cycle was
chosen according to the resin manufacturers recommendation [177]. First, the resin was
preheated to 80°C and the tool was heated over 120 minutes to 120°C, then the resin was
injected and cured for 120 minutes at 180°C. After curing, the panels were cooled within
90 minutes to room temperature. The pressure loss at the vacuum bagging was checked
prior to infusion to prevent leakage.

Fig. 3.7: VAP-process uncompacted and during infiltration

After curing, the panels were demolded and inspected visually to check for areas on the
surface with incomplete impregnation. The thickness of the panels was measured using
a force triggered thickness gauge with a spherical anvil at 12 evenly distributed points.
Additionally, the fiber volume fraction was measured by chemical digestion [43] from three
specimen of each panel.

3.2.3. Quality inspection and assurance

The manufacturing process steps for the braided composite panels may introduce irregu-
larities into the specimen, which could influence the material properties. Additionally, the
braiding process introduces some inherent variability into the produced material. There-
fore, several quality inspection steps during the production have been conducted to ensure
a high and constant quality of the panels.

• The dry preforms were visually inspected and the braiding angle was measured at
three points of every ply.

• Every preform was weighted prior to consolidation.

• The vacuum baggage was checked for leakage prior to infusion.

• Cured panels were visually checked for non-impregnated areas.
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• Thickness of the panels was measured at 12 points over each panel.

• Fiber volume fraction was measured from 3 specimen per panel.

• Selected coupons were measured using an optical sensor to check the fiber orienta-
tion.

3.3. Yarn architecture characterization

The characterization of the yarn architecture of braided composites provides an inside
view to the material: characteristics of the yarn architecture can be investigated and the
results can be used for qualitative (e.g. occurrence of voids, yarn architecture compactness)
and quantitative (e.g. yarn shape, dimensions) assessment.

This thesis compares different methods for the characterization of braided composites
yarn architecture. The baseline process is optical microscopy, which is simple and robust
and can be conducted with standard laboratory equipment. Additionally, the information
obtained from X-ray micro-computed tomography (micro-CT) and surface image analysis
is compared to the results obtained from micrographs. All investigations are based on
cured samples to include possible effects of compaction and resin infusion. The different
methods comprise advantages and disadvantages regarding resolution and dimensionality
of the gathered information. In the following section the methodologies and the equipment
used for yarn architecture characterization are described.

3.3.1. Optical microscopy

For optical microscopy, small samples were cut from the cured laminates, embedded into
a mounting resin and investigated under a reflecting-light microscope.

Sample preparation

Samples of 30-40 mm width are cut from the cured panels using a water-cooled diamond
saw. In most cases cut-waste of the panels from mechanical specimen manufacturing was
used. Due to the low depth of field of the microscope, the samples need to be embedded
into epoxy resin, ground and polished to give a flat surface for microscopy. A cold-setting
and transparent epoxy resin (EpoFix [179]) was used for embedding of the samples.

The grinding process was done using a Struers TegraForce-5 grinding and polishing
system [179]. Several grinding steps with decreasing grain size of the grinding plates were
conducted. A four-step process using subsequent grinding with 180, 220 and 1200 grit
SiC1 grinding paper and an additional polishing step with a MD-Largo™ [179] disc and
a corresponding diamond suspension was used. The process provided a constant quality
of the samples for yarn architecture measurements.

1SiC: silicon carbide
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Microscopy measurements

The reflecting-light microscopy Olympus BX41M-LED was used for the measurements
of the samples. The samples were pressed on the object slide to ensure a flat plane
of measurements. A 5× amplification of the specimen was found to be adequate for
measurements of yarn cross sections and yarns paths, whereas 20× amplification was
used to investigate single filaments in a yarn. The software Olympus Stream Motion [180]
was used for the measurements. In combination with an electronic-adjustable microscope
table it provides the possibility to automatically align and assembly combined images out
of several single pictures. Thus a complete sample, which does not fit on a single 5×
amplification picture can be recorded in one step with a high resolution of approximately
1 µm per pixel.

3.3.2. Micro-CT

Micro-CT images are based on the principle of X-ray absorption in solid materials. The
sample is subjected to X-rays and the absorption is measured by a detector behind the
specimen. A complete micro-CT scan comprises, depending on the sample size and resolu-
tion, several thousand images with the sample being rotated to obtain different projection
angles. The complete set of images is reconstructed to a three-dimensional data set of
voxels (3D pixels) representing the amount of absorption at a point of the sample. The
contrast between different phases is based on the density of the material, which can be
difficult for carbon/epoxy composites as yarns and matrix have similar densities [65].

The micro-CT scans used in this thesis were taken from small samples of cured braided
material. The measurements were conducted on a GE phönix|x-ray Nanotom 180 NF with
a flat 2300×2300 pixel detector an the Fachhochschule Oberösterreich in Wels (Austria).
The samples were scanned at voxel sizes of 11 µm and 7 µm, yielding a measurement
area of 20×20×4 mm3 and 15×15×4 mm3, respectively. With 11 µm voxel size shown in
Fig. 3.8a, longitudinal and transverse yarns could not be distinguished clearly. The 7 µm
resolution shown in Fig. 3.8b yielded improved results: the yarns can be clearly identified
and the contrast between longitudinal and transverse yarns is sufficient. The micro-CT
scans have been evaluated by hand using the image analysis software ImageJ [181].

3.3.3. Analysis of surface images

Two techniques were used for the measurement of the fiber orientation on the surface of
the laminate:

• Manual evaluation of the fiber orientation based on images acquired on a regular
scanner.

• Image analysis based on photometric stereo with an optical sensor developed by the
Profactor GmbH [67].

Both techniques base on the assumption that the braiding angle of the surface ply is
representative for the complete laminate. This is valid, as all plies are braided one after
the other on the same mandrel. The compaction is believed to have minor effects on the
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(a) 11 µm voxel size micro-CT scan

(b) 7 µm voxel size micro-CT scan

Fig. 3.8: Comparison of different resolutions from micro-CT scans

braiding angle, thus the surface ply is representative. If several plies are braided over each
other on a mandrel, the braiding angle should be measured for every ply independently.

For the first technique, the braiding angle was obtained from scanned images of the
cured braid laminates. The images were acquired on a regular scanner with 600 dpi
resolutions and the angles between the two fiber directions were measured by using the
image analysis software ImageJ. The method yields the advantages that a large area can be
investigated including possible effect of local fiber angle deviations. No special equipment
or software is needed for this method yielding information about average braiding angle
and variability. The influence of the manual evaluation was checked by applying the
technique to the same sample for several times and was found to be negligible. The
braiding angle was calculated as half the angle between the two fiber directions, as the
take-up direction is defined as the middle in-between the two fiber directions.

The second measurement technique used an optical sensor based on the principle of
photometric stereo [67] to determine the yarn orientation. The optical sensor was used
to measure the yarn orientations of selected coupons from the off-axis experiments. In
contrast to the scanning technique, the sensor measures the yarn angles on an area of
approximately 60×30 mm2 and delivers a fiber orientation value for every pixel of the
image recorded. The resolution of the recorded the images was 1600×950 pixels. The
optical scanner software enables an export of the results to MATLAB, where the results
were analyzed by a user-written script. The analysis contains the following steps:

• Transform the results to a common coordinate system where 0° is equal to the given
11-direction of the braid.

• Remove artifacts from the data.

• Calculate misalignment of the sample.
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• Calculate braiding angle for the evaluation windows given by the user.

The output from the sensor is a matrix containing the surface fiber azimuth angle βij
(definition see Fig. 3.9) for every pixel in the image. The user input for the evaluation
script contains the area of pixels of the image to be analyzed, the approximate value of the
expected braiding angle θ0, the approximate orientation of the braid 11-direction in the
image (off-axis angle) ψ0 and the number of horizontal and vertical evaluation windows
Nh, Nw. Furthermore, a tolerance value βtol has to be given to clean the results from
artifacts.

Fig. 3.9: Unit cell size for 2x2 biaxial braided composites and definition for fiber angle β

First, the data set is reduced to the area given by the user to be evaluated. The azimuth
angle provided by the sensor may be positive (β > 0) or negative (β − 180° < 0) for the
same physical fiber orientation (see Fig. 3.10a), which leads to an error when averaging
the angles. This is corrected in the analysis by adding 180° to the negative angles.

β
′

ij =

{
βij + ψ0 − 90° if βij > 0

βij + 180° + ψ0 − 90° if βij < 0

The second term ψ0 − 90° added to all azimuth values rotates the coordinate system so
that angles of 0° are equivalent with the braid 11-direction given by the user.

As the orientation of the 11-direction given by the user, ψ0 is only an approximate
value and might differ from the actual one, the misalignment of the 11-axis is calculated.
Therefore, every pixel is either allocated to one of the two fiber directions (fk, k = 1, 2)

βf1,0 = −θ0

βf2,0 = +θ0
(3.1)

or rejected as artifact, when lying outside the tolerance βtol provided by the user. The
allocation to the two fiber directions is given by the condition:

βfk

ij =
{
β

′

ij | βfk,0 − βtol < β
′

ij < βfk,0 + βtol, k = 1, 2
}

(3.2)

The removal of artifacts is necessary as the optical sensor serves unrealistic values for
the azimuth angle in the regions with high out-of-plane orientation near the boundaries
of the image (see Fig. 3.10b). All the azimuth angles βij lying outside the tolerance given
by βtol are not considered. Fig. 3.10c shows that this criterion removes the non-physical
values at the edges of the samples (black areas on right image, βtol = 10°).
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With the pixels allocated to the two fiber directions, the average fiber orientations
can be calculated. The misalignment angle is calculated from the average values β̄fk

(calculated from all pixels satisfying Eq. 3.2) of the two fiber orientations:

δβ = −1

2
(β̄f1 + β̄f2) (3.3)

Subsequently, the misalignment angle is added all azimuth values:

β
′

ij = β
′

ij + δβ. (3.4)

As the rotation of the reference direction conducted in Eq. 3.4 changes the allocation,
whether a azimuth value is an artifact or not (Eq. 3.2), the operations Eq. 3.2-Eq. 3.4
are conducted iteratively until the misalignment angle ∆β =

∑
δβ converges. When the

misalignment angle has converged, the 11-direction and the average fiber orientations
(β̄f1 = −β̄f2) are known.

For the next steps, the image is subdivided into Nh × Nw evaluation windows (see
Fig. 3.10b), where one evaluation window is an averaging area for the braiding angle.
The results from the optical scanner provide a fiber angle information for every pixel,
which allows to calculate an overall average and standard deviation of the fiber angle.
This information includes rather local misalignment effects, which are not representative
for the braiding angle serving as an input for unit cell or structural simulations. Thus, it
is meaningful to introduce a certain averaging. The size of the averaging area is arbitrary,
but it is reasonable to choose the area of approximately the size of the repeating unit cell
as given in Fig. 3.9. The braiding angle is calculated from

θ =
1

2
(β̄f1 − β̄f2) . (3.5)

The processing described was implemented into MATLAB. An example output, giving
the average braiding angle for each evaluation window, of the image in Fig. 3.10 is:

1 Braiding angle (standard deviation of local fiber orientation) in the ...

windows given by the user:

2 31.31° (3.25°) 31.46° (2.67°)

3 30.14° (2.70°) 30.56° (2.41°)

4 30.11° (2.57°) 30.34° (2.42°)

5 30.54° (2.51°) 30.48° (2.74°)

6

7 Average braiding angle and standard deviation evaluated from windows:

8 30.62° (0.51°)

A short description of braiding_angle_analysis.m is given in Appendix E.1.
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(a) (b) (c)

Fig. 3.10: Optical sensor analysis: raw azimuth distribution (a), evaluation windows (b) and artifact
pixels marked black (c)

3.4. Mechanical characterization

In this thesis, the elastic, nonlinear and failure behavior of biaxial braided composites is
characterized with off-axis2 tension and compression tests of a (±30°) braided composites.
By using off-axis experiments, the material is subjected to loads in different load directions
defined by the off-axis angle (see Fig. 3.1). This creates different combined stress states
that are applied to the braid and thus triggers different failure and damage behavior.

The mechanical characterization of the (±30°) biaxial braided composites was con-
ducted according to the ASTM D3039 standard [84] for the tensile and ASTM D6641
standard [85] for the compressive tests. As the standards are intended for use with unidi-
rectional or multi-directional laminates, additional requirements for textile reinforcements
as given in ASTM D6856 [182] have been considered. Two requirements mainly influence
the coupon manufacturing and testing: the required coupon width and the recommen-
dations regarding strain gauge size. The coupon width shall be the minimum of twice
the unit cell width (cf. Fig. 3.9) and the coupon width provided by the standard. The
unit cell criterion yielded for the (±30°) braid a minimum coupon width of approximately
13 mm, thus the width of 25 mm specified in the ASTM D3039 was used. The second
requirement regarding the strain gauge size had no relevance for the tensile test as digi-

2Although, the experiments with off-axis angles of 0° and 90° are, strictly speaking, “in-axis” – the load
is aligned with one of the orthotropy axes – the term off-axis (OA) will also be used for all experiments
throughout this thesis.
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tal image correlation (DIC) was used for deformation measurement. For the compression
tests, the strain gauge size was limited by the free coupon length and the limited space for
strain gauge bonding and wiring inside the combined loading compression (CLC) fixture
[183]. The strain gauge was selected to have the maximum possible gauge length of 3 mm
(8.8 mm backing length) fitting into the test fixture.

3.4.1. Manufacturing of specimen

The specimens were cut out by using a water-cooled diamond saw from the panels pro-
duced by overbraiding and VAP as described in Sec. 3.2.2. In a first step, so-called
sub-plates were cut from the panels, where the size and orientation was chosen according
to size, number and orientation of the coupons. The orientation of the off-axis coupons
was measured from the edge of the panel, which was trimmed along the braid 11-direction.
The dimensions of the specimens were chosen according to the standards [84, 85] and ei-
ther rectangular or oblique tabs (see Sec. 3.4.3) were used. A 1 mm thick glass/epoxy
fabric was used for the tabs and bonded onto the sub-plates at the desired position (see
e.g. Fig. 3.11). While a water-cooled diamond saw was used to cut the rectangular tabs,

Fig. 3.11: Sub-plate for off-axis specimen (ψ = 15°) with waterjet-cut oblique tabs

waterjet-cutting was chosen for the oblique tabs to ensure high manufacturing precision
regarding the tab angles. After tab-bonding, the specimens were cut in slices from the
sub-plates. An overview about the coupon dimensions is given in Table 3.2.

After cutting from the sub-plates all coupon dimensions were measured as required in
standard with a caliper. For the tensile coupons, a random speckle pattern required for
the DIC measurements (see 3.4.5) was sprayed onto the front surface. The coupons were
named according to the following system:
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Table 3.2.: Coupon dimensions for material characterization

tension compression

standard ASTM D3039 ASTM D6641

length [mm] 250 140
width [mm] 25 25

thickness [mm] 2.5 4
gauge length [mm] 150 13

tab shape rectangular / oblique rectangular
tab length [mm] 50 63.5

tab thickness [mm] 1 1

3.4.2. Thickness measurement

For braided composites produced in a vacuum infusion process, the interaction of the
vacuum bag and the yarn architecture creates a wavy surface on the vacuum-bag side
(c.f. Fig. 3.8b upper side). The waviness of the surface has to be considered for the
thickness measurements: when using a common caliper, only the maxima of the wavy
surfaces are considered leading to an overestimation of the thickness as reported in [33].
Overestimating the coupon thickness t leads to an underestimation of stress calculated
from the load cell force F :

σ = F/(wt),

with w being the coupon width. The error introduced by this effect was investigated for the
(±30°) biaxial braid to provide a quantification of the overestimation. A first comparison
with a caliper on a single coupon compared to thickness measurements using a micrometer
screw showed that the caliper measurements provide as assumed an upper bound for the
thickness values. To quantify the difference between the average thickness and the one
obtained by caliper-measurements, focus-variation measurements of selected specimen
(cf. Fig. 3.12) have been conducted [184]. The focus-variation measurements obtain the
variation of thickness, with a vertical resolution of 0.4 µm, by using the sharpness of
recorded images.

Fig. 3.12: Two-dimensional thickness profile for a OA00 specimen (shorter edge is 11-direction)
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The error of a caliper measurement was estimated from a height profile in 22-direction
(which represents the direction of the caliper for a thickness measurement) as

error = tmax − tmean

Four measurements with two specimen (BB30_OA00 and BB30_OA90) revealed an error
between 2% and 9% for the measurement of the thickness using the maximum value.
For three out of the four specimen the error was around 2% while the bigger deviation
was measured for one specimen that had a thickness gradient across the specimen width
shown in Fig. 3.13. The investigations proofed that the error of the caliper thickness

Fig. 3.13: Height profile with thickness gradient (height values are relative do not reflect actual specimen
thickness)

measurement is comparable small for specimen without a thickness gradient. The presence
of a thickness gradient shall be checked with caliper measurements from both sides of the
coupon. Based on the results, caliper measurements were used for all specimens, which
are much more efficient and can be performed with conventional equipment. Beside this,
focus-variation measurements were shown to be useful for characterizing the thickness
variation.

3.4.3. Off-axis experiments

When orthotropic materials are loaded off-axis, i.e. not in one of the orthotropic axes,
a coupling exists between the longitudinal normal deformation and the in-plane shear
deformation (shear-extension coupling, see e.g. [175]). This is the case in an off-axis
experiments under uniaxial load. As the in-plane shear deformation is suppressed by the
machine gripping system, additional shear stresses may be introduced in the proximity
of the tabs, resulting in stress peaks and an undesirable non-uniform stress state on the
coupon.

Sun and Chung [185] addressed this problem and proposed a new oblique tab design
for off-axis experiments, which was shown to improve the homogeneity of the strain field
for off-axis coupons. The main points of the theory are reviewed here and modifications
for the application to braided composites are given.
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The theory was originally developed for UD composites under off-axis load, but is
applicable to any orthotropic material. The strains in an orthotropic material under
uniaxial stress σxx can be calculated from

εxx = S̄11 · σxx
εyy = S̄21 · σxx
γxy = S̄61 · σxx

(3.6)

S̄ij are the components of the compliance matrix S̄ in the global xy-coordinate system
that can be obtained from the orthotropic compliance matrix S in the material coordi-
nate system by transformation. Calculation of the compliance matrix Sij requires the
engineering constants E11, E22, G12, ν12 to be known a priori, which was not the case for
the (±30°) braid. Due to this, an general approach using an equivalent laminate model is
used. The biaxial braided composite is idealized as an (±30°) angle-ply laminate with the
orientations of the plies given by the braiding angle. In this case, the compliance matrix

in the global xy-coordinate system for biaxial braided composite S̄
BB

can be calculated
from:

S̄ = S̄
BB

= TT (ψ) · SBB · T(ψ) (3.7)

SBB =
[
QBB

]−1
=
[
1

2

(
Q̄
UD+θ

+ Q̄
UD−θ

)]−1

(3.8)

Q̄
UD±θ

= T−1(±θ) · Q · T−T (±θ) (3.9)

Where Q̄
UD

is the global (xy) stiffness matrix of an UD material comprising the same
fiber/matrix combination as the braided composites and T is a transformation matrix
given in Eq. D.9. Under the assumption of a linear displacement field and the stress strain
relations from Eq. 3.6, Sun and Chung [185] showed that the displacement is uniform along
a straight line at the angle φ (Eq. 3.10) to the loading direction.

The definition of the oblique tab angle φ given in [185] is shown in Fig. 3.14. The
definition yields the drawback that 90° and -90°describe the same (rectangular) shape of
the tab, which leads to a discontinuity in the value of the oblique angle over the off-axis
angle for biaxial braided composites as shown in Fig. 3.14. To overcome this, the angle
between y-axis and oblique tab edge is defined as the oblique angle χ.The derivation
according to [185] yields:

cot(φ) = tan(χ) = − S̄16

S̄11

. (3.10)

The oblique angles for the coupons tested in this thesis have been calculated using
material parameters from [186]: E11 = 143000 MPa, E22 = 9400 MPa, G12 = 5100 MPa
and ν12 = 0.3. The oblique angles obtained are given in Table 3.3. Due to the small oblique
tab angle calculated for the OA30 (ψ = 30°) case, rectangular tabs were used. Linear FE
calculations were conducted for all off-axis load cases to check the influence of the oblique
tabs to the homogeneity of the strain field. A stress concentration reduction was found
in all cases, when oblique tabs were used. Furthermore, it was found by a parametric
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Fig. 3.14: Comparison of oblique-tab angle definition χ and the original one from [185] for UD and
biaxial braid ±30° (BB30)

Table 3.3.: Calculated oblique angles for the (±30°) biaxial braid

ψ[°] 15 30 45 60
χ[°] -33.7 8.1 57.7 50.9

study that small changes of the off-axis angle (e.g. due to manufacturing tolerances) do
not significantly change this tendency.

3.4.4. Test set-up and procedure

All tensile test series with exception of the BB30_OA30 tests have been conducted on a
Hegewald & Peschke Inspekt 250 (HP250) universal testing machine with 250 kN maxi-
mum force. The BB30_OA30 tensile test series and the compression test have been done on
a Hegewald & Peschke Inspekt table 100 (HP100) universal testing machine with 100 kN
maximum force. The load was introduced into the specimen with a servo-hydraulic grip-
ping system at the HP250 (Fig. 3.15), and with mechanical wedge type grips for tension
tests and spherical hinge mounted steel platens for the compression tests (Fig. 3.16a) at
the HP100. Load cell force and machine head displacement were recorded from the testing
machines with a frequency of 50 Hz during the experiments. The machine head speed was
chosen according to the standards [84, 85] to 2 mm/min and 1.3 mm/min for the tension
respectively the compression tests.

At least five experiments with monotonic loading up till specimen failure were con-
ducted for each configuration in tension and compression. In addition to the monotonic
experiments, two tensile loading/unloading experiments have been conducted for each
off-axis angle. The goal was to obtain information about modulus change and inelastic
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deformation. In the loading/unloading experiments, the specimen were loaded in four
load cycles incrementally to approximately 25%, 50%, 80% and 100% maximum force.
For each cycle, the specimen were loaded to the designated load, unloaded completely to
a small force (approximately 10 N) and reloaded to the next load level. The machine head
speed for both, loading and unloading was identical to the monotonic experiments. The
maximum force for the first three load cycles was estimated from the previous monotonic
experiments, while the specimen were loaded up till failure in the fourth load cycle.

During the tensile tests, a Photron FASTCAM SA5 high-speed video camera (Fig. 3.15)
was used to record the final failure process of the specimen. Due to the limited memory
in the camera, the choice of image resolution, duration of the recording and camera frame
rate requires a compromise. A resolution of 384×1008 pixels2 gave an image acquisition
rate of 17,500 frames per second and a total recording time of approximately 1.3 seconds
was chosen. The chosen frame rate provided enough pictures to observe the final failure
process and the resolution was fine enough to observe the formation of cracks on the
specimen surface. A 400 watt flood light was used to provide an adequate lightening
for the high-speed video camera. Due to the coverage of the end of the specimen by
the gripping system, the area filmed by the high-speed camera was around 80×30 mm2

(height×width) and positioned in the middle of the specimen’s gauge section. The camera
was triggered manually directly after final failure with the last 1.3 seconds recorded being
stored on the memory.

Fig. 3.15: Set-up for the tensile experiments (HP250)

The compression test used the combined loading compression (CLC) test fixture ac-
cording to ASTM D6641 [85, 183]. The CLC is shown in shown in Fig. 3.16a and consists
of four steel blocks, aligned with vertical rods and eight bolts to fixate the specimen.
The load is introduced via shear and end-loading into the specimen, with the bolt torque
controlling the shear to end-load ratio.

The specimens were installed into the fixture according to the procedure given in the
standard. The torque of the fixture bolts chosen was 3 Nm in all experiments except for
the OA30 test series, where 10 Nm were used. The torque for the OA30 series was increased,
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as recommended in the standard, to prevent end-crushing. End-crushing can occur for
specimen with a high amount of fibers in the loading direction. Wegner and Adams [183]
investigated the effect of the clamping and showed that torques up till 10 Nm have only
minor effect on the measured strength.

After the first test series OA90, which was conducted without tabs, preliminary failure
in the gripping area resulting in low strength values was observed for the OA00 test se-
ries without tabs. The lowered strength is believed to be to the introduction of stress
concentration through the interaction of the wavy specimen surface (Sec. 3.4.2) with the
rough clamping area of the CLC (see Fig. 3.16b). As a consequence, tabs (dimensions
given in Table 3.2) were bonded for all further compression test series (OA00, OA15, OA30,
OA45, OA60). The tabbed specimen provided approximately 20% higher strength values
for the OA00 test series. For the OA90 test series, the influence of the rough clamping area
to the strength could be neglected, as failure occurred within the gauge section and no
cracking was observed in the clamping area. The high-speed camera was not used for the
compression tests as it was not possible to capture and illuminate the coupon sufficient
in the test fixture.

(a) CLC test fixture placed in the test machine
(b) Carbide particle-coated gripping

surface

Fig. 3.16: Combined loading compression (CLC): four blocks of the test fixture assembled (left) and
single steel block with gripping surface (right)

3.4.5. Strain measurement systems

Strain on mechanical specimen is commonly measured with foil strain gauges bonded to
the surface of the specimen. The conventional strain gauge measurement technique can
be applied to braided composites, but attention has to be paid regarding interpretation
of the measured values, as the surface strain field of textile composites normally is inho-
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mogeneous [86, 99, 123]. The strain gauge selected should be sufficient big compared to
the yarn architecture, to ensure that the measured strain is representative for the average
specimen strain: the length of the strain gauge should be bigger than the unit cell size
in load direction [88]. Additionally, the applicability of strain gauges is normally limited
to relative small strains (5% maximum strain according the manufacturers specification
[187]) and surface cracking can lead to preliminary failure of the strain gauge [12].

An alternative to strain gauges is digital image correlation, which is a contact-free
measurement technique for spatial or 3D deformation measurement. The deformation on
the specimen is calculated by correlation of several images of the specimen surface taken
during the experiment. DIC provides a full-field strain information, thus all in-plane
strain components can be investigated in the measurement area. This enables correlation
of local effects such as strain peaks with the geometry of the local reinforcement. DIC was
successfully used to measure local and average strain fields of biaxial braided composites
up to high strains of 20% [12]. Furthermore, DIC results can be used to determine
information about the damage initiation [123] and damage mechanisms, i.e. crack location
and orientation, of braided composites [99]. The present section gives an overview about
the strain measuring methods used in this thesis.

Digital image correlation

The commercial DIC system GOM ARAMIS 4M with 4 megapixel resolution cameras
was used to measure the deformation of the coupon during the tensile tests. The system
was used in the three-dimensional measuring mode, comprising two cameras aligned to
the surface of the specimen at a defined angle a shown in Fig. 3.15. Three-dimensional
deformation measurement allows to obtain both, in-plane and out-of-plane deformation.
The flood light of the high-speed camera was used as a light source for the DIC.

The choice of the region of interest (ROI) of the DIC measurement requires a compro-
mise between size and resolution. For textile composites, a high resolution is required to
capture the quantity of local strain variations, but also low resolutions allow to determine
quantitative effects [123]. The ROI was chosen 65×48 mm2(height×width) at the center
of the specimen, which was found to be appropriate to resolve the local variations of the
strain field induced by the discrete yarn architecture.

The DIC system was calibrated prior to the measurements using a calibration panel.
The calibration is necessary for the system to recognize the exact position and orientation
of the cameras relative to each other and to the specimen. A precise calibration is nec-
essary as the system calculates the 3D-deformation of the specimen from the 2D images
from the two cameras. The frequency of image recording was in most cases set to 2 Hz ,
which provided appropriate frame rate and storage size of the images recorded during one
measurement.

In advance to the experiments, the plain tool-surface of the specimen was painted white
and subsequently sprayed with a black random speckle pattern. The speckle pattern is
required for the DIC system to recognize the points on the coupon surface. The principle
of DIC measurements is described e.g. by [188]: the ROI is divided into an evenly spaced
grid comprising so-called facets, with the center of a facet representing one result point
for the displacement (Fig. 3.17). The deformation of the facets is tracked by the DIC
system with the use of the gray value distribution inside the facet. Several criteria for
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the correlation of the facets are provided by Pan et al. [188]. The choice of the facet size
is a compromise between local resolution of deformation and noise, which is increased
with smaller facets, as the averaging area for the deformation is decreased. A facet
size of 17×17 pixels with a 2 pixel overlap of the facets (Fig. 3.17) was chosen for the
experiments. The resolution yielded 50 facets over the width of a coupon, which was
equivalent to approximate 7 facets per yarn width.

(a) Facets (b) Result points

Fig. 3.17: Speckle pattern including facets and corresponding result points for 17x17 pixel facets with
15 pixel facet distance (2 pixel overlap)

With the deformed position of the facets known, the displacement and deformation
gradient for every result point can be calculated. The deformation gradient at the re-
sult points is commonly calculated by a least square fit over a square window (strain
calculation window) of a minimum of 3×3 result points. This is equivalent to assuming
the deformation field in the strain calculation window to be a linear function of the co-
ordinates. The fitting process helps to largely remove the noise from the strain signal
[188], thus a large fitting strain calculation window is desirable for homogenous strain
fields. But in the case of inhomogeneous strain fields, a small strain calculation window
is required, thus the minimum 3×3 strain calculation window was used.

DIC: average strain calculation

Digital image correlation provides a strain tensor for every result point on the specimen
surface. Different methods can be used to calculate the average specimen strain from the
strain field:

1. Averaging the strain from of all result points (facets) of the strain field

2. Definition of a certain averaging region (virtual strain gauge) on the specimen

3. Calculation of the average strain from discrete points (virtual extensometer)

Every method yields advantages and disadvantages: Averaging of all result points is
simple to use, but it may overestimate the average strain, when small cracks are forming
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on the specimen surface which are not recognized as cracks by the DIC system1 (marked
at the coupon edges in Fig. 3.18). The definition of a virtual strain gauge omits this issue
at least for edge cracks which were observed in some of the experiments, but a large part
of the deformation field is neglected by the averaging and size and position of the virtual
strain gauge are somehow arbitrary. A virtual extensometer defined between two points
provides a simple averaging for longitudinal strains but is more complex to be used for
transverse and shear strain e.g. in the case of a non-rectangular facet field.

Fig. 3.18: DIC measurement of a BB30_PP02_PT_OA00_3 specimen with surface cracks at the edges and
in the center, the red area refers to the virtual strain gauge, the black crosses mark the points
used for the virtual extensometer

The different methods were compared for several measurements, with the results sum-
marized in Fig. 3.19. The virtual strain gauge was chosen in the middle of the gauge sec-
tion with a size of 10×10 mm2 and the virtual extensometer used the two points marked
with crosses in Fig. 3.18. In many cases the results from the three methods are similar
as shown in Fig. 3.19a, where the DIC measurements were additionally compared to the
measurements from a foil strain gauge placed on the backside of the coupon. The strain
measured from the foil strain gauge is slightly higher as the DIC strain prior to final
failure, which is due to surface cracking in the area, where the strain gauge is bonded.
Furthermore, it should be noted that the strain obtained by the virtual extensometer can
vary depending on the position of the points picked. The virtual strain gauge is problem-
atic, if the crack localization on the specimen is in the area of the virtual strain gauge,
as shown in Fig. 3.18. The average specimen strain is in these cases overestimated by the
virtual gauge method (Fig. 3.19b). Due to the dependence of the average strain on the
position of the chosen strain averaging region for the virtual gauge and the virtual exten-
someter, the average over all facets was chosen for all specimen to calculate the average
strain.

Strain gauge measurements

The alignment rods of the CLC compression test fixture (Fig. 3.16a) inhibit a proper
view to the surface of the specimen. These geometric constraints prohibit an adequate
illumination and image acquisition as required for the DIC system. Additionally, the

1If the DIC-system does not recognize the cracks, a strain value is calculated over the crack, which is
artificially high due to the crack opening and has to be judged as non-physical, as no continuum exists
in the position of the crack.
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Fig. 3.19: Comparison of strain averaging methods for specimens BB30_PP02_PT_OA00_2 (a) and
BB30_PP02_PT_OA00_3 (b)

ASTM D6641 standard requires a validation of the coupon test with the bending of the
specimen to ensure that the specimen failed due to material fracture rather than stability
failure. The bending is calculated from the strains on two sides of the specimen, which
would require a two-sided DIC measurement.

Linear foil strain gauges were therefore chosen for the compression experiments in a
back-to-back arrangement. Tokyo Sokki Kenkyujo FLA-3-11 strain gauges with a gauge
size of 3×1.7 mm2 and a backing size of 8.8×3.5 mm2 were bonded on both sides of the
specimen. The strain gauges were the maximum size fitting onto the free gauge length of
the specimen, as additional space is needed for the gauge wires. The gauge signals were
recorded with a HBM MX840A universal data recorder at a frequency of 50 Hz. Bending
of the specimens was calculated over the complete experiment according to

B =
ε1 − ε2

ε1 + ε2
, (3.11)

where ε1 and ε2 are the strain signals of the two strain gauges.

3.4.6. Evaluation methods

Besides the evaluation procedure given in the standard, advanced methods were used to
characterize the nonlinear behavior of the (±30°) braided composite in the off-axis experi-
ments. The tangent modulus was calculated for each specimen to determine the degree of
nonlinearity of the stress-strain curve. Furthermore, the loading / unloading experiments
were evaluated to determine the degree of inelastic deformation. The following section
describes the evaluation methods used.

Tangent modulus

For both, tension and compression experiments the elastic modulus shall according to the
standards be evaluated within a range of 0.1%-0.3% axial strain. This is appropriate for
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materials behaving linear within this strain range, but leads to an overestimation of the
modulus for biaxial braided composites, when considering the complete strain range (cf.
Fig. 3.20a).
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Fig. 3.20: Stress-strain curve and tangent modulus for specimen BB30_PP02_PT_OA00_2

The tangent modulus evaluated from the stress-strain curve can provide both, the initial
modulus and information about the degree of nonlinearity of the stress-strain curve:

Etan =
dσ

dε
=

∆σ

∆ε
=
σi+1 − σi
εi+1 − εi

(3.12)

Fig. 3.20b shows that the tangent modulus evaluated with the finite difference quotient
given in Eq. 3.12 is rather noisy and the initial modulus obtained by the finite difference
quotient will be strongly influenced by the noise. To compensate the issues regarding
noise in the tangent modulus, a regression analysis of the stress-strain curve is used. A
2nd degree polynomial function given in Eq. 3.13 is fitted to the stress strain curve, which
allows to directly obtain the modulus.

σ = a0 + a1ε+ a2ε
2 (3.13)

Fitting the stress strain curve instead of the tangent modulus is beneficial, as the goodness
of the fit can be judged more accurately as in the case of the noisy tangent modulus. The
regression analysis was done within MATLAB by using the polyfit function, which
uses the least square method to calculate the unknown coefficients ai in Eq. 3.13. The
goodness of fit of the regression was checked by using the R squared (R2) coefficient of
determination. A minimum of three data points is required to determine the unknown
coefficients, while a certain smoothing is introduced when more points are used.

The data point intervals for the regression were chosen overlapping as shown in Fig. 3.21.
The interval is shifted by one data point to the next interval: the regression for the point
m = 1/2 · (NP + 2i− 1) is calculated over the strain points n = i . . . i+ (NP − 1).
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Fig. 3.21: Data point intervals used for data regression

The regression yields the unknown coefficients in Eq. 3.13, i.e. the stress-strain behavior
is known in the regression interval. From the stress strain behavior, the tangent modulus
can be calculated directly as

Etan =
dσ

dε
= a1 + 2a2ε . (3.14)

The initial modulus can be obtained from the first interval (i = 1):

E0 = Etan(ε = 0) = ai=1
1 (3.15)

For the experiments in this thesis, a window size of NP = 10 was chosen for 2 Hz mea-
surements respectively linearly scaled for other frequencies. The progress of the tangent
modulus calculated as described above is shown in Fig. 3.22 and compared to the tangent
modulus obtained by finite differences. The tangent modulus calculation was used to
determine the initial modulus and the progression of the modulus for both, monotonic
and loading/unloading experiments.
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regression
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Evaluation of loading/unloading experiments

During the loading/unloading experiments a significant hysteresis, i.e. loading and un-
loading on different paths, was observed within the stress-strain curves, as schematically
shown in Fig. 3.23. The hysteresis effect is commonly observed in composite materials and
attributed to residual stresses at the fiber-matrix interface [189] or fiber-matrix interface
friction, as well as plastic and viscoelastic effects in the matrix [190]. Fouinneteau [12] re-
ported hysteresis for biaxial braided composites and also attributed it to friction between
fiber and matrix.

For the evaluation of the experiments, the basic theory of elastic and inelastic material
nonlinearities is used [191]. The principle is shown in Fig. 3.23: the unloading modulus
is obtained from the unloading (1) and reloading (2) point and compared to the cases of
ideal inelastic and ideal elastic deformation.

E1 =
σ(1) − σ(2)

ε(1) − ε(2)
(3.16)

With the superscripts in brackets referring to the points given in Fig. 3.23. Ideal inelastic

Fig. 3.23: Principle for evaluation of the loading/unloading experiments

deformation is calculated under the assumption that the initial modulus does not change,
while ideal elastic deformation, i.e. all the nonlinearity of the stress-strain curve is due
to material damage [163], is calculated under the assumption of zero residual inelastic
deformation. The residual inelastic (ie) deformations yield as

εie = ε(1) − σ(1)/E1 (3.17)

εie,ideal = ε(1) − σ(1)/E0 , (3.18)



3.4 Mechanical characterization 70

where Eq. 3.17 extrapolates the residual inelastic deformation from the unloading curve as
shown in Fig. 3.23. The amount of inelastic deformation ηie is determined by comparing
the measured inelastic residual strain with the inelastic strain for the ideal inelastic case:

ηie =
εie

εie,ideal
(3.19)

Additionally, the damage variable at the unloading point (1) can be evaluated according
to Lemaitre [163]:

d = 1 − E1

E0
(3.20)

The two quantities, the inelastic strain εie and the damage variable d can be used to
determine the mechanics of the nonlinearity in the stress-strain curve, i.e. if dominated
by elastic or inelastic effects.

For the low forces and strains at the beginning of the experiment, some inherent errors
may influence the loading/unloading evaluation: noise in the force signal, misalignment
of the specimen, setting effects of the gripping or noise in the DIC strain signal. These
measurement errors can lead to two cases that require an idealization for the evaluation,
namely a progressive stress strain curve (Fig. 3.24a) or a progressive elastic modulus
(Fig. 3.24b). For these cases, the following approximations are introduced:
For the first case, the secant modulus of the first cycle is used as the initial modulus:

E0 = Esec,cycle1 =
σ(1)

ε(1)
(3.21)

For the second case, the first unloading modulus is assumed to be the initial modulus.

E0 = E1,cycle1 (3.22)

As the elastic modulus of the material can be assumed to not increase, the lower tangent
modulus at the start of the test is attributed to setting effects. In this case, the unloading
modulus is set equal to the initial modulus. The errors reported mainly occurred during
the first load cycle with small stresses and strain, i.e. high influence of measurement
errors, while the second and third cycle were not influenced.

3.4.7. Fiber volume fraction measurements

Fiber volume fraction (FVF) strongly influences the material properties of composite ma-
terials and thus is determined during material characterization to ensure comparability of
the results. The FVF of the panels used in the mechanical characterization was measured
according to the procedure described as Method I in ASTM D3171 [43]. The weight of
the fibers was obtained after chemical digestion of the matrix, which allows to measure
values for fiber volume fraction as well as void volume fraction.

At least three specimen evenly distributed over the panel were used. The specimen
size was squared with an edge length of 20−25 mm, which included approximately 10
rectangular unit cells (Fig. 3.9) of the braided reinforcement.
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(a) Progressive stress-strain (b) Progressive elastic modulus

Fig. 3.24: Idealizations during evaluation of the loading/unloading experiments

Normalization of the test results

When comparing mechanical properties from different test series, the results should be
reported for equal FVF. As the measured FVF from different panels normally varies, a
data normalization procedure needs to be applied. The method commonly reported for
composite materials is linear normalization of properties to the desired FVF [192]:

NP = EP · ϕ
norm
f

ϕexpf

(3.23)

Where EP , NP are the property determined experimentally and normalized, respec-
tively. ϕexpf and ϕnormf are the FVF of the experiment and the normalization FVF. The
normalization procedure is commonly applied to fiber-dominated values as recommended
in [192], but for matrix-dominated properties, such as e.g. in-plane shear, no normalization
procedure is commonly accepted. As the mechanical behavior of biaxial braided compos-
ites is matrix-dominated for various load cases, a normalization procedure applicable for
matrix-dominated values is needed.

Within this thesis the experimental results are normalized based on an alternative
approach published by Zebdi et al. [119] comprising micromechanics and classical laminate
theory. The approach bases on the assumption that the change of a property due to
FVF difference in a biaxial braided composite is equal to the change of a property in
an analogous laminate due to the same FVF difference. Zebdi et al. [119] proposed the
following equation for normalization of elastic properties:

NP = EP − (PP exp − PP norm) (3.24)

Where PP i is the predicted property of the equivalent laminate at the FVF ϕi obtained
by micromechanics and CLT and EP exp respectively NP norm are the measured and nor-
malized value. Furthermore, the strength is assumed to follow the same trend as the
stiffness.

Xnorm

Xexp
=
NP norm

EP exp
(3.25)



3.4 Mechanical characterization 72

The approach is used within this thesis with minor modifications to the formulation given
in [119]. The applied procedure can be summarized as:

1. Calculate UD properties of the plies in the equivalent laminate at FVF of ϕexpf and
ϕnormf . The rule of mixtures is used in the fiber direction and Chamis’ microme-
chanics formulae are used for matrix dominated values.

2. Calculate the elastic properties of the (±θ)s equivalent laminate from classical lam-
inate theory.

3. Calculate the equivalent laminate’s Young’s modulus (Eψ) in the off-axis direction.

4. Normalize stiffness and strength with the Young’s moduli calculated according to
Eq. 3.24 and Eq. 3.25.

More details and equations for the normalization are given in Appendix D. The fiber
and matrix mechanical properties used for the micromechanical equations are given in
Table A.1 and Table A.2. A comparison of the applied normalization procedure to linear
normalization given in Fig. 3.25 shows, that the error of linear normalization can be
considerable also for small changes of volume fraction.
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Fig. 3.25: Comparison of linear and improved normalization for E22 of a (±30°) braided composite



4. Experimental testing and results

Experimental characterization of biaxial braided composites was carried out for two main
purposes within this thesis:

• Get information about the yarn architecture (internal geometry) of biaxial braided
composites.

• Characterize the constitutive behavior, with focus to the elastic, nonlinear and
failure behavior of biaxial braided composites under combined stress states.

For the yarn architecture, the main goal was to define a strategy for characterization
to obtain reliable and robust input parameters for unit cell modeling. The investigation
focuses on methods, which on the one hand serve all relevant information for unit cell
modeling, and on the other hand can be scaled up to capture yarn architecture changes
on braided components. Therefore, (±30°) and (±45°) biaxial braided composites were
investigated to define the measurement procedures, sample sizes and sample positions
for the characterization. Optical microscopy and image analysis of surface scans were
used as baseline methods. In addition, micro-CT measurements were conducted to gain
information about 3D effects in the yarn architecture. The results obtained from the
investigations are given in Section 4.1.

The main goal of the mechanical characterization was to measure the elastic, non-linear
and failure behavior of carbon/epoxy 2×2 biaxial braided composites under combined
stress stated. Most of the experimental work found in literature investigates braided
composites with different constituent materials and yarn architectures under uniaxial load
in one of the orthotropic directions (e.g. [12, 26, 33, 96, 193]). Only little information
is available on the mechanical behavior under combines loads (e.g. [32, 93, 94]), which
is essential to judge the quality of predictions from different failure criteria. Off-axis
experiments of (±30°) biaxial braided composites have been used for this purpose, as they
offer the possibility to introduce combined stress states into a material with a uniaxially
loaded coupon. Universal testing machines and established standard testing procedures
could be used to conduct the experiments. Six different off-axis angles were tested in
tension and compression, with the failure behavior being evaluated with DIC, high-speed
camera recordings and postmortem specimen inspection. The results from the off-axis
test series are given in Section 4.2.

4.1. Yarn architecture of braided composites

The yarn architecture of braided composites represents the internal geometry of the mate-
rial, such as yarn angles, yarn paths and and yarn shapes. These geometric characteristics
are crucial for the material properties on the macroscopic scale: e.g. increased out-of-plane

73
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waviness of yarns will lead to decreased stiffness and strength properties. Thus, the yarn
architecture is an important input parameter for modeling the mechanical behavior of
braided composites and needs to be robustly characterized. The method used should
be both, capable to capture details of the yarn architecture with a high resolution and
applicable to measure the yarn architecture on big components.

The methods, commonly reported in literature, for yarn architecture characterization
are analytical equations, optical microscopy, micro-CT and image analysis [33, 44, 51,
55, 62–67]. The measured values have been successfully used to predict textile composite
mechanical behavior [33, 44] and a comparative study using dry fabric materials proved
that the different methods yield comparable results [63]. From the work published on yarn
architecture characterization, so far no information on the reliability of these methods
to braided composites with high fiber volume fractions is available. Furthermore, no
information exists on the dependence of the results on the specimen positions and on
the number of required specimen. The goal of the presented study was to provide a
robust and efficient strategy for yarn architecture measurement of braided composites.
Optical microscopy was chosen as the baseline method for characterization, as its use is
successfully reported in literature for braided composites [33, 44].

Measurement techniques for the required geometric parameters were proposed and ap-
plied to micrographs. A study with a panel from a (±45°) braided composite has been
conducted to gather information about the number of the required sections and to in-
vestigate the effect of the micrograph position. In addition, to optical microscopy, two
techniques, based on surface images were investigated: manual measurements of the braid-
ing angle from scanned images of the panels and automated evaluation of the fiber angles
on the surface with an optical sensor [67].

Furthermore, micro-CT measurements were used to capture 3D effects within the yarn
architecture. Qualitative considerations are given to the dependence of yarn shape and
dimensions to the position along the yarn path. Furthermore, nesting behavior of the
plies and yarn shape changes near the surface were investigated.

Finally, the measured properties are summarized and recommendations for the char-
acterization of the yarn architecture of braided composites are given. The results are
compared to analytical predictions to illustrate the potential of such predictions, which
can be used if no measurements of the yarn architecture are available.

4.1.1. Optical microscopy

Optical microscopy was used to measure the yarn architecture of the braided composites.
The method yields several advantages compared to other characterization techniques:

• Optical microscopy can be done with standard laboratory equipment, only machin-
ery for grinding and a microscope are needed.

• Microscopy serves high quality images of infused and cured samples, thus effects of
compaction and infusion are included in the measured values.

• It is applicable to both, small materials samples (high resolutions) and also to
samples cut out of bigger components.
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Two materials, namely a (±30°) and a (±45°) biaxial braided composite, were investi-
gated. Both braids were manufactured by using similar process conditions for braiding
and infusion as described in Section 3.2, with the (±45°) braid comprising eight plies
in the laminate. For the (±45°) braid, a complete panel was available for the charac-
terization and 16 specimen were taken distributed alonng the length and width of the
panel. The measurements from the complete panel were used to determine whether there
is a dependence of the results on the position of the micrograph. For the (±30°) braid,
the specimen were extracted out of cut-waste from the mechanical specimen production.
The specimen were embedded and polished as described in Section 3.3.1. The nominal
braiding and infusion properties of the materials used are given in Table 4.1.

Table 4.1.: Nominal properties of braided composites used for yarn architecture characterization

(±30°) (±45°)

braiding angle [°] 30 45

braid mandrel diameter [mm] 100 125
pattern 2x2 2x2
plies in laminate 5 8

areal weight (per ply) [g/m2] 520 540
laminate thickness [mm] 2.5 4
fiber volume fraction [%] 60 60

source of specimen cut-waste from
mechanical
coupons

panel not used
for specimen
production

Orientation of cuts and parameters measured

The parameters required to characterize the yarn architecture normally depend on the
type of geometric model used for the yarn architecture. While simple models get along
with one or two yarn path parameters like amplitude and wavelength of the yarn undula-
tion, more detailed models require additional input about yarn shape, yarn dimension and
yarn cross section parameters. In this thesis, the geometric models of the braided compos-
ites were built with the academic software package WiseTex [46]. WiseTex requires yarn
shape (elliptical, lenticular), yarn width, yarn height, spacing of yarns and the braiding
angle to built up a geometric model of a biaxial braid. Additionally, the braid laminate
thickness is required if nesting of adjacent plies in a laminate shall be considered. The
required properties are summarized in Table 4.2

All parameters, except the braiding angle, can be measured from an out-of-plane mi-
crograph of a braided composite. The required sections A,B to measure the parameters
for both yarn directions F + /F− are shown in Fig. 4.1a: For a measurement of the
yarn cross section dimensions, the section should always be perpendicular to the yarns.
Additional measurements along the yarn direction (C,D) can be used to get the yarn path
coordinates, but have a high uncertainty for yarn dimension measurements. When di-
mensions are not yarn are not measured perpendicular to the yarn direction, they need
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(a) Required micrographs for yarn architecture measure-
ment in a braided composite (±30°)
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Fig. 4.1: Sectioning for biaxial braided composites: required sections and misalignment error

to be corrected. With the misalignment angle ζ, which is the angle between the actual
cut and the plane orthogonal to the yarn direction investigated, the correction is e.g. for
the yarn width (d2) conducted by:

d2 = dmeasured2 cos ζ (4.1)

The misalignment angle is normally not known exactly due to tolerances in the embedding
and grinding process. As shown in Fig. 4.1b, the slope of the correction factor, i.e.
the potential error due to a wrongly estimated misalignment angle increases with the
misalignment angle. Thus, the most robust choice are perpendicular sections ζ = 0,
where a small misalignment has a negligible effects.

Measure yarn dimensions

The dimensions measured from the micrographs together with the methods used for the
measurement are given in Table 4.2. The yarn cross sections in the geometrical model can
be chosen as elliptical or lenticular, which makes it reasonable to use a similar approxi-
mation for the yarn dimension measurements. An elliptical cross section was found to be
appropriate for the investigated braids. The main advantage of this idealization is that it
enables the operator of the measurement to determine both dimensions, yarn height and
width within one measurement. Especially yarns with a certain rotation can be measured
more precisely.

The operator of the measurement chooses, whether the yarn cross sections in the mi-
crograph can be idealized as ellipses. To validate the manual choice of the operator,
the manual judgment was compared to the percentage of areal overlapping from ellipse
idealization and real yarn cross section for the (±45°) braid. The overlapping area was
measured by using a polygon measurement for every cross section. It was found that the
manual choice of the operator could be used as a criterion, with the cross sections judged
as good having an average of 88%-96% areal overlap. For the (±45°) braid 88% of the
yarn cross section were judged as good, giving a sufficient number of measurements. Most
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Table 4.2.: Parameters describing the yarn architecture of biaxial braids

dimension variable measurement method

yarn height d1 minor axis of ellipse
yarn width d2 major axis of ellipse
spacing p distance between two ellipse centers
laminate height h perpendicular distance between upper and lower sur-

face
braiding angle θ angle between yarns at crossover or optical sensor mea-

surements

cases of rejecting the ellipse idealization were two adjacent yarns that were grown together
(e.g. regions marked blue in Fig. 4.2) and could not be distinguished.

With the yarns defined as ellipses, the spacing can be measured as the distance between
two adjacent yarns in the same ply. To avoid the influence of vertical difference between
the yarns (see e.g. yarns (28) and (29) in Fig. 4.2), the distance was projected to a
horizontal line defined by the mold side (lower edge in Fig. 4.2). The thickness of the
laminate was measured perpendicular to the horizontal mold side of the laminate.

Fig. 4.2: Yarn architecture measurements: idealization of yarn cross section as ellipse and grown-together
yarns marked blue

Dependence on position on the panel

As the yarn architecture has an inherent variability, the question arises whether there
is a dependence of the measured properties on the position on the panel. This was
investigated for the (±45°) braid by taking a total of 16 micrographs from positions
evenly distributed over a panel. The positions of the samples on the panel are shown in
Fig. 4.3. At every position, one micrograph in F+ and one in F− direction was taken
and at least 15 measurements per property have been conducted at each section. The
following dependencies were evaluated:

• micrographs taken in length (11) or width (22) direction
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Fig. 4.3: Positions of the micrographs on the (±45°) panel

• micrographs taken from F+ or F- yarn direction

• micrographs taken from the border or from the middle of the panel

The statistical significance of difference was checked by using a two-sample t-test at 95%
significance level. With exception of the yarn height, the differences for all properties did
not significantly change depending on the criteria defined above. For the yarn height,
a significant difference was found for the values at the edge, when compared to the val-
ues in the inner region of the plate (Fig. 4.4). This is due to the the tape present at
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Fig. 4.4: Yarn height in dependence of the position on the panel (sample numbers refer to Fig. 4.3)

this position, which is used during the braiding process for stabilization of the plies (cf.
Section 3.2). As it can be seen in Fig. 4.4 the values for the yarn height are less in this re-
gion (samples 1,2,10,11,17,18), which is attributed to the increased compaction during
infusion.

Number of required measurements

Besides the dependence on the position, an important question is how many measurements
have to be conducted to achieve a certain accuracy. The number of required samples
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was calculated by using a two-sided t-test with a significance level of α = 0.05 and the
results are given for a power of 0.8 and 0.95. To determine the required sample size,
a technical relevant difference in average values needs to be defined, which was chosen
half the standard deviation (cf. Table 4.5) for yarn height and width, 0.05 mm for the
thickness, which is equivalent to 1% fiber volume fraction change and 1° for the braiding
angle. The calculation furthermore requires the standard deviation of the properties to be
known, which was taken from the (±45°) measurements. The results for required sample

Table 4.3.: Required sample sizes for the geometric parameters

value average standard difference of required samples required samples
deviation technical relevance (power=0.8) (power=0.95)

d1 282.3 µm 29.5 µm 15 µm 62 102
d2 3091.5 µm 260.7 µm 130 µm 65 106
p 3048.1 µm 246.1 µm 130 µm 58 95
h 3886.9 µm 43.1 µm 50 µm 13 21
θ 45.6° 1.3° 1° 28 45

sizes are summarized in Table 4.3.

• Yarn width and height need over 100 measurements to be representative with a
power of 0.95. With 15-20 measurements per micrograph, which was the case for
most micrographs investigated, six to eight different sections need to be investigated.

• The spacing needs the same number of measurements, which is more difficult as less
measurements are possible on each section. When not enough measurements are
available, the approximation of spacing being equal to the yarn width is reasonable.

• For the braiding angle approximately 50 measurements are needed. It should be
noted the standard deviation measured is representative for a complete panel, where
effects like s-shape dominate the variance.

It can be summarized that a high effort is needed to obtain precise results for the yarn
architecture. However, the position of samples for the sections does not have a significant
effect on the results and the approximation of yarn shape as an ellipse is reasonable.
The described procedures for measurements and requirements regarding the number of
samples were used for the further investigations.

4.1.2. Braiding angle measurements

The braiding angle was not measured from the micrographs, as the samples are limited
in size and the braiding angle is known to vary due to the s-shape of the yarns on a panel
[33]. The braiding angle was measured as described in Section 3.3.3 from scanned images
of the (±30°) and (±45°) panel. For both panels 70 points evenly distributed over the
panel were measured. A repetition of the measurements showed no significant difference,
i.e. the influence of the manual measurements in negligible.

The results of the braiding angle measurements are shown in Fig. 4.5. The braiding
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Fig. 4.5: Braiding angle over the width and length of the panels (crosses mark the measurements)

angle varies for both braids along the length (equivalent with the take-up direction) and
the width of the panel. While the variation in the length direction is different for the
two configurations and is attributed to manufacturing tolerances during braiding and ply
handling, a clear trend is visible for the braiding angles measured over the width direction:
the braiding angle increases in both cases at the edges of the panel. A difference of 1° for
the (±30°) respectively 1.7° for the (±45°) is measured between center and edge of the
panel. The difference is attributed to the so-called s-shape effect of the yarns (cf. [33]),
which is believed to be introduced into the braiding process through the effect of gravity.

The average values of the braiding angle, including the standard deviation, for both
panels is given in Table 4.4. The braiding angle of (±30°) is 1.3° higher as desired,
which is believed to be due to tolerances in the control system of the braiding machine
(cf. Section 3.2). The coefficients of variation are small compared to the other yarn
architecture parameters, but an inherent dependence of the braiding angle on the position
on the panel is observed, which is important for further considerations, as this dependence
can be believed to be also present on braided components.
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Table 4.4.: Results from braiding angle measurements

braid average braid-
ing angle [°]

standard de-
viation [°]

CV [%] number of
measure-
ments

BB30 31.29 0.61 1.9 70
BB45 45.56 1.23 2.7 70

Image analysis

In addition to the manual measurements, an optical sensor [67] was used to measure the
braiding angle on selected specimen from the off-axis experiments. The sensor reduces
the effort for the measurements of the braiding angle, as the data of the fiber angles can
be acquired very quickly and the evaluation is automated using the user-written script
described in Section 3.3.3.

The analysis of images from different positions over the panel width, shows that the
sensor reproduces the same results regarding the s-shape of the yarns: The braiding angle
is lower in the center of the panel and gets bigger towards the edges as shown in Fig. 4.6a.

upper edge 30.70 ± 0.33
center 28.95 ± 0.53
lower edge 30.28 ± 0.49

(a) S-shape effect on the braiding angle
measured by the optical scanner (b) Sensor image of the specimen BB30_PP01_PT_OA00_8

Fig. 4.6: Sensor measurements with OA00 specimen

The results of the sensor were compared to the manual measurements for three speci-
men oriented in the take-up (11) direction of the (±30°). The specimen were measured
manually at 42 positions, two images per specimen were taken with the optical sensor,
as one image could not capture the complete specimen. One of the images evaluated by
the sensor is shown in Fig. 4.6b. An overview to the comparison of manual and sensor
measurements is given in Fig. 4.7.

The results from both measurements methods show similar trends, with the average
values of the hand-measurements being between 0.3° and 1.5° higher. The main reason for
the deviation is believed be the difference of point-wise hand measurements of yarn edges
at crossovers in comparison to complete areal measurements by the sensor. The bigger
values from hand-evaluation indicate that the fiber angles are bigger at the crossover
points of the yarns. Summarizing the comparison, it can be concluded that both methods
can be used for braiding angle measurements, but the sensor yields a higher precision of
results, as the measurement is spatial and the hand-evaluation tends to overestimate the
braiding angle.
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Fig. 4.7: Comparison of values from sensor measurements and manual measurements

4.1.3. Summary of measured yarn architecture properties

An overview to the properties measured is given in Table 4.5. From the dimensions of
the yarn cross-section the average packing density inside the yarns can be calculated by
dividing the area of the filaments in the yarn Afil by the area of the yarn Ayarn.

pd =
Afil
Ayarn

=
Nfil · π/4 · d2

fil

π/4 · d1 · d2

=
Nfil · d2

fil

d1 · d2

(4.2)

Where Nfil is the number of filaments in the yarn and dfil is the filament diameter. The
nominal filament diameter dfil = 7 µm given in Table 3.3a was used and the values for
the packing density are given in Table 4.5. The nesting factor η was calculated from

η = (Nplies · 2 · d1)/h (4.3)

Table 4.5.: Average values and standard deviation of the measured yarn architecture parameters; the
coefficient of variation is given in brackets

BB30 BB45

d1 [ µm] 276 ±29 (10.4%) 282 ±30 (10.6%)
d2 [ µm] 3080 ±251 (8.1%) 3092 ±261 (8.4%)
p [ µm] 3189 ±284 (8.9%) 3048 ±246 (8.1%)
h [ µm] 2339 ±79 (3.4%) 3887 ±43 (1.1%)
θ [°] 31.3 ±0.6 (1.9%) 45.6 ±1.2 (2.7%)

Nplies 5 8
pd[%] 69.2 67.4
η 1.18 1.16
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Comparison of results to analytical predictions

Besides measurements, the analytical formulae given in Section 2.2.3 can provide an
approximation of the yarn architecture if no measurements are available. For the two
braiding angles, the yarn architecture parameters were calculated based on the equations
Eq. 2.1-Eq. 2.5. The spacing of the yarns was assumed to be equal to the yarn width
and the yarn height was approximated as half of the ply thickness. Both, braiding angle
and fiber volume fraction are assumed to have the nominal values and serve as input
parameters for the calculations.

An overview of the results is given in Table 4.6. All values except of the yarn height
lie within 5% of the measured values. The yarn height is underestimated by 12% and
18%, which shows that the approximation of half the ply thickness, used to calculate the
yarn height, is rather rough. In the braid laminates investigated, the yarns locally spread
into adjacent plies, which leads to a higher yarn height in total. An alternative to the
described procedure could be to calculate the yarn height by assuming the packing density
in the yarns as proposed in [33]. But the value of the packing density is commonly not
known a priori and the values reported in literature vary largely between 60% and 80%
[33, 44], which puts a high uncertainty to the prediction.

Table 4.6.: Analytical predictions and comparison to the measured values of the yarn architecture

BB30 BB45

calculated deviation calculated deviation

d1[ µm] 244 −11.6% 238 −17.6%
d2[ µm] 3092 0.4% 3155 2.0%
p [ µm] 3092 −3.0% 3155 3.5%
h [ µm] 2437 4.2% 3820 −1.7%

input values

θ[°] 30 45
ϕf [%] 60 60

In conclusion, it can be said that a reasonable prediction of the biaxial braided yarn
architecture can be obtained by simple analytical formulae. But the yarn height show-
ing the biggest deviation, should be taken with caution, as it has a big impact on the
waviness and thus mechanical properties. Finally, it should be noted that the braiding
process for the investigated braids was configured to provide minimal waviness. Thus,
yarn architectures observed here were rather regular, with maximum yarn width and the
mandrel being of constant shape and perimeter. In the case of abrupt mandrel diameter
changes, the deviations can be bigger [27].

4.1.4. Micro-CT

In addition to the optical microscopy, micro-CT was used to determine a 3D informa-
tion about the yarn architecture. The main goals of the investigations were to provide
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an estimate for the quality of information obtained from a 2D micrograph of the yarn
architecture and to asses the possibilities of micro-CT measurements on cured braided
composite samples. Publications regarding yarn architecture in textile composites (e.g.
[51, 55]) report that the yarn dimensions change along the yarn path. Thus, the question
arises if a 2D sample provides representative results for the yarn architecture. Therefore,
the (±45°) braid was measured with micro-CT as described in Section 3.3.2. Only a
qualitative evaluation of the data will be given as the resolution of the micro-CT scans
(7 µm) is coarse compared to the ones of the micrographs leading to a big inherent error
of the measurement. Additionally, a comprehensive evaluation of the CT-data requires an
automated procedure for thresholding and shape detection, which was out of the scope of
this study.

The complete micro-CT scan on the (±45°) braid is shown in Fig. 4.8. The yarn
architecture of the braid can be seen, but the contrast is less compared to the micrographs.
For the following investigations, only slices of the complete data will be shown. The focus
of the investigations is put on yarn cross section deviations from the idealized elliptical
shape and on the effect of nesting.

Fig. 4.8: 3D view of the (±45°) sample used for micro-CT investigation

Dependence on the yarn shape and rotation on the position

Different yarn shapes were observed on the micrographs. The micro-CT investigations
were used to evaluate the variation of shape, dimensions and orientation of the yarn cross
section along the yarn path. Fig. 4.9 shows a representative yarn cross section variation:
the yarn shapes align with the transverse yarns near the crossing point (1), merge when
the yarns run parallel (2) and split again when the next transverse yarn crosses (3). Thus,
the yarn shape aligns with the transverse yarns inside the ply, but also with the yarns
in adjacent plies (4,5). The cross section rotates according to the path of the transverse
yarns (1,3), with a rotation angle of approximately ±3° measured for the (±45°). Yarn
cross section shape and rotation are dependent on both, the position along the yarn path
and on the relative position of the plies above and below the investigated ply. Thus, a
comprehensive parametric description of yarn path and cross sections requires additional
information on the relative position of the plies.
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Fig. 4.9: Yarn cross section shape and orientation at different positions along the yarn path

Influence of the ply position

The yarn shapes in the sample were found to be changing on mold side and vacuum bag
side (Fig. 4.10): regular elliptical shapes are present on the vacuum-bag side, while the
yarns are flattened on the other side due to the contact with the rigid mold. This also
reflects in the yarn path, as an additional dip (cf. [55]) can bee seen near the mold, whereas
an additional waviness is present in the nominal straight part of the yarn on the side of
the flexible vacuum bag. Changes of yarn architecture near the surfaces are especially

Fig. 4.10: Differences in the yarn architecture on tool-side (lower) and vacuum bag side (upper) of the
sample

important, when considering surface measurements for yarn dimensions. The values of
yarn width and spacing obtained from a surface scan can only serve as a rough estimate,
as the architecture is different inside the braid laminate.

Nesting

Nesting of adjacent plies can be either of global or local nature: global nesting describes
the geometric effect due to the positioning of the plies relative to each other [56]. Empty
volume in one ply is filled by the adjacent ply, i.e. the complete ply is evenly nested. Local
nesting in contrast is mainly influenced by local boundary conditions and the deformation
of yarns in a dry fabric and thus is a rather local effect.

The tendency for nesting in the (±45°) braid laminate is shown in Fig. 4.11, where the
green lines mark the nominal thickness of one ply (1/8th of the laminate thickness). The
braid laminate shows only minor global nesting, which is in accordance with the results
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of Lomov et al. [56], which describe geometric nesting to decrease with the tightness of
the fabric. As the investigated fabrics are rather tight, there is almost no free volume to
fill, thus less global nesting is present. It can be concluded that global nesting only has a
minor effect for tight braid laminates. A nesting of the plies can only be observed locally,
e.g. at the positions marked red in Fig. 4.11.

The stacking of the plies (i.e. the relative lateral position) does not follow a regular
trend. Both, plies placed identically on each other (In-Phase: IP, plies 6,7) and plies
shifted by twice the yarn width (Out-of-Phase: OP, plies 3,4) are present.

Fig. 4.11: Nesting effects in the (±45°) braid laminate

Assessment of micro-CT investigations

Summarizing the results of the measurements, the micro-CT method provides a good
possibility to obtain qualitative information about the yarn architecture. The qualitative
results can yield information for improved geometric models of the yarn architecture. On
the other hand, optical microscopy offers a resolution seven times better compared to
micro-CT data. Automatic evaluation of the complete CT-data may be possible, but
simple thresholding for segmentation of yarns and matrix did not work for the samples,
as the contrast between yarns and matrix was too low. Thus, improved image analysis
techniques for post-processing or contrast enhancement techniques like given in [65] are
required to gather qualitative results.

4.1.5. Summary and strategy for yarn architecture measurements

The investigations conducted on the characterization of yarn architecture of biaxial braided
composites can be summarized to a strategy for further measurements. Two sections per-
pendicular to the yarn path of the two yarn directions in a biaxial braided composites
need to be extracted. If yarn cross section dimensions shall be measured, the investigated
section must be orthogonal to the yarn direction investigated, as this minimizes the error
introduced by a possible misalignment of the sample. An approximation of the yarn cross
sectional shape as an ellipse was shown to be reasonable: it eases the measuring procedure,
as it provides both, yarn width and height, from a single measurement. An ellipse shape
was the best approximation of the yarn shapes in the investigated braids, but as other
yarn shapes are reported in literature (cf. Section 2.3), the idealization of shape needs to
be reviewed if different braids are investigated. The position of the extracted samples had
no significant effect on the results, except for the yarn height, which changed near the
panel edges. It is therefore recommended to avoid taking samples in the proximity of the
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panel edges. Six to eight sections for microscopy are required to obtain reliable results
within the margins defined above. For the braiding angle, measurements from an optical
sensor are recommended, as they take into account the yarn orientation from the com-
plete area scanned. If such measuring techniques are not available, hand-measurements
as described above can be used. But it is noted that the hand measurements were shown
to slightly overestimate the braiding angle and the accuracy suffers from the reduced
number of measurement points. The results from optical microscopy and optical sensor
measurements could provide all the information needed to create a geometrical model of
the biaxial braided composite within WiseTex [46]. If additional details of the yarn archi-
tecture are required, a micro-CT analysis can provide useful results regarding 3D-effects
on yarn shape and path and for the creation of improved geometric models.
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4.2. Off-axis experiments of biaxial braided composites

The elastic, nonlinear and failure behavior of a (±30°) braided composite has been studied
by using off-axis specimen tested under uniaxial load. The different off-axis angles allow
to introduce different combinations of combined stress states into the specimens. A total
of six off-axis angles, namely ψ = 0°, 15°, 30°, 45°, 60°, 90° (see Fig. 4.12), were tested in
tension and compression.

Fig. 4.12: Overview of (±30°) off-axis experiments: ψ = 0°, 15°, 30°, 45°, 60°, 90°

The off-axis angles were chosen from preliminary analytical considerations with an
equivalent laminate model. The ψ = 75° experiments were skipped as the test results
were expected to be very similar to the ψ = 90° results. All experiments were conducted
according to the procedures described in Section 3.4. The experiments and designation
of the test series are summarized in Table 4.7. In the following sections, the results from
monotonic tensile, tensile loading/unloading and compressive experiments are described.
Furthermore, a comparison between the tensile and compressive material behavior of
the biaxial braided composites is given and conclusions for the formulation of predictive
models are drawn.

Table 4.7.: Off-axis experiments with (±30°) braided composite

ψ = 0° ψ = 15° ψ = 30° ψ = 45° ψ = 60° ψ = 90°

tension PT_OA00 PT_OA15 PT_OA30 PT_OA45 PT_OA60 PT_OA90

compression PC_OA00 PC_OA15 PC_OA30 PC_OA45 PC_OA60 PC_OA90

4.2.1. Tensile experiments

OA00

For the OA00 test series, five monotonic and two loading/unloading experiments were
conducted. The test results are summarized in Table 4.8. The elastic moduli vary sig-
nificantly between the coupons with the stiffest specimen having a modulus around 20%
higher than the lowest one. This effect is attributed to the s-shape of the braid yarns,
as described in Section 4.1.2: the braiding angle in the middle of the panel is higher (cf.
Table 4.6a), which explains the increases of stiffness. As the specimen were cut over the
width of a braided panel with the OA00_1 coupon located close to the panel edge, the
coupons 01 and 08 are the softest.
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Table 4.8.: Test results from the BB30_PT_OA00 test series

Test Modulus
ASTM1

Modulus
initial

Poisson’s
ratio

Failure
strain

Strength

Ex [MPa] E0
x [MPa] νxy [-] εUT S

OA00 [-] σUT S
OA00 [MPa]

PT_OA00_01 32148 41641 1.50 0.0246 437.9
PT_OA00_02 34326 43148 1.49 0.0235 453.7
PT_OA00_03 35606 44249 1.51 0.0238 480.9
PT_OA00_05 38843 47024 1.51 0.0212 495.1
PT_OA00_06 39116 43461 1.50 0.0206 498.7
PT_OA00_072 35245 42637 1.48 0.0235 462.5
PT_OA00_082 32854 40252 1.50 0.0243 451.2

MEAN 35448 43202 1.50 0.0231 468.6
STDV 2505 1972 0.01 0.0014 21.6
CV (%) 7.1 4.6 0.7 6.2 4.6

1: evaluated within εxx = 0.001 − 0.003 2: loading/unloading experiment

The same trend can be observed for the initial stiffness, failure strain and strength:
the lower braiding angle in the center of the panel results in higher initial moduli, lower
failure strains and higher strength. Thus, the increased standard deviation of the values
can be believed to be systematic and inherent for biaxial braided composites. Only small
influence of the braiding angle variation on the Poisson’s ratio was observed.

The effect of varying braiding angle is also visible in the stress-strain curves in Fig. 4.13a:
the curves from all coupons are quite similar in shape, but have different initial slopes and
end points. Small drops in the stress-strain curves are seen for strains over 1.5%, which
were found to be due to edge-cracking of the specimen as e.g. shown in Fig. 4.14b.
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Fig. 4.13: Stress strain curves and failure modes from the BB30_PT_OA00 test series
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Failure mode

The failure mode was similar for all coupons: the major crack1 included a broad area of
damage oriented along one of the yarn directions, with exception of the coupon 05 that
had a macro crack orthogonal to the load direction. The occurrence of two failure modes
for BB30_OA00 specimens was also observed in a preliminary study [194], but the failure
mode had no influence on the strength observed.

The failed specimen show a broad band of damage oriented around 30° to the load
direction. Several intra-yarn cracks are seen on the yarns in the damaged area. In addition
to the in-plane failure, a large delamination of the plies is present in the damaged area
(Fig. 4.14a). The recordings from the high-speed camera are shown for a representative
specimen in Fig. 4.14b. The left image shows the coupon ultimately before the final failure
and the other two images display the final failure process. Edge cracks are present on
the coupon surface, which was also observed in the DIC-measurements. They start to
develop at approximately 80% of the failure load. The cracks localize in the region, where
the coupon finally fails: several transverse cracks spread over the coupon width along the
F+ direction and the yarns oriented in the F- direction cannot resist the shear force and
break as shown in the middle picture. The failure of the yarns can be summarized to
be introduced by shearing with many intra-yarn cracks distributed over the width of the
yarns after final failure.

(a) Typical failure mode (b) Failure process

Fig. 4.14: Failure modes of the BB30_PT_OA00 test series

OA15

Six specimen were in total tested for the OA15 test series. Four specimen were loaded
monotonic up till failure and two loading/unloading experiments were conducted. An
overview of the results in given in Table 4.9.

1major crack / macro crack: denotes the visible major crack of final failure, spreading over the complete
with of the coupon. In contrast, micro-cracks or micro-cracking describes smaller cracks (size of a
yarn width or unit cell) which develop on the coupon.
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Table 4.9.: Test results from series BB30_PT_OA15

Test Modulus
ASTM1

Modulus
initial

Poisson’s
ratio

Failure
strain

Strength

Ex [MPa] E0
x [MPa] νxy [-] εUT S

OA15 [-] σUT S
OA15 [MPa]

PT_OA15_01 41079 46618 1.28 0.0184 520.3
PT_OA15_02 41053 46895 1.30 0.0193 530.8
PT_OA15_03 47663 53062 1.31 0.0169 589.8
PT_OA15_042 48990 54315 1.28 0.0156 602.0
PT_OA15_052 47295 52692 1.30 0.0151 552.5
PT_OA15_06 45446 53598 1.30 0.0174 564.4

MEAN 45254 51197 1.29 0.0171 560.0
STDV 3137 3180 0.01 0.0015 29.3
CV [%] 6.9 6.2 0.9 8.7 5.2

1: evaluated within εxx = 0.001 − 0.003 2: loading/unloading experiment

Similar to the OA00 series, some variation can be seen within the moduli Ex and E0
x

of the OA15 series. This is as for the OA00 series assumed to be related to variations
of the braiding angle. The variation reflects in modulus, strength and failure strain.
The specimen 01 and 02 have approximately 13% lower moduli compared to the other
specimen. This correlates with the optical sensor measurements made on the specimen,
which exhibited an average braiding angle of approximately 1.5° higher for these specimen
(cf. Fig. 4.26a).

Fig. 4.15a shows the stress-strain behavior of the monotonically loaded specimen. The
stress strain curves smoothly degrade from the start of the experiment up till final failure.
This is in accordance with the observations made from DIC and high-speed camera during
the experiments: they showed, besides a small number of edge cracks, no further cracking
on the coupons before final failure.

Failure mode

The same failure mode was observed for all specimen tested, with the failure patterns
shown in Fig. 4.15b. A detailed view to a failed specimen given in Fig. 4.16a, shows
the major crack is running along the 1F+ direction, which is oriented 45° to the load
axis. Intra-yarn cracking in the 1F+ direction and yarn rupture in the 1F- direction were
observed on the failed specimen. Furthermore, delamination of the plies in the laminate
is present in the area of final failure. The high-speed camera videos show that transverse
cracking localized at the specimen edge is initiating the final failure (Fig. 4.16b). The
transverse cracking is limited to the edges, no cracks were observed over the complete
coupon width. The specimen fails rather abrupt by yarn rupture in the 1F- direction,
with the major crack oriented along the 1F+ direction. The failure is believed to be
dominated by the yarn rupture in the 1F- direction, but the crack orientation along the
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Fig. 4.15: Stress strain curves and failure modes from the BB30_PT_OA15 test series

1F+ yarns indicated influence from the transverse cracking in the 1F+ directions, as
reported by e.g. [122] for triaxial braids.

(a) Typical failure mode
(b) Failure process

Fig. 4.16: Failure modes of the BB30_PT_OA15 test series

OA30

Monotonic experiments with six specimen were conducted for the OA30 series. Load-
ing/unloading experiments were omitted for this test series, as preliminary experiments
showed only minor non-linear effects in the stress-strain behavior. For the OA30 test series,
the strain on the specimen surface was measured with the DIC-system in 2D mode. The
2D mode was found to introduce an error in the strain measurement: due to an out-of-
plane movement of the testing machine gripping device, the 2D strain measurement gave
an artificial strain gradient on the coupon, which resulted in a non-physical s-shape of
the stress-strain curve in the strain interval from εxx = 0 . . . 0.3% shown in Fig. 4.17. As
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this non-linearity was judged unphysical, the stress-strain curves were linearized in this
region.
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Fig. 4.17: S-shape of the BB30_PT_OA30 curves due to the DIC error

An overview to the test series results is given in Table 4.10. The initial modulus is not
given in the table, as it was identical to the ASTM modulus Ex. Modulus, strength and
failure strain all vary within approximately 5%, while the variation of the Poisson’s ratio
is higher around 20%. The increased variation is attributed to the fact that the Poisson’s
ratio for OA30 is very sensitive to small deviations of the off-axis angle (cf. Fig. 4.26b).

Table 4.10.: Test results from series BB30_PT_OA30

Test Modulus
ASTM1

Poisson’s
ratio

Failure
strain

Strength

Ex [MPa] νxy [-] εUT S
OA30 [-] σUT S

OA30 [MPa]

PT_OA30_01 67151 0.28 0.0121 856.9
PT_OA30_02 68899 0.37 0.0113 798.9
PT_OA30_03 68266 0.42 0.0116 877.6
PT_OA30_04 64625 0.48 0.0116 754.5
PT_OA30_05 66360 0.52 0.0115 755.9
PT_OA30_06 64902 0.48 0.0126 813.9

MEAN 66701 0.42 0.0118 809.6
STDV 1589 0.08 0.0005 46.4
CV [%] 2.4 18.7 3.9 5.7
1: evaluated within εxx = 0.001 − 0.003

Fig. 4.18a shows the stress-strain curves, which are linear up till final failure. Some of
the specimens exhibit a slight stiffening, which is attributed to spatial alignment of the
yarns to the load and to yarn stretching (reduction of waviness). However, the increase
in stiffness was not significant and not observed on all of the specimen, as some specimen
had a constant stiffness up till final failure.

Failure mode
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Fig. 4.18: Stress strain curves and failure modes from the BB30_PT_OA30 test series

The failure mode of the OA30 coupons was similar to the OA15 test series: the major
failure location is a narrow fracture band along the F+ direction (Fig. 4.19a). Intra-
yarn cracking in the F+ direction and yarn rupture in the F- direction are visible from
postmortem inspection. For most of the specimen two major crack locations along the
specimen were present, as shown in Fig. 4.18a. The high speed videos revealed that one
of the two is the location of specimen final failure, while the other one is initiated by
an elastic snap-back of the specimen after the first failure. Thus, the second failure is
compressive, which explains kink-band failure of the yarns observed by optical microscopy
of the tested specimen. The high-speed videos shown in Fig. 4.19b furthermore show that
final failure initiates at the position of a transverse edge crack in the F+ direction. The
main failure is yarn rupture of the yarns in F- direction. The orientation of the major
crack along the F+ direction furthermore implies that yarn rupture is influenced by strain
concentrations in the 1F+ direction.

(a) Typical failure mode

(b) Failure process

Fig. 4.19: Failure modes of the BB30_PT_OA30 test series
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OA45

Five monotonic and two loading/unloading experiments have been conducted for the OA45

test series. The test results are summarized in Table 4.11.

Table 4.11.: Test results from series BB30_PT_OA45

Test Modulus
ASTM1

Modulus
initial

Poisson’s
ratio

Failure
strain

Strength

Ex [MPa] E0
x [MPa] νxy [-] εUT S

OA45 [-] σUT S
OA45 [MPa]

PT_OA45_02 34766 35990 -0.20 0.0060 197.5
PT_OA45_03 34900 36012 -0.23 0.0057 193.0
PT_OA45_04 34924 36758 -0.23 0.0058 193.2
PT_OA45_05 35762 40136 -0.24 0.0058 197.3
PT_OA45_062 31670 38017 -0.13 0.0058 179.1
PT_OA45_07 38491 43897 -0.26 0.0053 198.4
PT_OA45_082 35654 36281 -0.21 0.0053 178.0

AVG 35167 38156 -0.21 0.0057 190.9
STDV 1858 2717 0.04 0.0002 8.1
CV [%] 5.3 7.1 18.6 4.1 4.2

1: evaluated within εxx = 0.001 − 0.003 2: loading/unloading experiment

The average ASTM modulus Ex, evaluated between 0.1% and 0.3% strain, is similar
to the one from OA00 test series, but Poisson’s ratio, strength and failure strain differ
significantly between OA00 and OA45. Additionally, the initial modulus is smaller com-
pared to the OA00 test series, which means that the behavior of OA45 deviates less from
linear at the beginning of the test. A negative Poisson’s ratio was observed for the OA45

series, thus the coupons extended in transverse direction under axial tensile load. The
high coefficient of variation is mainly due to the outlying value measured from specimen
06.

The stress-strain curves shown in Fig. 4.20a are slightly nonlinear up till final failure for
all specimen. After the maximum load, which concedes with the first intra-yarn cracking
on the coupon, the load does not drop completely to zero. Some further cracking at a
slightly decreased load is observed, which results in the major crack seen on all of the
coupons. The failure mode, being dominated by transverse tensile cracking, coincides
with the average strength, which is much lower than for the off-axis angles ψ = 0 . . . 30°.

Failure mode

The failure pattern observed on all specimen by postmortem inspection was a single
crack running along the 1F- direction (Fig. 4.20b). The cracking on the specimen is very
localized, with the intra-yarn cracks spreading over a single yarn width (cf. Fig. 4.21a). No
further intra-yarn cracking or delamination is observed on the specimen by postmortem
inspection.



4.2 Off-axis experiments of biaxial braided composites 96

ε
xx

 [−]

σ
x
x
 [

M
P

a
]

 

 

0 0.002 0.004 0.006 0.008 0.01
0

50

100

150

200

250

02

03

04

05

07

E0

E ASTM

(a) Stress strain (b) Failure modes of the specimen

Fig. 4.20: Stress strain curves and failure modes from the BB30_PT_OA45 test series

The recordings from the high-speed camera show that final failure starts with intra-
yarn cracks in the 1F+ direction at different positions on the coupon (Fig. 4.21b). With
the first cracks in 1F+ direction appearing, the load slightly drops and further cracking
in the 1F+ direction is introduced. The cracking then localizes into one macroscopic
crack running along the 1F- direction, which is related with the final load drop at the
end of the tests. The OA45 test series was the only series, where first cracking observed
did not coincide with the final load drop. However, the complete failure process observed
was very short, and no characteristic stress-strain behavior after first crack initiation was
measured.

(a) Typical failure
mode

(b) Failure process

Fig. 4.21: Failure modes of the BB30_PT_OA45 test series
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OA60

For the OA60 test series, six specimen were tested in total. Four of the specimen were
loaded monotonically and two specimen were used for loading/unloading experiments.
The results of the test series are summarized in Table 4.12. The initial modulus is only
slightly higher compared to the ASTM modulus, which shows that the behavior is nearly
linear at the beginning of the test. All values except the Poisson’s ratio show small
variations less than 5%. The increased variability in the Poisson’s ratio is attributed to
the small amount of transverse deformation, which leads to an increased effect of noise
present in the strain signal.

Table 4.12.: Test results from series BB30_PT_OA60

Test Modulus
ASTM1

Modulus
initial

Poisson’s
ratio

Failure
strain

Strength

Ex [MPa] E0
x [MPa] νxy [-] εUT S

OA60 [-] σUT S
OA60 [MPa]

PT_OA60_012 16574 17158 0.06 0.0076 105.8
PT_OA60_022 16829 17303 0.08 0.0074 105.1
PT_OA60_03 16302 17336 0.07 0.0083 116.6
PT_OA60_04 16231 18378 0.08 0.0075 108.6
PT_OA60_05 15814 15629 0.08 0.0079 110.0
PT_OA60_06 16034 16349 0.08 0.0077 109.6

AVG 16297 17025 0.07 0.0077 109.3
STDV 333 859 0.01 0.0003 3.7
CV [%] 2.0 5.0 11.6 3.8 3.4

1: evaluated within εxx = 0.001 − 0.003 2: loading/unloading experiment

Fig. 4.22a shows the stress-strain behavior of the specimen: the stress strain curve is
nearly linear until an axial strain of εxx = 0.4% and progresses in a smooth degradation
up till final failure. The stress-strain behavior is similar for all tested coupons and no
influence from the different failure modes (cracking along 1F+ or 1F- cf. Fig. 4.22b) to
the stress-strain behavior was observed.

Failure mode

Two different failure modes were observed on the specimen after the experiments: the
main crack was either running along 1F+ or along 1F- direction (Fig. 4.22a). In both
cases, the yarns in the direction transverse to the final crack showed several intra-yarn
cracks over the width. The high-speed videos, shown exemplarily in Fig. 4.23b, revealed
that the failure in both cases starts with intra-yarn cracking in one of the yarn directions
and localizes to a main crack oriented along 1F- or 1F+, which is spread over the complete
coupon width. The failure of the specimen is rather brittle, as the first observation of
intra-yarn cracks on the specimen surface coincides with the major load drop.
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Fig. 4.22: Stress strain curves and failure modes from the BB30_PT_OA60 test series

(a) Typical failure mode (b) Failure process

Fig. 4.23: Failure modes of the BB30_PT_OA60 test series

OA90

The results of the OA90 test series are summarized in Table 4.13. Seven specimen were
tested at the off-axis angle of 90°, which is equivalent to the 22-direction of the braid.
Two specimen were used for loading/unloading experiments, while the others were loaded
monotonically up till failure. All measured values show minor variations and the stiffness
and strength of OA90 are the lowest values measured for all tensile off-axis series.

The stress-strain curves of the OA90 series are shown in Fig. 4.24a. A smooth degrada-
tion is observed for all specimen over the complete strain range, with the behavior being
nearly identical for the tested specimen. The first cracking observed on the specimen is
identical with the final load drop within the stress strain curve.

Failure mode

The failure modes observed on all coupons by postmortem inspection were similar to the
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Table 4.13.: Test results from series BB30_PT_OA90

Test Modulus
ASTM1

Modulus
initial

Poisson’s
ratio

Failure
strain

Strength

Ex [MPa] E0
x [MPa] νxy [-] εUT S

OA90 [-] σUT S
OA90 [MPa]

PT_OA90_012 9244 10017 0.32 0.0105 76.7
PT_OA90_02 9158 9988 0.33 0.0116 82.7
PT_OA90_032 8595 10356 0.34 0.0113 80.2
PT_OA90_04 8940 9654 0.33 0.0103 75.4
PT_OA90_05 8930 9832 0.33 0.0116 80.5
PT_OA90_06 8981 9824 0.33 0.0113 80.5
PT_OA90_07 9124 10599 0.33 0.0102 76.5

AVG 8996 10039 0.33 0.0110 78.9
STDV 197 306 0.00 0.0006 2.5
CV [%] 2.2 3.0 1.2 5.1 3.2

1: evaluated within εxx = 0.001 − 0.003 2: loading/unloading experiment

OA60 case: the final failure is dominated by transverse cracking that localizes into a single
crack, along one of the yarn directions (Fig. 4.25a). As the yarn directions 1F+ and 1F-
are oriented at the same angle to the load direction, the cracking is observed in either one
of the two yarn directions (Fig. 4.24b). The high speed videos show that the failure of the
specimen is introduced by transverse cracking in one of the yarn directions and followed
by the shear-failure of the other yarn direction shown in Fig. 4.25b. The yarns transverse
to the main crack are unable to transport the shear force over the crack and shear off,
which manifests in several intra-yarn cracks over the width.
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Fig. 4.24: Stress strain curves and failure modes from the BB30_PT_OA90 test series
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(a) Typical failure mode (b) Failure process

Fig. 4.25: Failure mode of the BB30_PT_OA90 test series

Summary of the tensile off-axis experiments

The fiber volume fraction of the different off-axis test series varied in the range of 60%-
62%. For the comparison of the tensile off-axis experiments, all properties measured
were normalized to a fiber volume fraction of 60% according to the procedure given
in Section 3.4.7. A summary of the elastic properties measured in the tensile off-axis
experiments is given in Fig. 4.26. Both the initial elastic moduli and the one obtained in
the strain range of 0.1% − 0.3% plotted over the off-axis angle ψ are shown in Fig. 4.26a.
The difference between the initial modulus and the one obtained according to the standard
[84] within the range of 0.1 − 0.3% axial strain is most prominent for the off-axis angles
ψ = 0° . . . 15°, while the difference is small for the bigger off-axis angles. The dotted lines
given for Ex and E0

x represent the off-axis curves calculated from the measured elastic
constants E11, E22, G12 and ν12 by the equation

1

Eψ
=

1

E11

cos4 ψ +
1

E22

sin4 ψ + (
1

G12

− 2ν12

E11

) sin2 ψ cos2 ψ (4.4)

As the shear modulus G12 was not measured, it was calculated by applying Eq. 4.4 to the
ψ = 30° off-axis experiment. The calculated off-axis curves show that the biaxial braided
composites behave orthotropic and that the ψ = θ experiment can be used to acquire the
shear modulus.

To evaluate the influence of textile yarn architecture, the elastic properties are further-
more compared to the properties of a angle-ply laminate . A comparison to two angle-ply
laminates with (±29°) and (±31°) layup is given in Fig. 4.26a. The layup of the angle-ply
laminates represents the range of braiding angles found on the coupons by optical sen-
sor measurements. The elastic response of the laminates was calculated, neglecting yarn
waviness, with the UD properties given in Table A.3. The stiffness measured experimen-
tally from the braided composite is between 10% and 20% lower as the one obtained from
the angle-ply laminate. The difference is mainly attributed to the fiber waviness in the
braided composite. As the fiber stiffness dominates the properties for low off-axis angles
ψ = 0 . . . 30°, the knock-down due to waviness is more prominent for these cases.
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Fig. 4.26: Polar plot of elastic properties over the off-axis angle

The Poisson’s ratio as a function of the off axis angle is given in Fig. 4.26b. The
measured values over the off-axis angle agree well with the values calculated under the
assumption of orthotropic behavior. The comparison to the (±29°) and (±31°) angle-ply
laminates show only small deviations to the measured values, which mostly lie within the
experimental scatter. The highest deviation is observed in the ψ = 30° case, which is, as
for the stiffness, mainly attributed to the fiber waviness in the braided composite.

A representative stress-strain curve for each tensile off-axis test series is presented in
Fig. 4.27a. All stress-strain curves except for OA30 are nonlinear. The strength increases
with the off-axis angle in the range of OA00-OA30. The highest strength is measured for
OA30, where the load is aligned with one of the yarn directions, and a significant drop in
the strength is observed for the higher off-axis angles OA45-OA90.
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Fig. 4.27: Representative curves for stress and tangent modulus of the off-axis experiments

The highest strain to failure was measured for the OA00 test series, and drops with
increasing off-axis angle for OA00-OA45. The OA45 test series has the lowest failure strain,
which increases again for higher off-axis angles OA60-OA90. The difference in strength
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and failure strains can be attributed to the stresses in the yarn directions, which can be
evaluated by using an equivalent laminate model. The laminate model neglects the fiber
waviness in the braided composites, but it helps to gain phenomenological understanding
of the behavior, as yarns within a braid can be thought to follow a similar mechanical
behavior as equivalent UD plies [95, 118]

For OA00 and OA15, high strength and failure strain is believed to be due to the trans-
verse yarn stress σ2F+/− being compressive and inhibiting cracking introduced through
shear stresses in the yarns. For OA45, the 1F+ yarn direction fails in transverse ten-
sion, which explains the brittle behavior and the low failure strain. For OA60 and OA90

the stiffness decreases faster compared to the strength, which increases the failure strain
compared to OA45. For the fiber-dominated OA30 test series, the failure strain is around
30% lower than the fiber failure strain given in the datasheet [176]. This decrease shows
the influence of the textile architecture, as it is mainly attributed to strain concentration
introduced through fiber waviness and transverse cracking.

Fig. 4.27b shows representative curves for the progression of tangent modulus in each
off-axis case. The dotted lines are the tangent moduli obtained by finite difference, while
the solid lines represent the curves calculated by regression of the stress-strain curve.
For all off-axis angles except ψ = 30° a significant decrease of the tangent modulus was
observed. The tangent moduli progression can be separated into two main groups: while
OA00 and OA15 decrease nonlinear, the decrease for OA45, OA60 and OA90 is linear and
less within the same strain range. The tangent modulus decrease coincidences with the
failure modes observed during the experiments, which involved a single crack for the test
series OA45, OA60 and OA90 compared to a broad area of damage and delamination for
OA00 and OA15.

The degradation, i.e. decrease of stiffness, is smooth for all off-axis angles. This corre-
lates with the observations regarding crack formation from DIC and high-speed camera:
besides some edge-cracking observed for ψ = 0° . . . 30°, no aggregation of transverse or
intra-yarn cracking was observed on the coupon surface prior to final failure. Thus, the
degradation observed in the stress-strain curves is believed to be driven by microscopic
effects on fiber/matrix scale rather than by macroscopic cracking, like e.g. intra-yarn
cracking reported for triaxial braided composites in [45, 195].

The characteristics of cracking within the specimens was furthermore investigated with
micrographs, which were extracted from the tested coupons. For each test series, mi-
crographs with different orientations were cut from two coupons. Two micrographs were
extracted for each coupon from the area of final failure and from an area, which showed no
surface cracking during the experiment. The main goal of the investigations was to check,
whether the cracks observed on the surface are representative for all plies within the lam-
inate. The images from a OA00 coupon are exemplarily shown in Fig. 4.28. For all off-axis
angles, cracking within matrix or intra-yarn cracking was exclusively observed in the area
of final failure. For the OA45 series, some cracks were observed outside the location of final
failure, which correlates with the results from DIC and high-speed camera recordings, as
additional transverse cracking was observed for some of the OA45 specimen. The obser-
vations from the micrographs lead to two major conclusions: the cracking pattern on the
surface of the tested coupons is representative for all plies within the braided laminate and
they confirm that the non-linear behavior observed in the stress-strain curves is driven by
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Fig. 4.28: Micrographs of cracking within a OA00 specimen: cracks are solely observed in the region of
macro-failure

microscopic damage events at the fiber/matrix scale as described in [170]. In addition,
the first cracking observed was equal to the point of final failure for all test series.

4.2.2. Tensile loading/unloading experiments

Loading/unloading experiments were conducted to investigate the mechanics of the non-
linear deformation observed in the monotonic experiments. Two loading/unloading ex-
periments have been conducted for each of the test series OA00, OA15, OA45, OA60 and
OA90. The specimens were loaded to a defined load level, unloaded to a small force and
reloaded to the next load level. Four load levels were defined for each off-axis angle, where
the load was increased up till failure in the fourth load cycle. It should be noted that
the specimen were instantaneously re-loaded after reaching zero force, i.e. no information
about time-dependency of the residual deformation has been acquired. However, the ef-
fect of stress and strain relaxation were reported to be small for (±30°) carbon/epoxy
braided composites by Kelkar and Whitcomb [26]. Thus viscous effects are unlikely to
be dominant. The complete description of test procedure and the evaluation is given in
Section 3.4.6.

The assembled stress-strain curves obtained from the loading/unloading experiments
showed a similar behavior as the ones obtained in the monotonic experiments. Both
strength and strain to failure were in all cases within the range obtained by monotonic
loading, i.e. no effect of the unloading and reloading to the measured response of the
specimen was found.

Stress-strain curves

A representative stress strain curve from a loading/unloading experiment for each off-axis
angle tested is displayed in Fig. 4.29. Inelastic deformation is observed for all off-axis
angles, with OA00 and OA15 showing the largest inelastic strains. For OA45, the behavior
is almost linear and only negligible inelastic strains are observed, whereas a small amount
of inelastic deformation is observed for OA60 and OA90.

Fig. 4.30 gives an overview to the inelastic strain εie and the damage variable d cal-
culated from the stress-strain behavior of the experiments as described in Section 3.4.6.
The lines refer to the average values, whereas the crosses mark the measurements. The
x-axis in the plots is the unloading strain ε(1) (cf. Fig. 3.23).
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Fig. 4.29: Loading/unloading curves from the off-axis experiments

For the off-axis load-cases OA45, OA60 and OA90, the inelastic stain increases linearly
with the applied strain (Fig. 4.30a) and the inelastic strains measured are generally lower
compared to the other off-axis tests. In contrast to this, a nonlinear dependency is
observed for OA00 and OA15: the inelastic strains increase for higher strain values, i.e. the
inelastic deformation is believed to become dominant for lager strains. For the damage
variable the dependency on the strain is also linear for OA45, OA60 and OA90. The slope
is different for the OA45 experiments, but a high scatter of results was observed in these
experiments, which is attributed to the fact that only minor nonlinearity was observed



4.2 Off-axis experiments of biaxial braided composites 105

for this load case. For OA00 and OA15 the dependency is nonlinear and contrary to the
inelastic deformation, as the slope tends to decrease for higher strains.
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Fig. 4.30: Measures for inelastic deformation and damage from the loading/unloading experiments

Summarizing the loading/unloading experiments, a mixture of damage and inelastic
deformation is driving the non-linear stress-strain behavior of the (±30°) biaxial braided
composites. Whereas values of similar ranges are obtained for material damage at all
the off-axis experiments, inelastic strains are bigger for small off-axis angles. Fig. 4.31
compares the inelastic deformation observed in the experiments with the case of ideal
inelastic deformation (cf. Eq. 3.19). The evaluation for the first cycle shows a big scatter,
especially for higher off-axis angles. This is attributed to the small strains which are
present during unloading of these experiments, where an evaluation error introduced by
noise of the strain signal has a higher influence. The scatter is much lower for the second
and third cycle, which reveal a clear trend: inelastic deformation has a higher influence
for the small off-axis angles.
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Fig. 4.31: Amount of inelastic deformation obtained from comparison to ideal inelastic unloading

The behavior can be explained by qualitatively evaluating the stresses in an equiva-
lent laminate model. The higher influence of inelastic strains for small off-axis angles
is mainly attributed to two reasons: firstly, the applied specimen stresses are higher for
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these experiments, which results in higher shear stresses in the yarns. The nonlinear
shear-behavior of the yarns is believed to be one of the main drivers for the inelastic
behavior (cf. [117, 141, 170, 196]). Secondly, the stress state in the yarns is compressive
in these cases, which additionally contributes to an inelastic deformation [141].

4.2.3. Compression

The compression tests were conducted according to ASTM-D6641 with the combined
loading compression (CLC) test fixture. Details about the test procedure and data ac-
quisition are given in Section 3.4. The modulus for the compression test was evaluated
according to the standard in a strain range of εxx = 0.1% − 0.3%, where the strain εxx is
calculated as average from the two strain gauges. The test panels for OA15, OA30, OA45 and
OA60 experiments were 4 mm thick to prevent buckling of the specimen during loading.
Oblique tabs were not used for the compression test due to the limitations in specimen
and tab size given by the test fixture. The failure pattern developed as in the tension tests
along the yarn directions, thus in most cases the cracks were present in both, the gauge
region and under the tabs. As this pattern of failure is driven by the yarn architecture
and not introduced by local effects in the gripping, failure occurring in the gauge region
and spreading into the gripping region was regarded as valid.

OA00

Six coupons were tested for the PC_OA00 test series. An overview to the test results is
given in Table 4.14.

Table 4.14.: Test results from series BB30_PC_OA00

Test Modulus Strength Failure strain Bending

Ex [MPa] σUCS
OA00 [MPa] εUCS

OA00 [-] ε1 ε2 εUCS

PC_OA00_01 41377 329.67 0.0095 5.2 4.3 3.2
PC_OA00_02 39731 296.80 0.0088 −3.3 −1.7 −2.3
PC_OA00_03 42414 326.59 0.0101 −3.0 −2.8 −2.9
PC_OA00_04 40665 328.77 0.0112 2.5 0.6 −0.7
PC_OA00_05 39389 273.60 0.0080 0.0 0.4 0.5
PC_OA00_07 41678 291.09 0.0085 1.1 1.9 2.4

AVG 40876 307.75 0.0094
STDV 1067 21.76 0.0011
CV [%] 2.6 7.1 11.4

ε1 = 0.001, ε2 = 0.003; specimen 06 not tested

All experiments were valid regarding specimen bending, which was below 5% for all
the tests. The Young’s modulus varied little between the specimen, which is, as for the
tension tests, related to variation of the braiding angle. The smaller scatter compared to
the tension tests is attributed to the smaller gauge region and smaller overall dimensions
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of the compression coupons. As the braiding angle varies systematically over the panel,
less braiding angle variation is present in smaller specimens.

The stress-strain behavior of the specimen is shown in Fig. 4.32a and varies only little
between the different experiments, which is an effect of the decreased braiding angle
variation. The knee in the behavior of the specimen 03 is attributed to cracking under
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Fig. 4.32: Stress-strain curves and typical failure modes from the BB30_PC_OA00 test series

one of the two strain gauges directly before final failure.
Typical failure modes of the specimen are shown in Fig. 4.32b. All coupons failed within

the gauge region by one or several cracks developing across the width of the coupon. The
cracks were along one of the yarn directions, and thus running partly under the tabs. For
the single crack failure, one crack along the yarn direction developed over the complete
width of the coupon, while a zig-zag pattern of cracks was observed for the coupons with
several cracks. No influence of the failure pattern to the strength or failure strain was
observed, but the specimen failing in several cracks showed some residual strength after
the first major load drop (not shown in Fig. 4.32a as the strain gauges failed with the
first major load drop). As observed in the tensile experiments, the failure is abrupt and
without previous specimen cracking. The damaged region of the coupon is rather small,
comparable to the tensile experiments with high off-axis angles (OA45-OA90).

OA15

Seven specimen were tested for the PC_OA15 test series. For three specimen, increased
bending values were measured at the beginning of the experiments (cf. Table 4.15), but
as the bending decreased with further increasing load, the experiments were considered to
be valid. The variance in stiffness, strength and failure strain between the experiments is
very small, which, as for PC_OA00, is attributed to the decreased braiding angle variation
compared to the tensile tests. The stress-strain behavior (Fig. 4.32a) is slightly nonlinear
up to a specimen strain of εxx = 0.5% and progresses nonlinear up till failure. All
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Table 4.15.: Test results from series BB30_PC_OA15

Test Modulus Strength Failure strain Bending

Ex [MPa] σUCS
OA15 [MPa] εUCS

OA15 [-] ε1 ε2 εUCS

PC_OA15_01 52717 435.38 0.0095 −2.1 −1.2 −0.7
PC_OA15_02 53910 457.19 0.0101 0.6 0.8 0.7
PC_OA15_03 54631 436.44 0.0098 14.2 5.8 4.2
PC_OA15_04 47904 414.13 0.0104 11.8 7.7 8.2
PC_OA15_05 50714 418.58 0.0100 8.3 4.3 3.5
PC_OA15_06 50276 425.01 0.0096 −5.5 −5.5 −7.1
PC_OA15_07 51801 423.61 0.0096 16.9 10.7 8.7

AVG 51708 430.05 0.0098
STDV 2136 13.40 0.0003
CV [%] 4.1 3.1 3.1

ε1 = 0.001, ε2 = 0.003

specimen failed in a single crack along the 1F+ direction, which is oriented 45° to the
loading direction. A typical failure mode is shown in Fig. 4.33b: the failure is similar to
the OA00_PC series with a single crack running across the width of the coupon and the
damaged region being limited to the cracking surface. Besides the main crack, no further
damage is observed on the coupon.
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Fig. 4.33: Stress-strain curves and typical failure modes from the BB30_PC_OA15 test series
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OA30

Seven specimen were tested for the PC_OA30 test series. An overview to the test results
is given in Table 4.16.

Table 4.16.: Test results from series BB30_PC_OA30

Test Modulus Strength Failure strain Bending

Ex [MPa] σUCS
OA30 [MPa] εUCS

OA30 [-] ε1 ε2 εUCS

PC_OA30_01 66367 618.73 0.0101 14.8 15.4 17.5
PC_OA30_02 64712 590.43 0.0100 35.6 18.1 13.2
PC_OA30_03 67677 672.81 0.0091 1.8 0.1 9.8
PC_OA30_04 64411 647.23 0.0127 0.6 −1.2 −12.4
PC_OA30_05 64249 580.31 0.0098 2.2 −0.3 −2.2
PC_OA30_06 64279 593.41 0.0109 1.9 2.4 6.1
PC_OA30_07 65572 633.10 0.0104 1.3 2.7 10.0

AVG 65324 619.43 0.0104
STDV 1204 31.30 0.0011
CV [%] 1.8 5.1 10.2

ε1 = 0.001, ε2 = 0.003

Large values of specimen bending were present for two specimen (01 and 02) over the
complete experiment up till failure (Fig. 4.34). Additionally, increased bending values
at specimen failure were measured for the specimens 04 and 07. In the latter case, the
increased bending values were due to preliminary surface cracking under one of the strain
gauges, leading to a sudden overshoot of one of the strain signals. For the specimen 01 and
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Fig. 4.34: Bending values measured for the BB30_PC_OA30 test series

02, increased bending was measured over the complete experiment, but as the specimen
showed no significant difference in stiffness and strength compared to the specimen with
lower bending values, they were considered valid. The increased values of bending are
believed to be an effect of the comparable small strain gauge size: as the strain gauges
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are smaller than a unit cell of the braided composite, local inhomogeneity of the strain
field may be the cause of the difference in strain signals.

The stiffness and strength measured from the experiments showed low scatter, with the
increased variation of the failure strain being attributed to the described preliminary strain
gauge failures. The stress-strain behavior of the specimen is given in Fig. 4.35a: different
to the tensile OA30 experiments, some nonlinearity can be observed in the compressive
OA30 stress-strain curves. The jumps observed in some of the stress-strain curves (e.g. 03

and 06) are the consequence of the preliminary failure of one of the strain gauges.
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Fig. 4.35: Stress-strain curves and typical failure modes from the BB30_PC_OA30 test series

Typical failure patterns of the specimen are shown in Fig. 4.35b: all specimens failed
with the major cracking being oriented along the 1F+ yarn direction, which is inclined
60° to the load axis. The plies of the braided laminates were spread open at the loca-
tion of major cracking and a broad zone of damage within the gauge region is observed.
The damage in the specimen includes transverse intra-yarn cracking, intra- and inter-ply
delamination as well as yarn compressive failure. Compressive fiber failure is believed to
control the failure behavior, as most yarns failed in the 1F- direction.

OA45

For the PC_OA45 test series, six specimen were tested, with an overview of the results given
in Table 4.17. Bending values bigger than 10% were observed during the experiments for
all specimens except one. For the specimen 03, 06 and 07, the bending decreased with
loading, which indicates that the difference in strain between the two sides is not due
to specimen bending. For the specimens 05 and 08, the measured bending value stayed
almost constant and increased with loading, respectively. As the measured values for
modulus, strength and failure strain of these specimen were in the range of the properties
measured from the other tests, the specimens were considered valid. The stress-strain
behavior of the specimen, shown in Fig. 4.36a, is almost linear until εxx = 0.5% and
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Table 4.17.: Test results from series BB30_PC_OA45

Test Modulus Strength Failure strain Bending

Ex [MPa] σUCS
OA45 [MPa] εUCS

OA45 [-] ε1 ε2 εUCS

PC_OA45_02 41587 463.28 0.0120 4.3 −1.6 8.3
PC_OA45_03 43385 449.44 0.0126 32.2 17.5 7.2
PC_OA45_05 42961 486.62 0.0136 8.2 7.7 11.8
PC_OA45_06 39895 395.71 0.0119 16.2 11.1 4.9
PC_OA45_07 44067 450.10 0.0118 21.9 10.2 0.3
PC_OA45_08 41712 462.88 0.0118 −3.8 −15.1 −35.3

AVG 42268 451.34 0.0123
STDV 1377 27.75 0.0006
CV [%] 3.3 6.1 5.2

ε1 = 0.001, ε2 = 0.003; specimen 01 and 04 not tested

progresses slightly nonlinear till failure. Failure was brittle in all cases, without any
preliminary cracking observed before final failure.

Typical failure modes of the specimen are shown in Fig. 4.36b. All specimen failed
with the major crack running along the 1F+ direction oriented 75° to the load axis. The
plies are spread open similar to the PC_OA30 case and the cracking is inclined through the
thickness of the laminate. Crack propagation through the thickness shows a combination
of transverse cracking and delamination. The crack pattern forms one or several wedges
of material, which introduces the spreading of the braided plies.
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Fig. 4.36: Stress-strain curves and typical failure modes from the BB30_PC_OA45 test series
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OA60

Seven specimen were tested for the PC_OA60 test series, with the results of the test series
given in Table 4.18. Modulus, strength and failure strain showed only minor deviations

Table 4.18.: Test results from series BB30_PC_OA60

Test Modulus Strength Failure strain Bending

Ex [MPa] σUCS
OA60 [MPa] εUCS

OA60 [-] ε1 ε2 εUCS

PC_OA60_01 16529 317.44 0.0392 −5.4 −6.5 −3.7
PC_OA60_02 17392 315.74 –1 −1.2 −4.0 −29.9
PC_OA60_03 17144 314.26 0.0386 2.7 1.6 1.2
PC_OA60_04 17002 317.39 0.0371 0.7 0.9 −2.1
PC_OA60_05 18420 315.12 0.0363 5.1 4.1 1.8
PC_OA60_06 17096 310.61 0.0358 10.0 8.5 5.8
PC_OA60_07 18740 316.79 –1 −2.4 −2.0 −12.0

AVG 17475 315.34 0.0374
STDV 744 2.22 0.0013
CV [%] 4.3 0.7 3.5

1: strain gauge failure

ε1 = 0.001, ε2 = 0.003

between the tested specimen. The bending values were smaller than 10% in all cases,
except for the specimen 02 and 07, where the one of the strain gauges failed, which lead
to the increased bending values at failure. The average failure strain of the specimen was
3.7%, which is quite large compared to the other compressive off-axis test series, which
failed at around 1% strain.

The increased failure strain also reflects in the stress-strain curves, which are nonlinear
over the complete strain range. Similar to the other off-axis experiments, a smooth
degradation until the point of failure is observed. For some of the specimen (e.g. 01 and
04), a slightly progressive stress-strain behavior just before final failure is present. This
“stiffening” is not believed to be related to material behavior and is assumed to be due
to a malfunction of the foil strain gauges. Similar effects are seen for the PC_OA90 test
series, but the cause of the error could not be identified clearly. Possible reasons for the
behavior were assumed to be a contact of the strain gauge wire with the test fixture or
issues with the foil bond.

Typical failure modes of the specimen are shown in Fig. 4.37b. All specimen failed
with the major crack being oriented along the 1F+ yarn direction, which is at 90° to
the load direction. Similar to the PC_OA45 test series, a spreading of the plies within the
gauge region was observed. The cracks are inclined through the thickness and the failure
observed is a combination of transverse cracking and delamination.
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Fig. 4.37: Stress-strain curves and typical failure modes from the BB30_PC_OA60 test series

OA90

The results for the six specimen tested for the PC_OA90 test series are summarized in
Table 4.19.

Table 4.19.: Test results from series BB30_PC_OA90

Test Modulus Strength Failure strain Bending

Ex [MPa] σUCS
OA90 [MPa] εUCS

OA90 [-] ε1 ε2 εUCS

PC_OA90_01 8417 216.39 0.0422 −3.9 1.5 0.3
PC_OA90_02 9075 210.01 0.0411 −1.4 0.5 0.3
PC_OA90_03 9660 204.33 0.0401 −2.3 −1.7 −0.2
PC_OA90_04 9108 198.49 0.0406 −9.4 −5.1 −0.8
PC_OA90_05 9180 210.67 0.0414 −9.9 0.1 0.6
PC_OA90_06 9395 218.91 0.0411 −2.0 −2.4 −0.1

AVG 9139 209.80 0.0411
STDV 380 6.89 0.0006
CV [%] 4.2 3.3 1.6

ε1 = 0.001, ε2 = 0.003

The variations of the results are small between the different specimen and the bending
values calculated for the experiments are all within the acceptable range of 10% for all
specimen. The average failure strain given by the strain gauge measurements was around
4%, but can be assumed to be higher due to the observations form the stress-strain curves.
Fig. 4.38a shows that all stress strain curves measured in the experiments are progressive
in the region above εxx > 3.5%.
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Fig. 4.38: Stress-strain curves and typical failure modes from the BB30_PC_OA90 test series

This effect is similar to the one observed in the PC_OA60 experiments and is assumed
to be due to a malfunction of the strain gauge measurement. Linear extrapolation of the
strain signal gave the failure strain to be around εxx = 5%. Neglecting the progressive
region at the end, the stress strain behavior of all specimen shows a smooth degradation
of the stiffness up till final failure. The failure observed for all specimen was abrupt,
without preliminary cracking, as in the other off-axis test series. Typical failure patterns
are shown in Fig. 4.38b. A zig-zag path of the major crack running across the width of
the coupons is observed for all of the specimen. The crack runs along the yarn edges of
the upper ply and is inclined through the thickness (Fig. 4.38b). Different to the PC_OA45

and PC_OA60 experiments, only minor spreading of the plies was seen in the PC_OA90

experiments.

Summary of the off-axis compression experiments

All properties were normalized to a fiber volume fraction of 60% for the comparison. The
Young’s moduli of the off-axis experiments are summarized in an off-axis plot in Fig. 4.39.
Additionally, the off-axis moduli of (±29°) and (±31°) angle-ply laminates, neglecting yarn
waviness (UD properties from Table A.3), are given. The elastic results are similar to the
ones obtained from the tension tests: stiffness knockdown due to waviness is mainly seen
for the load applied in one of the fiber directions (ψ = 30°) and for the lower off-axis
angles (ψ = 0° . . . 30°).

A representative stress-strain curve from every test series is shown in Fig. 4.40a. In
difference to the tension tests, a nonlinear behavior is obtained for all off-axis angles.
Also for the ψ = 30° experiments, where one of the yarn directions is aligned with the
load, a nonlinear stress-strain behavior was measured. The stress-strain curves show a
stiffer behavior for ψ = 0 . . . 45°, while ψ = 60 . . . 90° behaves much softer. The highest
strength is measured for the load aligned with one of the yarn directions ψ = 30°, but
different to the tensile tests similar strength are measured for ψ = 15° and ψ = 45° as
well as for ψ = 0° and ψ = 60°. The failure strain is lower than 1% for ψ = 0° . . . 30° and
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Fig. 4.39: Polar plot of elastic compressive properties over the off-axis angle

increases with increasing off-axis angle up to more than 4% for ψ = 90°. The progression
of tangent moduli show that the decrease of modulus is minimal for loading in one of the
yarn directions (ψ = 30°), highest for the low off-axis angles ψ = 0° and ψ = 15° and
lower for ψ = 45° . . . 90°.
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Fig. 4.40: Representative curves for stress and tangent modulus of the compressive off-axis experiments

Increased bending values, exceeding the normally permitted 10%, were observed in some
of the specimen from the OA30 and OA45 test series. But no significant difference in the
measured properties was observed in the specimen with high bending values. Thus, the
high bending values are attributed to the inhomogeneity of the strain field on a braided
composite: in OA30 and OA45 one of the yarn directions is oriented 0° respectively 15°
to the load direction, which has the effect that a strain gauge can be placed completely
on a straight region of the yarn, yielding a rather local strain value measured. However,
the strain gauge size is a limitation of the test fixture used, and could only be avoided
if using bigger specimen gauge sections in a different procedure in combination bigger
strain gauges. Alternatively, DIC could be used in combination with a different test
fixture, which allows proper illumination and view to the specimen. But the effort for
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measurements drastically increases, as two DIC systems are needed to measure strain on
both sides of the specimen. It can be concluded that the CLC test procedure used offers a
good possibility for off-axis compression tests of braided composites. Alternative test pro-
cedures including bigger specimen gauge sections could be favorable, but the development
of improved measuring techniques was out of scope of the presented investigations.

The failure patterns observed on the specimen by postmortem inspection (Fig. 4.41) can
be grouped into 2 main failure modes: for OA00 and OA15, a single crack across the width
occurred with no delamination between the plies and small damaged zone on the specimen.
For OA30, OA45, OA60 and OA90 a broad damaged zone with delamination between the plies
and the crack being inclined in the thickness direction was present. For OA30, compressive
fiber failure was observed, while the other off-axis angles were dominated by transverse
cracking. The OA90 test series failed in single crack across the coupon width, with the
failure mode being similar to OA45 and OA60, but with less delamination and without
spreading of the plies in the specimen.

(a) OA00 (b) OA15 (c) OA30 (d) OA45 (e) OA60 (f) OA90

Fig. 4.41: Failure modes of the specimen observed in the compression tests

4.2.4. Comparison of tension and compression off-axis experiments

For the comparison of tensile and compressive off-axis experiments, all properties were
normalized to 60% FVF according to the procedure given in Section 3.4.7.

Stiffness

The comparison of tensile and compressive Young’s moduli is given in Fig. 4.42. The
modulus evaluated in the strain interval εxx = 0.1% − 0.3% is used for the comparison.
The moduli obtained in tension and compression are very similar for all off-axis angles
tested, with the OA00, OA15 and OA45 compressive moduli being slightly higher than
the tensile ones. For OA00 and OA15 this is mainly attributed to the material volume
tested being smaller for the compressive tests, which decreases the effects of braiding
angle variation observed in the tensile tests. Additionally the stress-strain behavior of
the compressive experiments was less nonlinear for low strains, i.e. the modulus Ex was
closer to the initial modulus. For the OA45 test series, the difference is likely to be due
manufacturing tolerances in the off-axis angle, which have a high effect on the stiffness of
the OA45 experiments (cf. Fig. 4.39).
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Fig. 4.42: Comparison of Young’s moduli obtained from tension and compression off-axis experiments

Strength, failure strain and failure modes

A comparison of the strength obtained from the tensile and compressive off-axis exper-
iments is given in Fig. 4.43a. For both, tension and compression, the highest strength
is observed in the OA30 case, where the load is aligned with one of the yarn directions.
Comparing the strength between tension and compression, the tensile strength exceed the
compressive ones for the low off-axis angles 0° − 30°, while an opposite effect is observed
for the off-axis angles 45° − 90°. For the failure strains given in Fig. 4.43b, a similar trend
is observed. Here, the highest failure strains in tension are obtained in the OA00 load case,
while the compressive failure strains are maximal for the OA90 experiments.

The difference in strength for the OA30 loading is believed to be due to the difference in
longitudinal fiber strength in tension and compression. For the other off-axis angles, the
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Fig. 4.43: Comparison of strength and failure strain from the off-axis experiments

failure modes observed were dominated by the transverse cracking, and the difference in
strength and failure strain can be explained by evaluating a (±30°) equivalent laminate
model. If a uniaxial tensile load is applied, the transverse yarn stress (σ2F+, σ2F−, cf.
Fig. 3.1) is compressive for the off-axis angles ψ = 0° and ψ = 15° and tensile for
the higher off-axis angles. For a uniaxial compressive stress, the sign of the transverse
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yarn stress is opposite. The equivalent laminate model suggests two explanations for the
difference in tensile and compressive strength:

• The transverse compressive strength of the yarns is, similar to UD composites,
significantly higher as the transverse tensile strength. Thus, a failure with tensional
transverse yarn stresses occurs at lower stresses.

• In the case of a transverse compressive yarn stress, cracks being initiated by shear
stresses in the yarns may be kept closed by the transverse compression, i.e. higher
shear stresses in the yarns are possible.

The comparison of failure stresses measured in the off-axis experiments shows that the
mechanics of failure in biaxial braided composites follow the same trends as unidirectional
composites, when the stresses in the yarn coordinate system are considered. Thus, the
statement of Puck [95] can be approved, which encourages the application of UD failure
theories to the yarn stresses for both, unit cells and macroscopic equivalent laminate
models.

The differences observed between tensile and compressive loading are also reflected in
the failure modes of the specimen compared in Fig. 4.44. Fiber failure is present in the
OA30 experiments in tension and compression. For the other test series, the failure mode
is shear-initiated transverse cracking, with a strong dependence of the failure patters to
the transverse yarn stress: a broad damaged area including delamination was observed
in PT_OA00 and PT_OA15 experiments as well as in the PC_OA45, PC_OA60 and PC_OA90

series, while failure by a single crack was observed for PC_OA00 and PC_OA15 and PT_OA45,
PC_OA60 and PC_OA90.

(a) OA00 (b) OA15 (c) OA30 (d) OA45 (e) OA60 (f) OA90

Fig. 4.44: Failure modes of the specimen observed in the tension (upper) and compression (lower) test
series

Stress-strain behavior

A comparison of the stress-strain behavior obtained from the off-axis experiments in ten-
sion and compression is given in Fig. 4.45. A representative stress-strain curve from each
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test series is used. Overall, the stress-strain behavior is very similar in tension and com-
pression. The biggest difference is seen for the OA45 test series, where the compressive
response is stiffer compared to the tensile one. The difference is, as described above
attributed to manufacturing tolerances regarding the off-axis angle. But besides the dif-
ference in initial stiffness for OA45, the stress strain curves are very similar. Additionally a
slight difference is seen for the OA30 load case, where the compressive response is nonlinear
in comparison to the linear response from the tensile test.
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Fig. 4.45: Stress strain curves from tension and compression (±30°) off-axis experiments

The similarity of the stress-strain behavior in tension and compression allows to draw
conclusions about the drivers for the nonlinear deformation: as the same mechanics for
the nonlinear deformation are present in tension and compression, the response of the
biaxial braided composites is believed to be mainly governed by the shear behavior of the
yarns. However, the small differences observed between tension and compression can be
due to the additional influence of the transverse yarn stress.

4.3. Conclusion from experimental measurements

4.3.1. Yarn architecture characterization

Different methods for the characterization of the yarn architecture of biaxial braided
composites have been investigated. As baseline technique, optical microscopy was used,
and additional investigations using micro-CT and image analysis of surface scans were
conducted. Optical microscopy was found to be an appropriate technique to acquire
most of the yarn architecture parameters needed to build up a geometric model of the
braided composites. Recommendations regarding the number and position of the samples
required to achieve reliable results were summarized into a strategy for yarn architecture
measurements. Micrographs were found to be not suitable to reliably measure the braiding
angle. For this purpose, surface images were investigated with both hand measurements
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and automated measurements using an optical sensor. The optical sensor proved to give
more robust and detailed results, as a complete areal information is evaluated. Additional
information on the yarn architecture regarding three-dimensional effects and nesting could
be acquired by using micro-CT scanning. The shape and dimensions of the yarns were
different near the surfaces, which questions to obtain yarn cross-section dimensions (e.g.
yarn width) from surface scanning. Qualitative information of the yarn architecture could
be extracted from the micro-CT scans, but a quantitative information was found to be
more difficult to obtain, as an automated and robust segmentation of the CT-scans is
required. This proved to be difficult due to the low contrast between matrix, longitudinal
and transverse yarns.

All investigations presented here have been conducted on plane braided composite pan-
els, but the strategy presented for yarn architecture characterization can also be applied
to complete braided structures with variable yarn architecture on different regions of the
component.

4.3.2. Mechanical characterization with tensile and compressive
off-axis experiments

Off-axis experiments with a (±30°) biaxial braided composite have been conducted to
characterize elastic, non-linear and failure behavior. Oblique tabs have been found useful
within the tensile test to improve the homogeneity of the strain field on the coupons. DIC
and high-speed camera recording were used to get information about the strain field and
the failure behavior in the tensile experiments. The combined loading compression test
fixture together with foil strain gauges was used for the compression tests. Six test series
with different off-axis angles were conducted in tension and compression. The off-axis an-
gles allowed to introduce various combined stress states to the biaxial braided composites.
The experiments yielded information about the stress-strain and failure behavior under
combined loading and characterized the different failure modes of the investigated biaxial
braided composite.

A high dependency of elastic properties, non-linearity of the stress-strain behavior and
failure modes on the off-axis angles was observed. In the tensile experiments, a high
influence of braiding angle variations on the mechanical properties was found in the OA00

and OA15 test series. A deviation in braiding angle angle of 1.5° created a difference
in the stiffness and strength of the OA00 samples of 20% and 15%, respectively. As the
braiding angle variation due to a s-shape of the yarns was present on all panels measured
within this thesis, this variation of material properties is inherent. Similar variations of
the braiding angle and thus changing material properties are expected on components
produced by the same manufacturing process. Thus, a decreased braiding angle variation
is crucial to achieve even and reproducible material properties.

The highest strength values in the experiments were measured for the load in yarn
direction (OA30). The OA30 tensile strength was 30% higher as the compressive one,
which is mainly attributed to the difference of tensile and compressive strength of the
yarns. For the other off-axis angles, the strength was found to be dependent to the
transverse stress state in the yarn, which was analyzed for the off-axis test cases with an
equivalent laminate model. The strength was higher in the case, where the transverse
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yarn stress was found to be compressive. This was in tension for OA00 and OA15 and in
compression for OA45, OA60 and OA90.

While the stress-strain behavior was linear in tension for the braided composites when
the load was aligned in the yarn direction (PT_OA30), the behavior was nonlinear in all
other load cases. Most of the experiments were also nonlinear for small strains, which lead
to a big difference between the initial modulus E0

x calculated by regression of the stress-
strain curve and the elastic modulus Ex evaluated in a strain range from 0.1% − 0.3%
axial strain. This implies that the elastic Ex, when used in a linear elastic models, only
gives an approximate solution for the stress-strain relation. Furthermore, the usage of
linear elastic models for biaxial braided composites is only valid for small loads, as the
behavior is nonlinear over the complete strain range.

The comparison between PT and PC experiments showed that the stress-strain behavior
for all off-axis angles was found to be very similar in tension and compression. This implies
that the nonlinear stress-strain behavior of the biaxial braided composites is mainly driven
by the shearing behavior of the yarns. Cyclic loading/unloading experiments in tension
have been conducted to investigate the source of the nonlinear behavior. Both inelastic
deformation and material damage was found within the cyclic experiments. The inelastic
deformation was found to be more dominant for low off-axis angles, which was mainly
related to the higher stresses present in the yarns for these experiments. Beside the
phenomenological evaluation done for the experiments here, the stress-strain curves may
be used as a basis for calibration of predictive models.

The failure modes observed in both, tensile and compressive experiments, were sig-
nificantly influenced by the yarn architecture. In all experiments, the major cracking
developed along one of the yarn directions of the braided composite. The failure modes ob-
served in the specimen were fiber failure in tension and compression and shear-dominated
transverse failure of the yarns. Fiber failure was observed in tension and compression
for the load in the yarn direction (PT_OA30, PC_OA30) and additionally for the PT_OA15

test series. Shear-dominated transverse failure of the yarns was observed either local-
ized into a single crack (PT_OA45, PT_OA60, PT_OA90 and PC_OA00, PC_OA15) or as broad
failure spread accompanied with delamination and several intra-yarn cracking (PT_OA00,
PT_OA15 and PC_OA45, PC_OA60, PC_OA90). The failure mode was also found to be con-
trolled by the transverse stress state in the yarns: for tensile stresses, the failure localizes
into a single crack, while broad damage is present for compressive transverse stress.

Summarizing the mechanical characterization of biaxial braided composites with off-
axis tension and compression experiments, the investigations proved to be very useful
to achieve an understanding about the stress-strain and failure behavior of the braided
composites. The high-speed camera used in the tension tests helped to develop an under-
standing of the failure process. Also the compression tests were found useful to develop
a knowledge of the compressive failure of biaxial braided composites. The small strain
gauges required for the CLC test fixture gave increased bending values for some experi-
ments, but specimen buckling was not found to be problematic for the test series. The
non-linear and failure behavior was found to be mainly driven by in-plane stresses and
in-plane shear was dominant for nonlinear and failure behavior. The textile yarn archi-
tecture majorly influenced stress-strain behavior and failure modes, and simple equivalent
laminate models were found to be useful to analyze the yarn stresses and explain effects
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observed in the experiments. For all test series conducted, the first cracking in the braided
laminates was found to coincide with the final failure of the specimen.



5. Geometric modeling and analytical
predictions

Unit cell modeling is an established method for prediction of the nonlinear constitutive
behavior of braided composites [39, 40, 45]. Basis for a unit cell model is the geometric
description of yarns and matrix within the unit cell. The academic software package
WiseTex [46] was used for geometric modeling of the biaxial braided unit cells within this
thesis. WiseTex calculates the geometry of yarns and matrix based on yarn architecture
input parameters.

The geometric modeling of the (±30°) and (±45°) braided composites, based on the
yarn architecture parameters measured by optical microscopy, is described in this chapter.
An assessment of the calculated geometric model is given by comparison of the WiseTex
yarn geometry to the micro-CT scan of the (±45°) braided composite. Based on the
WiseTex geometric model, the braided composites’ elastic behavior was predicted by
using the micromechanics software TexComp [72]. The elastic predictions for (±30°)
and (±45°) braided composites are compared to experimental results and parametric
studies regarding yarn architecture variations are given. Furthermore, predictions based
on analytically calculated yarn architecture parameters are compared to the ones based
on measured parameters. Finally, the export of the yarn architecture geometry for finite
element unit cell modeling is described.

5.1. Geometric model from WiseTex

The yarn architecture parameters given in Table 4.5 are used as an input for the geometric
models. With the input, the yarn paths are calculated in WiseTex by using an energy
minimization scheme: the fabric structure given by the braid pattern is divided into
smaller parts, with the yarns in the undulation being represented by structural elements.
The yarn path is approximated by a parametric function z(x) and the parameters of z
are calculated by minimization of the structural elements’ bending energy. A detailed
description on the method can be found in [46].

5.1.1. Input parameters

The input parameters required to build up a unit cell model of a biaxial braid in WiseTex
are given in Table 5.1. The input parameters can be separated into geometric parameters,
defining the yarn geometry, and fiber/matrix mechanical parameters, which are stored in
the WiseTex unit cell model for later usage in e.g. micromechanical calculations.

The parameters from optical microscopy given in Table 4.5 are used with the spacing
adjusted to be equal to the yarn width. This is reasonable as the geometric model provided
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by WiseTex does not include effects like yarn overlapping or yarn cross section deformation
(cf. Fig. 4.2). Fiber mechanical properties were calculated by reverse engineering from
UD experiments (Table A.1). The matrix mechanical data was taken from bulk matrix
experiments (Table A.2).

Table 5.1.: Input parameters for WiseTex unit cell modeling

name variable source

geometric data

yarn shape - micrographs
yarn height d1 micrographs
yarn width d2 micrographs
spacing p micrographs
braiding angle θ optical sensor

fiber data

filament diameter ffil datasheet [176]
number of filaments Nfil datasheet [176]
fiber long. Young’s modulus Ef11 reverse engineering
fiber trans. Young’s modulus Ef22 reverse engineering
fiber shear modulus Gf12 reverse engineering
fiber long. Poisson’s ratio νf12 reverse engineering
fiber trans. Poisson’s ratio νf23 estimated (no data available)

matrix data

matrix Young’s modulus Em bulk matrix experiments
matrix Poisson’s ratio νm bulk matrix experiments

5.1.2. Unit cell geometry

The unit cell geometries for the BB30 and BB45 braids are shown in Fig. 5.1. For braiding
angles unequal to 45°, a sheared unit cell is used. The thickness of the unit cell is twice
the yarn thickness, which results in a fiber volume fraction of 54.4% for the BB30 and
53.5% for the BB45 unit cell. The unit cell fiber volume fractions thus deviates by 7%
and 6.5% to the one experimentally measured from the braided panels of BB30 and BB45,
respectively.

Reasons for the smaller fiber volume fractions present in the unit cell models are be-
lieved to be the deviations of the idealized geometric model to the real yarn architecture:
effects like grown-together yarns, deformation of the yarn cross section, yarn cross section
rotation or differences in the yarn architecture of the outer plies (cf. Section 4.1.4) are
not considered in the WiseTex geometry model. As the correct fiber volume fraction is
crucial for mechanical property prediction, an artificially increased packing density inside
the yarns, yielding 60% unit cell fiber volume fraction, was used in the models. The
approach of increased packing density is commonly used for analytical and FE unit cell
models [22, 45, 57].
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(a) BB30 (b) BB45

Fig. 5.1: Geometric models of the biaxial braided composites obtained from WiseTex

5.1.3. Comparison of unit cell geometry to micro-CT measurements

In order to asses the geometric model calculated by WiseTex, the yarn geometry was
compared to the experimental results from the micro-CT measurements. One a slice of
the micro-CT data, with the WiseTex yarn geometry added to the CT image, is shown
in Fig. 5.2. The comparison shows that the overall accordance of the geometric model
to the micro-CT scan is reasonable. Besides local effects, attributed to yarn deforma-
tion and yarn path distortion, the yarn path is predicted well by WiseTex. The main
deviations between the model and the real geometry can be summarized as: yarn cross-
section deviation, penetration of adjacent plies and deviations from the idealized yarn
path. Deviations from the idealized cross section are visible at different parts of the scan,
and attributed to the yarn deformation during compaction. The penetration of adjacent
(WiseTex) plies is marked in the figure, and is mainly attributed to the unit cell model
thickness of the transverse yarns (red) being bigger as the thickness of the yarns in the
CT scan. However, the displayed geometry of the model represents the transverse yarn
cut in the center (i.e. thickest part), which is not the case for the CT-scan, where the ply
position varies. Deviations of WiseTex and micro CT yarn path furthermore show, that
the ideally straight part of the yarn is not straight in all cases.

No regularity in the deviations between CT-scans and geometric model is observed.
Whether the models represents the yarn architecture well or deviates, depends on the
position of the ply in the laminate (mold or vacuum bag side) as well as on the lateral

Fig. 5.2: Comparison of yarn geometry of WiseTex and from micro-CT scanning
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position of the plies relative to each other. A characterization of theses variations, as e.g.
described in [55] can yield information for more precise yarn architecture models , but this
requires improved techniques for micro-CT contrast increase and automated algorithms for
image segmentation and shape detection, which was both beyond the scope of the current
study. Furthermore, as the deviations are dependent on the laminate configuration and
stacking, an improved geometric model would require additional information about the
stacking of the plies relative to each other. For all plies in the laminate are to be modeled
in a unit cell, the characterization effort and computational cost drastically increases.
Furthermore, it is unlikely, that a distinct stacking, which needs to be defined as input,
can be robustly achieved on a component. The focus of the unit cell modeling in the
current thesis was on parametric and efficient unit cell modeling. Thus, single ply unit
cell models were used to keep the model size small and the models efficient.

Summing up, the WiseTex geometry approximates the yarn path by idealized geometric
shapes, which show a good overall accordance with micro-CT measurements. Local devi-
ations can be observed between model and measurement, but for the goal of a predictive,
efficient and parametric model, the choice of a single ply model based on an idealized yarn
geometry is appropriate.

5.2. Elastic predictions

The geometric model from WiseTex was used for elastic predictions with the academic
software TexComp [72, 112]. The elastic properties calculation within TexComp comprises
several steps: the yarns in the textile are divided in small yarn segments and replaced
by ellipsoids with equal geometric and constitutive properties. The aspect ratio of the
ellipsoids is controlled by the local curvature of the yarn. All ellipsoid problems are solved
by application of Eshelby’s equivalent inclusion principle and the homogenization is done
by using a Mori-Tanaka scheme [142].

A second prediction approach based on orientation averaging of was employed: A
stiffness-averaging method was implemented into MATLAB, which is similar to the one
proposed by Quek et al. [197] for triaxial braided composites. The undulation of the yarns
is considered by stiffness-averaging of off-axis UD plies: the undulated yarn is modeled
as a series of off-axis oriented UD plies assembled in iso-strain condition. For the yarn
geometry, a cosine function was chosen in the undulation region and the yarns were as-
sumed to be straight in the crossover region. Only two geometric parameters, namely
width-to-height ratio of the yarns and the braiding angle are needed as input parameters
for the geometry. The calculation of a UD ply stiffness matrix including yarn waviness is
given by

Cwavy
UD =

1

N
·
N∑

i=1

CUD(φ) (5.1)

CUD(φ) is the stiffness matrix of a UD ply with an out-of-plane angel of φ, where
φ is calculated from the yarn path function. The stiffness matrix Cwavy

UD of one of the
yarn directions is used within classical laminate theory to calculate the properties of an
equivalent (±θ°) laminate. A comprehensive description of the stiffness-averaging method
is given in Appendix B.



5.2 Elastic predictions 127

5.2.1. Comparison of predictions to experiments

The results of the predictions are shown as off-axis polar plots of the axial modulus Exx in
Fig. 5.3, with the initial moduli of the BB30 and BB45 experiments given for comparison.
The experimental characterization of the BB45 braided composites was conducted at the
Polymer Competence Center Leoben, with the test results given in Table A.5.
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Fig. 5.3: Comparison of predicted elastic constants to experiments

For the TexComp results, two sets of predictions are given: the predictions based on the
actual unit cell geometry given by WiseTex (54.4% respectively 53.3%) and the results
obtained with the packing density scaled so that the total fiber volume fraction of the
unit cell is 60%. The elastic constants at 60% FVF are 5%-10% higher, with the biggest
difference being present in the yarn direction (ψ = θ). The results of the orientation
averaging approach, using the same material properties and fiber volume fraction, are
very similar to the ones obtained from TexComp. Comparison of the predictions with
the experimental measured values yields good accordance for both braids investigated.
Deviations between predictions and experiments are present in the yarn direction ψ = θ,
where the predicted stiffness is approximately 10% bigger for both BB30 and BB45. The
difference is attributed to deviations of idealized and real yarn architecture and out-
of-plane deformation effects, which are not covered by the analytical models. Further
considerations regarding the out-of-plane deformation are given in Section 6.8. Despite
the stiffness in yarn direction, all predicted elastic constants lie within the experimental
scatter. Thus, both methods provide a fast and efficient way for elastic predictions of
biaxial braided composites. Orientation averaging was found in close agreement to the
results obtained by TexComp, and may be favorable if less information about the yarn
architecture is available.

5.2.2. Effects of yarn architecture variation on elastic results

On the basis of the validation of WiseTex/TexComp results given in the previous sec-
tion, parametric studies were conducted to evaluate the influence of changes in the yarn
architecture to the elastic properties. Therefore, the yarn architecture input parameters
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of BB30 and BB45 were varied within the bounds of the standard deviation found in the
optical microscopy measurements (cf. Table 4.5).

Yarn height

The variation of the yarn height yields for BB30 and BB45 d1 − σd1 = 247 µm and 252 µm
and d1 + σd1 = 305 µm and 312 µm, respectively. Two different schemes for yarn height
change are investigated:

(1) Solely the yarn height is changed. With the yarn width being constant, the fiber
volume fraction also changes.

(2) Yarn height and width are both changed, in order to keep the unit cell fiber volume
fraction constant.

Both cases are relevant for braided composites: the first is achieved if the compaction
pressure during infiltration of the braid is increased, while the second refers to the case
that the yarns spread over a bigger area (e.g. mandrel cross section change). Fig. 5.4 shows
a comparison of the variation compared to the model with the average yarn architecture
values (avg) used. A similar trend is observed from both braiding angles: a decreased
yarn height increases the stiffness of the braided composite. The effect of (1) on the
mechanical behavior is bigger for both BB30 and BB45: the two effects of a fiber volume
fraction change in the yarns and the change of waviness add up to the total increase
or decrease of stiffness. The difference in stiffness is around 15%-20%, with the highest
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Fig. 5.4: Elastic behavior influence from yarn height variation

changes observed in axial and transverse direction. The second case (2) yields less changes
of the elastic properties: the stiffness in the yarn directions of BB30 and BB45 changes by
2% and 8%, respectively, while the response is almost similar to the avg case for the other
off-axis angles. The simulations show that the elastic properties for yarn height variations
are sensitive to changes of the fiber volume fraction, while changes of yarn waviness at
constant fiber volume fraction has less effects.



5.2 Elastic predictions 129

Yarn width

The yarn width is varied for BB30 and BB45 in between d2 − σd2 = 2829 µm and 2831 µm
and d2 + σd2 = 3331 µm and 3353 µm, respectively. Similar as for the yarn height, two
cases are also distinguished for the yarn width variation: yarn width change with constant
yarn height (1) and at constant FVF (2). The results shown in Fig. 5.5 that a a higher
width in the yarns not necessarily leads to increased mechanical properties: if the yarn
height is constant with increasing yarn width, the fiber volume fraction decreases and
the elastic properties suffer. In contrast, if the fiber volume fraction is kept constant,
the wider yarns decrease the waviness, which increases the stiffness, where the biggest
changes are, as for the yarn height, observed in the yarn direction.
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Fig. 5.5: Elastic behavior influence from yarn width variation

Braiding angle

The braiding angle standard deviation was measured 0.6° for the BB30 and 1.2° for the
BB45 . Despite the rather small standard deviation, a systematic variation of the braiding
angle due to the yarns’ s-shape was observed on all panels. The elastic behavior predicted
by TexComp is shown in Fig. 5.6. The biggest influence of the braiding angle is present
for BB30 in the take-up direction and for BB45 in take-up and transverse direction. The
stiffness in take-up direction changes by 5% for BB30 and by 7% for BB45. In opposite, the
stiffness in yarn direction is not influenced by the braiding angle change, but the position
of maximum stiffness changes with the braiding angle.

Summary: effect of yarn architecture changes

The numerical investigations of elastic constants made with TexComp show a high sensi-
tivity of the elastic behavior for the yarn architecture parameters varied within the bounds
of the measured standard deviation. Changes of the unit cell fiber volume fraction were
found to be the strongly affecting the biaxial braid stiffness. Changes of waviness at
constant fiber volume fraction, which refers to the case of wider braid yarns, mainly influ-
enced the stiffness in the yarn directions and the change of stiffness was smaller compared
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Fig. 5.6: Elastic behavior influence from braiding angle variation

to the cases where fiber volume fraction was changed. In addition, the braiding angle
was found to have a high sensitivity to the stiffness in take-up direction, which correlates
to the variation of stiffness observed in the BB30_PT_OA00 experiments (cf. Fig. 4.13a).
Small changes of the braiding angle can considerable influence the stiffness of the braid,
which emphasizes the relevance of considering yarn architecture changes for modeling of
braided components.

5.3. Elastic predictions based on analytically calculated
yarn architecture parameters

Analytical predictions for the yarn architecture can be favorable for application in the
early design phase of braided components. Analytically calculated yarn architecture pa-
rameters were compared to the optical microscopy measurements in the previous chapter.
Both sets of parameters given in Table 4.6 were used to investigate the possibility of using
analytically calculated parameters for elastic property prediction.

The elastic constants, predicted on the basis of measured and analytically calculated
yarn architecture parameters are given in Table 5.2. All properties except for the Poisson’s
ratio ν12 of the BB30 braid, are overestimated when using the analytically calculated yarn
architecture values. Young’s and shear moduli are overestimated by around 10% for
the BB45 and between 5% and 16% for the BB30 braided composite. The deviations of
elastic properties outline the importance of optical microscopy for robust and precise
yarn architecture characterization. Despite the deviations, analytical calculation of yarn
architecture can be helpful for an early phase of design, when no detailed information on
the yarn architecture is available. The presented approach of elastic predictions based
on analytically calculated yarn architecture parameters yields similar results as the one
outlined by Birkefeld et al. [33], with the advantage of the packing density not required
to be estimated. Thus, the simplified approach for yarn architecture calculation, needing
only fiber volume fraction, braiding angle and braiding process parameters as inputs, can
be summarized be useful and to serve reasonable elastic predictions in the early phase of
design, if no measurements of the yarn architecture are available.
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Table 5.2.: Comparison of elastic constants predicted by the use of micrograph measurements and an-
alytical predictions

BB30 BB45

micrograph analytical deviation micrograph analytical deviation

E11 [MPa] 42590 47850 12.4% 13700 15220 11.1%
E22 [MPa] 8881 10280 15.8% 13700 15220 11.1%
G12 [MPa] 26610 28000 5.2% 34130 37810 10.8%
ν12 [-] 1.492 1.411 −5.4% 0.811 0.813 0.2%

5.4. Transfer of WiseTex geometry to finite element unit
cell models

The geometric models inside WiseTex can be stored as either binary or XML1-type files.
If solely the geometry of the model shall be exported, WiseTex offers an export of the

yarn geometry to an ASCII (*.cfl ) file. The cfl file stores the information of the unit
cell and the yarns in a structured format, including unit cell dimensions, braiding angle
and information about the geometric and material properties of the yarns defined in the
model. An example of an cfl file for a biaxial braid with one type of yarn defined is:

14.2258905200649 14.2258905200649 0.552 # Unit cell dimensions

1.0472 # =2*theta opening angle of yarns [rad]

1 # number of yarn types

1 # Number of the yarn

Tenax HTS40 12K 800tex # designation of the yarn

E # shape of the cross-section

carbon fiber neu # name of the yarn fiber

0.0681 0.007 1.77 240 0.23 28 0.4 13 10 4300 1.8 # fiber data

1.5707963267949 # empriical fitting factor

616 # total number of sections

Furthermore, the information about the yarn architecture is stored segment-wise for
every yarn. The number of segments in one yarn can be adjusted and is controlled by
the points per crimp interval parameter within WiseTex. Every yarn segment includes
information about the location, cross-section and orientation of the cross section:

## For every cross-section ##

1 # yarn type

76 # no. of cross-sections in yarn

-10.6694028054303 -6.16 0.138 # X Y Z coordinates of the current cross-section

0.187842969245378 # Length around the cross sections

3.08 0.276 # Principal cross-section axes, mm

0.0653168637087045 # Average curvature radius at the cross section center

0 -1 0 # Segment 1-axis, parallel to the major cross-section axis

0 0 1 # Segment 2-axis

1 0 0 # Segment 2-axis, tangent to the heartline.

0.691699604743083 # Fiber volume fraction inside a yarn

0.00129632941822128 # Yarn segment volume fraction

The cfl -file of the WiseTex model is used to import the yarn architecture data into
the FE pre-processor Abaqus/CAE.

1XML: Extensive Markup Languge
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5.5. Conclusion on geometric modeling and analytical
predictions

WiseTex was used to calculate the geometry of the biaxial braided composite unit cells.
The geometry obtained from WiseTex was compared to the micro-CT measurements and
a good agreement was found. Deviations were observed locally, where the micro-CT scan
showed deviations from the idealized yarn cross section and yarn path shape. To include
these local deviations into a geometric model, comprehensive evaluation of the CT-data
(cf. [55]) and additional preforming simulation steps [82, 83] are required. In addition, the
influence of adjacent plies on the geometry would require to model the complete braided
laminate in a unit cell model. As the focus of FE unit cell modeling in this thesis was put
to reduced, parametric and efficient unit cell models, the WiseTex geometry yielded an
optimal choice. No additional simulation step is required to calculate the geometry and
XML file format as well as command line capability allow integration of WiseTex into a
FE modeling framework.

With the WiseTex geometry models, the elastic properties of the BB30 and BB45 braided
composites could be calculated by using the analytical Mori-Tanaka approach imple-
mented in TexComp. The predictions made with TexComp correlated well with experi-
mental results with maximum 10% deviation being present in the yarn direction. In ad-
dition, a simple stiffness-averaging approach used for elastic property prediction yielded
similar results as the WiseTex/TexComp modeling approach.

The WiseTex/TexComp model was further used for parametric studies showing a high
dependency of the elastic behavior to yarn architecture input parameters: for yarn width
and height changes, the effect of fiber volume fraction was dominant compared to the
change of yarn waviness at constant fiber volume fraction. In addition, the braiding angle
variations crucially affected the stiffness in take-up and transverse direction. Thus, also
small braiding angle changes, e.g. introduced by the s-shape of the yarns, need to be
considered in a structural simulation of a biaxial braided composite component.



6. Finite element unit cell modeling

This chapter describes the finite element (FE) unit cell models used within this thesis to
predict the constitutive behavior of biaxial braided composites. The main purpose of the
FE unit cell modeling was to predict the effect of the yarn architecture on the elastic,
nonlinear and failure behavior of biaxial braided composites. The focus was on parametric
and efficient models: with the goal of simulating a complex braided structure, unit cell
simulations have to be able to calculate the constitutive behavior, which will later serve
as input for macroscopic modeling, for a multitude of different yarn architectures. Thus,
many different configurations of the unit cell need to be modeled and solved, yielding the
main requirements for the FE unit cell models:

1. The model has to be parametric, i.e. modeling, solution and post-processing shall
be automated without requiring manual operations like e.g. meshing in the pre- and
post processing.

2. The model needs to be efficient. As many simulations are conducted for different
yarn architectures, a fast modeling and solution is crucial.

These requirements led to the development of a new reduced FE unit cell modeling ap-
proach based on Cox’s binary model [125]. In the novel Binary Beam Model (BBM),
beams and continuum elements are used to model the yarns and matrix pockets in the
biaxial braided composite unit cell. While the beam elements model the longitudinal
properties of the yarns, the transverse and shear yarn properties and the properties of the
matrix pockets are modeled in a smeared way by the so-called effective medium continuum
elements. The reduced modeling approach yields advantages in efficiency and automation
of model generation, when compared to the classical continuum unit cells [40, 45, 79]:
continuum element unit cells serve a detailed representation of the 3D stress field in yarns
and matrix, but often suffer meshing issues and poor element quality, connected to an
increased numerical effort, when applied to high fiber volume fraction textile composites
[37, 139]. Through the geometric idealizations introduced, these issues are not present in
the BBM modeling approach.

The BBM modeling approach, implemented into a modeling framework in MATLAB, is
described in the following sections. A short overview to the modeling framework, includ-
ing the geometric modeling in WiseTex, geometry import into Abaqus/CAE, FE solution
in Abaqus/Standard and post-processing is given. The constitutive laws, adapted to the
reduced model formulation, are introduced: the model assumes linear elastic deformation
in the beam elements and elastic-plastic behavior in the effective medium. Equations
for the calculation of the yarn and effective medium material properties at different fiber
volume fractions are introduced. This ensures the applicability of the unit cell model-
ing approach to braided composites with varying fiber volume fractions. Furthermore,
the periodic boundary conditions for the rhombus unit cell used in the biaxial braided

133
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composite simulations are given. The mesh-dependency, present in the stress-field of the
effective medium, is removed by introducing an averaging procedure to calculate the yarn
stress components at each beam node. Furthermore, the equations for the failure analysis
using the BBM are defined.

BBM stress predictions in the yarns are compared to the solution of a classical contin-
uum element unit cell. Elastic simulations with the unit cell under different out-of-plane
boundary conditions are correlated to experimental measurements. Additionally, stress
profiles at different out-of-plane boundary conditions are presented and an approach for
the out-of-plane modeling of biaxial braided laminates is given. For the prediction of
biaxial braided composites strength, a material parameter-identification approach based
on experiments of biaxial braided composites was used. With the strength parameters
calculated, the model predictions are finally validated by comparison to the experimental
results from BB30 and BB45 off-axis experiments.

6.1. Framework for unit cell modeling

The approach for modeling and solution of the BBM FE unit cell was implemented into a
MATLAB framework, which is outlined in Fig. 6.1. The framework allows to build, solve
and post-process BBM unit cells without manual work, yielding a parametric and efficient
modeling. First, the geometric, material and numeric input properties have to be defined
in MATLAB. The framework builds a WiseTex XML file with the defined parameters
and calculates the geometric model with WiseTexCL [74]. The calculated geometry is
passed to a python script, which builds up the model in the Abaqus/CAE pre-processor,
generating all the information required for solution and post-processing and finally writes
the model to an ASCII *.inp file. In an additional step, periodic boundary conditions are
added to the model and the solution is started. The solution can be either linear elastic for
the calculation of elastic properties or non-linear for strength prediction. All simulations
were conducted with the implicit commercial FE solver Abaqus/Standard. After the FE
solution is finished, the post-processing of the model is started, where another python
script opens the Abaqus output-database (ODB ), calculates the volume averaged stresses
and writes these to the ODB. Depending on the type of solution, a failure analysis is
conducted, returning the critical nodes for failure of the unit cell as well as the location of
failure. Finally, the homogenized elastic constants (linear simulations) or the homogenized
stress-strain behavior of the unit cell is calculated. Further information to the framework
implementation is provided in Appendix E.3.

6.2. Binary Beam Model: modeling and idealizations

The main purpose of the BBM is to use a reduced representation of the textile yarn
architecture, while preserving relevant details of the stress field of biaxial braided com-
posite unit cells. The geometric idealization used within this thesis is similar to the one
proposed by Cox and co-workers [125, 131, 198] in the Binary Model (BM): as shown in
Fig. 6.2, the braided composite, consisting of yarn and matrix pocket volumes, is idealized
by two independent sets of elements: 1D line elements at the yarn centerlines and and 3D
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BBM Framework (MATLAB)
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Fig. 6.1: MATLAB-Framework for Binary Beam Model (BBM) unit cell

elements, defining the unit cell volume. Cox used truss elements for the yarns, based on
the assumption that bending of the yarns is dominated by transverse shear, modeled by
the effective medium. In the BBM, linear Timoshenko beam elements are used instead of
truss elements. This allows to consider the influence of the yarn cross section on both the
bending stiffness of the impregnated yarns and the bending-induced stress fluctuations in
the yarns.

Fig. 6.2: Idea of BBM idealization

In the BBM, longitudinal and bending properties of the yarns are modeled by the
Timoshenko beam elements, while transverse and shear properties of the yarns and the
properties of the matrix pockets are represented in a smeared way by the 3D continuum
elements of the effective medium. The impregnated yarn bending stiffness is influenced
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by both, yarn material properties as well as shape and dimensions of the cross section.
When loaded in the longitudinal direction, a stress concentration exists in the bending
interval of the yarns. The stress on the upper and lower surface thus can be considerably
higher as the yarn center stress (increase of 20% shown for a continuum unit cell model in
Fig. 6.3). Thus yarn bending considerably influences the longitudinal failure of the yarns.
Both effects, bending rigidity and stress concentration, can be considered by using the
beam elements in the BBM.

Fig. 6.3: Stress profile of a yarn loaded in longitudinal direction

The yarn geometry, exported from the WiseTex model, is used to define the coordinates,
the tangential direction and the cross-sectional orientation of the beam elements. The
yarn cross section of the WiseTex model is considered in the beam modeling by area and
moments of inertia of the beams. The beam section properties are calculated from the
yarn cross section dimensions:

Fig. 6.4: Ellipse cross section
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Where Ayarn is the area of the yarn and Ixx, Iyy and Izz are the second moments of
inertia for bending and torsion of the elliptical cross-section given in Fig. 6.4. As given by
the WiseTex model, all yarn cross-section properties are defined constant along the yarn
paths. Size and shape of the WiseTex unit cell define the effective medium volume, i.e.
the BBM unit cell includes four yarns in each direction and has the shape of a rhombus for
braiding angles θ 6= 45°. Smaller unit cells of braided composites as e.g. given in [39, 199]
can be used for finite element modeling to reduce the computational cost of the solution.
However, as the BBM modeling approach yielded a very efficient solution even with the
larger rhombus unit cell given by WiseTex, the unit cell volume was not reduced further.
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6.2.1. Coupling of yarns and matrix

Two types of finite element meshes, a continuum mesh and a beam element mesh are used
in the BBM. As the meshes of beam and continuum elements are not naturally consis-
tent, i.e. do not share nodes, their degrees of freedom (DOFs) need to be coupled. The
coupling can be either introduced by forcing consistent meshing of beam and continuum
elements or alternatively by introducing constraint equations between beam and contin-
uum nodes. Consistent meshing requires a fine continuum mesh and can, nevertheless,
result in distorted continuum elements, yielding an increased numerical cost and a poor
quality of stress and strain predictions. The usage of multi-point-constraint equations for
coupling was reported for the Binary Model [133, 136] and for continuum element unit
cells [124, 138] and thus was used for the BBM. The multi-point constraints coupling of
the beam elements and continuum elements and can be easily established inside Abaqus
by using the embedded elements function.

Fig. 6.5: Embedding of beam elements

The embedded elements function couples the
translational DOFs of beam elements to the con-
tinuum elements. As shown in Fig. 6.5, each beam
element node is assigned to the overlapping con-
tinuum host element. The beam node displace-
ments are calculated from the displacements of the
continuum element nodes, by interpolation of the
beam node’s relative position inside the host ele-
ment. The rotational DOFs of the beam element
are not constraint, thus the torsional behavior of

the yarns is solely controlled by the beam torsional stiffness. Introducing the coupling
removes the requirement of consistent meshes from beam and continuum elements. How-
ever, the mesh size of the effective medium continuum elements was chosen in a way, that
all yarns were embedded similar into the effective medium: the number of continuum
elements along 1/4 of the unit cell edge should be an uneven integer to have all beams
placed in-plane centered in one continuum element (cf. Fig. 6.6).

(a) Beam elements (b) Beam element cross section rendered

Fig. 6.6: BBM unit cell with embedded beam elements (half of the effective medium elements removed)

6.3. Constitutive laws

Material properties for beam and continuum elements need to be defined for the BBM. As
the beam elements represent the axial and bending stiffness of the yarns, longitudinal yarn
properties, namely axial modulus and strength of the yarns, are required for the beam
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elements. The effective medium models the smeared transverse and shear properties of
yarns as well as the properties of the matrix pockets. As the effective medium is defined
isotropic, only shear and transverse modulus are required as elastic properties. Further-
more, yarn transverse tensile and compressive strength as well as yarn shear strength are
required to evaluate transverse yarn failure. For modeling of non-linear deformation prior
to final failure, a plasticity model was defined in the effective medium, which requires
material parameters for pressure-dependence and hardening.

The constitutive properties of beam and effective medium elements depend on the
packing density pd in the yarns and on the unit cell fiber volume fraction ϕf . Thus, a
parametric unit cell model needs the constitutive properties to be available at different
fiber volume fractions. As most experimental investigations solely provide results for
one specific fiber volume fraction, yarn and matrix constitutive properties are calculated
by fiber/matrix micromechanics: fiber and matrix properties are calculated by reverse-
engineering from UD experiments at a known fiber volume fraction, and can further
be used to calculate yarn and effective medium properties at any desired fiber volume
fraction. A variety of methods is available for micromechanics of UD composites, ranging
from detailed FE unit cell calculations [41, 118], advanced analytical methods like e.g.
methods of cells or multicontinuum technology [57, 113] to closed-form analytical formulae
[24, 51]. Closed-form analytical equations were chosen in the current work, as they offers
the advantage of straightforward and efficient implementation into the BBM modeling
framework and do not require an additional analysis step. Analytical formulae do of course
not represent the current state of research in micromechanical modeling, but they provide
an simple and efficient way to scale both, elastic and strength properties to different fiber
volume fractions.

6.3.1. Volume fractions

Constitutive property definition in the BBM requires consideration of the volume fractions
inside a unit cell: as the beam elements (BE) have the yarn cross section prescribed and
model the yarn longitudinal and bending stiffness, the packing density is used to calculate
their properties. The beam elements introduce stiffness in their longitudinal direction,
while the transverse and shear properties of the yarns and the matrix pocket properties
are represented in a smeared way by the effective medium (EM). Thus, the composite
properties at the unit cell fiber volume fraction are used for the effective medium elements.

PBE = f(PUD, ϕ = pd)

PEM = f(PUD, ϕ = ϕf )
(6.5)

6.3.2. Elastic properties

The elastic properties of beam and effective medium continuum elements are derived
from the elastic properties of a yarn. As the yarn can be assumed to behave transversely
isotropic, yarn properties are calculated from UD micromechanics. Different property
assignments for the Binary Model have been proposed by Cox and co-workers [125, 131,
133]. The elastic properties assigned to the BBM follow similar ideas as the ones given
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by Cox for the Binary Model. The fiber and matrix properties given in Table A.1 and
Table A.2 are used throughout the simulations.

Effective medium

The effective medium represents the matrix-dominated properties of shear and transverse
behavior of the yarns and the behavior of the matrix. The effective medium can be either
defined transversely isotropic or isotropic [131], with the latter yielding the advantage
that no material orientation needs to be defined for the effective medium. As an unique
material orientation definition in the effective medium is not possible for the braided
composite unit cells modeled, an isotropic effective medium definition is used for the
BBM, which has been showed to give appropriate results for the Binary Model [131, 133].
The off-axis experiments showed that in-plane shear and transverse behavior of the yarns
dominate the mechanical behavior of biaxial braided composites. Thus, the effective
medium was assigned with these elastic constants. The elastic constants are calculated
with Chamis’ micromechanical equations [200]:

EEM = E22 =
Em

1 − √
ϕf (1 − Em/Ef22)

(6.6)

GEM = G12 =
Gm

1 − √
ϕf (1 −Gm/Gf12)

(6.7)

The fiber volume fraction of the unit cell ϕf is used, as the effective medium represents
the smeared properties of yarns and matrix pockets (Fig. 6.7). The Poisson’s ratio of the
effective medium yields

νEM = EEM/(2 ·GEM) − 1. (6.8)

Fig. 6.7: Continuum yarn embedded in resin compared to a beam element embedded in effective medium
in the BBM

Yarns

The longitudinal stiffness of a yarn with the packing density pd can be calculated by the
rule of mixtures

EY
11 = Ef1 · pd + Em · (1 − pd) (6.9)

For the stiffness of the beam elements, the volume doubling present in the BBM has to
be considered (Fig. 6.7): the yarn cross section is assigned to the beam element embedded
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in the effective medium and thus the yarn volume in the BBM is filled twice, by the
effective medium and the beam element. Using the yarn stiffness from Eq. 6.9 would result
in an artificially stiffened behavior, thus the stiffness introduced by the effective medium
has to be considered in the beam element constitutive definition. The beam elements
stiffness is calculated be equalizing the stiffness of a yarn-in-matrix representation and
the BBM as shown in Fig. 6.7

ECM
11 = EBBM

11 (6.10)

EY
11 · ϕY + Em · (1 − ϕY ) = EBE · ϕY + EEM (6.11)

ECM
11 and EBBM

11 are based on the assumption of equal strains of yarn and matrix, and
beam element and effective medium, in the 11-direction. The equation solved to EBE and
with EY

11 substituted from Eq. 6.9 and ϕY = ϕf/pd yields the beam element stiffness:

EBE = EY
11 −

(
Em +

pd
ϕf

·
(
EEM − Em

))
(6.12)

6.3.3. Strength properties

The failure analysis within the BBM is based on failure criteria originally developed for
UD composite materials. The yarn longitudinal stresses extracted from beam elements
and the transverse stresses from the effective medium are used within the failure analysis.
UD failure criteria were shown to be appropriate for prediction of failure and damage
initiation within the yarns of textile composite unit cells (cf. e.g. [24, 45, 47, 140]). The
strength input properties needed for a failure analysis with the BBM are yarn tensile
and compressive longitudinal and transverse strength and yarn in-plane shear strength.
Similar to the elastic constants, these parameters need to be available at arbitrary fiber
volume fractions. Murthy and Chamis [200] presented a set of analytical equations in the
framework of the Integrated Composite Analyzer (ICAN), which allow to calculate the
composites UD strength properties based on fiber and matrix constituent properties.

The yarn longitudinal strength properties were calculated by using the rule of mixtures
equations, proposed in the ICAN models:

XT = ϕf ·Xf,T + (1 − ϕf ) ·Xf,T · Em/Ef11 (6.13)

XC = ϕf ·Xf,C + (1 − ϕf ) ·Xf,C · Em/Ef11 (6.14)

In addition to the rule-of-mixtures equations, a compressive strength value for mi-
crobuckling and one for delamination is given in [200]. However, both equations yielded
unrealistic strength values for high fiber volume fractions, and thus the rule of mixtures
equations were used for the BBM. The longitudinal fiber strength values in tension Xf,T

and compression Xf,C , calculated by reverse-engineering from UD experiments, are given
in Table A.1. The increase of strength with fiber volume fraction predicted by the rule of
mixtures yielded a good correlation to internal experimental data with a similar material
at various fiber volume fractions [201].

For the transverse yarn strength, also some approaches for micromechanical calculation
of strength properties are available. Ruijter [51] e.g. used the equations given for the ICAN
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model by Chamis and Lomov et al. [24] used an alternative approach published originally
by Rosen. The values calculated from the two approaches are compared in Fig. 6.8. The
transverse properties decrease with the fiber volume fraction for both approaches. The
comparison of the predicted values with internal experimental data [201] showed that
both predictions do not yield realistic values. The model used by Lomov [24] predicts a
decrease of properties with fiber volume fraction largely above the measured values and
the ICAN model results in zero strength properties at a fiber volume fraction of around
85%. Ivanov et al. [45] published an alternative approach, assuming the transverse and

fiber volume fraction [−]
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Fig. 6.8: Strength properties plotted over fiber volume fraction, from [24, 51]

shear strength properties to be constant for different fiber volume fractions. The approach
was successfully used with a unit cell model for prediction of triaxial braided composites
damage initiation and progression. Due to the lack of the simple models to represent
a reasonable dependence of strength properties to the fiber volume fraction, Ivanov’s
approach was used, keeping the transverse and shear strength parameters for the BBM
constant over the fiber volume fraction:

YT (ϕf ) = YT YC(ϕf ) = YC SL(ϕf ) = SL (6.15)

The transverse strength properties used in the BBM simulations are given in Table 6.7.
It is important to note, that the complex mechanics of transverse and shear failure of
UD composites, which involve damage and plastic deformation in the matrix and fiber-
matrix interface failure [41], cannot be covered by analytical considerations. However,
detailed analysis models require additional experimental validation, which was out of the
scope of the current work. Thus, constant transverse strength properties were considered
appropriate as a first approach.
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6.3.4. Plasticity model

The off-axis experiments of the (±30°) biaxial braided composites showed considerable
nonlinear behavior before final failure. Investigations on crack occurrence and position
showed the nonlinear behavior is due to microscopic cracking (cf. [170]), and the load-
ing/unloading experiments revealed that the stress-strain nonlinearity is due to both
inelastic deformation and material damage. For the Binary Model, Flores et al. [136]
showed that matrix-induced nonlinearities in ceramic-matrix composites can be consid-
ered in the simulations by using a Drucker-Prager plasticity model. A similar approach
was chosen in the BBM to account for the nonlinear deformation prior to final failure.
Using a plasticity criterion to model the nonlinearities, introduced by damage and inelas-
tic effects cf. Section 4.2.2, is valid in this case as only monotonically increasing loads are
considered within the BBM simulations. The nonlinear deformation of braided compos-
ites was related to the shear and transverse behavior of the yarns and is thus in the BBM
assigned to the effective medium elements. For efficient implementation of the unit cell
simulations within Abaqus, a linear Drucker-Prager plasticity model with associated flow
and nonlinear shear hardening was defined in the effective medium continuum elements.
The Drucker-Prager yield criterion allows to consider the pressure-dependence of yielding
commonly reported for composite materials [172, 202, 203].

The Drucker-Prager yield criterion is given as :

f(σ) = σe − b · σm − a = 0 (6.16)

Where σe is the von Mises stress, σm is the hydrostatic part of the stress tensor and a, b
are material parameters that define the yield stress and the pressure-dependence. The
parameter b = tan(β) is related to the pressure dependence, with β being the so-called
friction angle of the material shown in Fig. 6.9a, defining the slope of the yield curve in
the plane of von Mises stress and the hydrostatic pressure.

(a) Drucker-Prager yield criterion in the p-σe-
plane, flow rule is associated

(b) Dependence of yield stress on hydrostatic
pressure [172], experiments from [203]

Fig. 6.9: Pressure dependence of the DP-plasticity model (−p = σm = σ1 = σ2 = σ3)

The value of β was for the BBM unit cell simulations extracted from the publication of
Vyas et al. [172]. Vyas et al. summarized experimental results from Shin and Pae [203],
who tested the in-plane shear behavior of carbon/epoxy composites under several hydro-
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static pressure states (cf. Fig. 6.9b). The friction angle was obtained by linear regression
to the experimental results:

β = tan−1

(√
3 · ∆τ12

∆p

)
, (6.17)

which yielded a friction angle of β = 17.7°. The flow rule of the plasticity model was
chosen fully-associated, i.e. the plastic flow is orthogonal to the yield surface (Fig. 6.9a).

Besides the pressure-dependence, the hardening behavior of the effective medium within
the Drucker-Prager yield criterion needs to be defined. As considerable hardening was
observed in the braided composites off-axis experiments, assuming ideal plastic deforma-
tion, like given by Flores et al. [136], is not suitable. The hardening was defined by using
the shear-stress over shear-strain curve from a (±45°) UD experiment, shown in Fig. 6.10.
The progressive stress-strain behavior ultimately before final failure was not used for the
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Fig. 6.10: In-plane shear stress-strain curves used for hardening definition [204]

hardening definition, as it was introduced through failure of the foil strain gauges used. A
least square fit method was used to calculate the hardening curve from the experimental
results, with the hardening function a = r(γpl12) defined linear-exponential as proposed by
Flatscher [141]:

r = τ y12 =




τ 0

12 + c1 · γpl12 for γpl12 < γpl∗12

K · (γpl12)
1

m for γpl12 > γpl∗12

(6.18)

The plastic part of the shear strain is calculated from

γpl12 = γ12 − τ/G , (6.19)

whereG is the shear modulus evaluated in the range of γ12 = 0.05−0.25%. The coefficients
K, m and τ 0

12 are extracted from the experimentally measured curve by regression and
the transition point γpl∗12 as well as the parameter c1 are calculated by forcing the value
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and slope of the two parts of the hardening curve given in Eq. 6.18 to be equal at the
point γpl∗12 :

γpl∗12 =

(
τ 0

12

c1 · (1 − 1
m

)

)m
(6.20)

c1 =
K

m
· (γpl∗12 )( 1

m
−1) (6.21)

The input parameters for the Drucker-Prager plasticity criterion are summarized in Ta-
ble 6.1.

Table 6.1.: Material properties defined for the Drucker-Prager plasticity model

pressure dependence hardening

β [°] τ0
12 [MPa] K [MPa] 1/m [-]

17.7 24.8 172 0.2295

6.4. Periodic boundary conditions

All unit cell calculations were conducted with periodic boundary conditions basing on the
equations given by Pahr [144] and Anthoine [145] described in Section 2.6.4. A rhombus-
shaped unit cell is used for the braided composites (Fig. 6.11),

l1

l1

w2

l2

2θ

1

2

Fig. 6.11: Rhombus unit cell used for the BBM

which yields the periodicity tensor of the unit cell:

P =
[
p1 p2 p3

]
=



p1

1 p2
1 p3

1

p1
2 p2

2 p3
2

p1
3 p2

3 p3
3


 =



l1 w2 0
0 l2 0
0 0 l3


 =



l1 l1 cos 2θ 0
0 l1 sin 2θ 0
0 0 l3


 , (6.22)

with θ being the braiding angle, l1, l2 and w2 as given in Fig. 6.11 and l3 being the thickness
of the unit cell.
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6.4.1. Coupling equations

The periodic boundary conditions are implemented into the FE unit cell calculations
based on the equations given in [205]. The basic relations are given for the displacements
of adjacent faces (naming cf. Fig. 6.12), connected by the periodicity vectors pi

p1 : uA − uB − ∆uAB = 0 (6.23)

p2 : uC − uD − ∆uCD = 0 (6.24)

p3 : uF − uF − ∆uEF = 0 (6.25)

Fig. 6.12: Naming convention for the faces of the unit cell

The first two equations refer to plane periodicity, while spatial periodicity is modeled,
if the third equation is added. The relations for faces and the corner nodes of the unit
cell are given by the combining the equations above according to the periodicity vectors
connecting the edges or corner nodes. The last part of the equations ∆uIJ is given
by the macroscopic stress or strain introduced into the unit cell. The concept of non-
physical constraint driver (CD) nodes (cf. e.g. [51]) is used to introduce macroscopic
loads in the BBM unit cell. Six constraint driver nodes, each connected to a macroscopic
stress or strain tensor component, are added to the model. The complete equations for
implementations of the periodic boundary conditions are given in Appendix F.

For shear stresses or strains to be introduced, either for εij, εji or both, are available.
Using only one of the shear strains DOFs introduces a simple shear deformation, while
pure shear is achieved if both constraint drivers are displaced identically. For the BBM
simulations, the macroscopic deformation tensor of the unit cell was assumed to be sym-
metric, which is equal to applying a pure shear. This was achieved by introducing an
additional equation for each shear strain in the form

uCDn1 − cn · uCDn2 = 0 (6.26)

where uCDn1,2 are the DOFs of one of the shear constraint-driver nodes and cn is the ratio
of the unit cell dimensions in the plane where the shear strain is acting; e.g. c1 = l1/l2
for the in-plane shear strain. Either displacements or forces are introduced into the unit
cell yielding the desired strain or stress state, respectively. The stresses and strains are
calculated from the constraint driver forces and displacements by the equations given in
Appendix F.
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6.4.2. Out-of-plane boundary conditions

In the BBM simulations, a macroscopic plane stress of the unit cell was assumed. Thus,
for both, plane and spatial periodicity, the out-of-plane behavior of the unit cell needs
to be defined. Different out-of-plane boundary conditions can be related to different
laminate stacking sequences of adjacent braid plies. To introduce a desired out-of-plane
behavior, the displacement in z-direction of the lower face of the unit cell face is either
restricted (fixed) or left free to deform (free). The out-of-plane boundary conditions are
summarized in Table 6.2. For plane periodicity, the fixed solution refers to the case of a
two-ply laminate stacked symmetric on top of each other (SYM ), while the unconstrained
out-of-plane deformation refers to a single ply laminate (SUC ). The two cases for spatial
periodicity refer to a laminate with an infinite number of plies, stacked in-phase (IP) or
out-of-phase (OP).

In all out-of-plane boundary conditions, the unit cell is not constraint to undergo a
macroscopic deformation in z-direction, i.e. a macroscopic strain 〈εzz〉 is present due
to the transverse contraction. The different out-of-plane boundary conditions described
above rather influence the microscopic (periodic) part of the z-displacements inside the
unit cell.

Table 6.2.: Out-of-plane boundary condition cases

plane periodicity (2D) spatial periodicity (3D)

name 2Dfree (SUC ) 2Dfixed (SYM ) 3Dfree (IP) 3Dfixed (OP)

ply number 1 2 ∞ ∞
stacking
case

- symmetric in-phase out-of-phase

boundary
condition

upper and lower
face free to deform

upper face free to
deform

upper and lower
face restricted by
periodicity

upper and lower
face stay plane

6.4.3. Unit cell loading

In-plane loading was used for the BBM simulations. The constraint drivers connected
to out-of-plane deformation were left free to deform, considering effects of transverse
contraction. All simulations were conducted load-controlled, i.e. the macroscopic stress
state was prescribed to the unit cell. For the off-axis load cases, the load was introduced
into the unit cell by transformation of the applied stress into the material coordinate
system (12 ) of the braid: 


〈σ11〉
〈σ22〉
〈τ12〉


 = T(−ψ) ·



〈σxx〉
〈σyy〉
〈τxy〉


 (6.27)
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With the transformation matrix T given in Eq. D.9.

6.5. Stress analysis: volume averaging

Stress fields obtained from unit cell simulations are commonly used for prediction of failure
within yarns and matrix pockets. However, Sihn et al. [206, 207] showed that singularities
can exist in the stress field inside a textile composite unit cell and concluded that even
fine FE models fail to given an accurate prediction of the stress values near the singu-
larity. Cox [134] also addressed the issue of using point-value stresses for the prediction
of failure within textile composites: as detailed and refined models in combination with
fracture mechanics drastically increase the computational cost, relative coarse mesh rep-
resentations leading to an averaging of stresses and strains are reported to be favorable.
However, the models with coarse mesh representation of the textile yarn architecture suf-
fer the drawback that the stress and strain fields are mesh dependent, as averaged over
the finite elements.

In the BBM, similar as in the Binary Model, 1D elements are embedded into a 3D
medium. This would theoretically result in a stress singularity in the effective medium
at the position of the beam nodes. As the effective medium is discretized, the singularity
is averaged over the elements leading to a mesh-dependent solution. For the BBM, this
effect can be shown for different mesh sizes used on the same model: Fig. 6.13 shows the
von Mises stress field inside the effective medium of a BB45 BBM unit cell for two different
mesh-sizes. For the coarser mesh (left), the averaging over the larger elements leads to
smaller maximum stresses inside the effective medium.

Fig. 6.13: Comparison of von Mises stress in the effective medium for different effective medium mesh
sizes (left: 0.44 mm, right 0.27 mm)

To overcome the issue of mesh-dependency, Cox, Yang and Co-Workers [132–135]
proposed a spatial averaging procedure for the effective medium strains called gauge-
averaging. Applying the averaging is motivated by phenomenological considerations re-
garding textile composite failure modes, which are connected to stresses averaged over a
certain length or volume [135]. Volume-averaging was shown to remove mesh-dependence
from the strain field [132] and the comparison of averaged strains correlated well with
DIC-measurement [135].
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The approach of gauge-averaging was adapted for biaxial braided composites within the
BBM. A cylindrical gauge-volume appropriate for non-orthogonal textile composites was
chosen and the volume-averaging was directly applied to the effective medium stress field,
as stress-based failure prediction was employed. The method described in the following
section was implemented in the BBM modeling framework and the gauge-averaged stresses
were used for failure prediction.

6.5.1. Averaging volume shape

Cox and Co-Workers [132–135] proposed cuboid-shaped averaging volumes for the spa-
tially averaging of stresses and strains. A cuboid of the volume

(1/2 tow width) × (1/2 tow width) × (tow thickness)

was shown to provide a mesh-independent solution [132]. A cuboid-shape averaging vol-
ume is suitable for composites with orthogonal textile yarn architecture, but yields no
optimal solution for non-orthogonal textile composites such as braided composites: to
account for the different yarn orientations at different braiding angles, a shearing of the
cuboid would be required. However, this would result in different shapes of averaging
volumes for different braiding angels. To define a unique averaging volume for different
braiding angles, a cylinder-shaped volume with the symmetry-axis oriented along the unit
cell thickness direction was chosen (Fig. 6.14). The cylinder height was equal to the yarn

Fig. 6.14: Cylindrical gauge volumes used for volume averaging of strains (red) and volume proposed in
[133]

height and the diameter of the cylinder was calculated from volume-equivalence to the
cubic volume proposed by Yang and Cox [133]:

dcyl =
d2√
π

(6.28)

For each beam node, the effective medium nodes in the surrounding volume spanned
by the cylinder with the diameter dcyl are searched in the undeformed unit cell model and
assigned as the averaging region. After the finite element solution procedure, the volume
averaging is conducted for all beam nodes in each result step. The volume averaged stress
at a beam node m with the averaging volume Ωm is given by:

σ̄mij =
1

N

N∑

n=1

σEMnode=n
ij ,∀n ∈ Ωm. (6.29)
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The averaging is conducted for all stress components in the beam node coordinate system
and the volume averaged stress tensor for each beam node is written to the Abaqus
output-database-file (odb ).

6.5.2. Averaging volume size

In order to validate the choice of the averaging volume size, a factor scaling the gauge
cylinder diameter (gauge factor gf) was introduced. The resulting stress profiles from
BBM simulations with different gauge factors are exemplarily shown in Fig. 6.15. The
stresses were extracted from the transverse (2F) yarns in a BB45 unit cell pulled into the
1F yarn direction. Both, in- and out-of-plane stress profiles have sharp peaks attributed
to stress singularities for the small averaging volume gf=0.25. These sharp peaks are
not present for the stresses being averaged over the proposed gauge volume (gf=1). Fur-
thermore, the stress profile of another unit cell simulation with identical gauge factor
gf=1 and the element size increased by 50% is shown. The gauge averaged stress profiles
with different mesh refinements correlate well. Thus it can be concluded that a mesh-
independent solution of the effective medium stress field in the BBM can be achieved, if
the stress is averaged over the proposed gauge volume (gf=1).

(a) σ̄22 (b) σ̄33

Fig. 6.15: Gauge averaged stresses with different gauge volumes (gf = 0.25, 1), and different mesh
refinements (yarn path given in gray)

6.6. Failure analysis

The failure in the BBM model was predicted by using failure criteria applied on the
yarn stress tensor given at each beam node. Based on the observations from the off-
axis experiments, yarn longitudinal, transverse and shear failure were considered for the
prediction of failure.

Using a failure criterion just yields the macroscopic stress at failure initiation, but gives
no information about the progression of failure, i.e. what happens after the failure is ini-
tiated. In the off-axis experiments, observation of first failure in the yarns coincided with
the final failure of the specimen. Based on these observations the first failure predicted
by the failure criteria was treated as final failure within the BBM calculations.
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6.6.1. Yarn stresses in the BBM

Yielding accurate yarn stress predictions from the BBM requires additional considerations
regarding the properties of yarns and matrix: while the phases are explicitly modeled
in a continuum element unit cell, the properties are split up to beam and continuum
elements in the BBM. The material definition for the beam elements considers the volume
overlapping present for beam and effective medium continuum elements, by subtracting
the doubled part of the stiffness, cf. Eq. 6.9. Thus, the yarn longitudinal stress has to be
calculated by adding the gauge-averaged stress component σ̄EM11 in the effective medium
to the beam element stress σBE11 :

σY11 = σBE11 + σ̄EM11 (6.30)

The transverse stresses in the yarn are derived by considering a simple modeling case:
If a single yarn inside the BBM is stressed in transverse tension, the strain of the model
is equal to the one in a continuum unit cell, as the stiffness is identical. However, as the
EM yields a lower stiffness as the yarn in transverse direction (EY

22 < EEM), the stress
needs to be corrected with the ratio of effective medium and yarn stiffness:

σYii = σ̄EMii · Eii(ϕ = κ)

EEM
(6.31)

τYij = τ̄EMij · Gij(ϕ = κ)

GEM
(6.32)

Both corrections of the stresses are conducted inside the BBM modeling framework.
The corrected stresses are used for the continuum element unit cell comparison and the
yarn failure criterion.

6.6.2. Failure criterion

Longitudinal failure of the yarns in tension and compression was predicted by using the
maximum stress criterion:

fE,Y Lt =
σY11

XT

= 1, for σY11 > 0 (6.33)

fE,Y Lc =
−σY11

XC

= 1, for σY11 < 0 (6.34)

The stress exposure fE,i equals one for fiber failure in tension and compression. Either
tensile (XT ) or compressive strength (XC) of the yarn is used based on the longitudinal
yarn stress σY11 given in Eq. 6.30. Longitudinal yarn failure is evaluated at five distinct
points of the beam cross section given in Table 6.3. This includes the effects of stress
concentrations introduced by yarn bending into the yarn longitudinal failure (cf. Fig. 6.19).

Transverse failure of the yarns was predicted by using the plane-stress (2D) formula-
tion of Puck’s phenomenological failure criterion [127]. The criterion distinguishes three
different transverse failure modes, considering the different mechanics of transverse fail-
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Table 6.3.: Points for stress evaluation on the beam cross section (cf. Fig. 6.4)

Name center upper lower left right

x 0 0 0 -a a
y 0 b -b 0 0

ure in tension and compression. The plane-stress formulation of the criterion yields a
closed-form solution for all failure modes, avoiding an iterative fracture angle search, as
required in the 3D version of the criterion. Comparative simulations were made by using
the Pucks 3D failure criterion, but as the results of 2D and 3D Puck criterion were very
similar, the 2D version of the criterion was used. Three different criteria representing the
different transverse yarn failure modes are available:

yarn transverse failure mode A:

for (σY22 > 0):

fE,Y T,A =

√(
τY

12

SL

)2

+
(
1 − pt⊥‖

Yt

SL

)2
(
σY

22

Yt

)2

+ pt⊥‖
σY

22

SL
(6.35)

yarn transverse failure mode B

for (σY22 < 0 and 0 ≤
∣∣∣∣
σY

22

τY
12

∣∣∣∣ ≤
∣∣∣∣
RA

⊥⊥

τY
12,c

∣∣∣∣)

fE,Y T,B = 1
SL

(√
(
τY12

)2
+
(
pc⊥‖σ

Y
22

)2
+ pc⊥‖σ

Y
22

)
(6.36)

yarn transverse failure mode C

for (σY22 < 0 and 0 ≤
∣∣∣∣
σY

22

τY
12

∣∣∣∣ >
∣∣∣∣
RA

⊥⊥

τY
12,c

∣∣∣∣)

fE,Y T,C =

[(
τY

12

2(1+pc
⊥⊥

)SL

)2

+

(
σY

22

Yc

)2
]

Yc

(−σY
22

)
(6.37)

with

RA⊥⊥ = SL

2p⊥‖

(√
1 + 2pc⊥‖

Yc

SL
− 1

)
pc⊥⊥ = pc⊥‖

RA
⊥⊥
SL

τ12c = SL
√

1 + pc⊥⊥

The gauge-averaged and corrected stresses (σYii and τYij ) as given in Eq. 6.31-Eq. 6.32
are used for transverse failure. The failure modes given by Puck for inter-fiber-failure refer
to yarn transverse failure modes in the BBM. As the gauge-averaged stresses represent
the average stress state of the yarn at the beam node position, one transverse yarn stress
exposure value is calculated for each beam element node. The inclination parameters used
in the equations are given in Table A.4.
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6.7. Comparison to continuum unit cell

The BBM is a low-order representation unit cell modeling approach for biaxial braided
composites. For a failure analysis with the unit cell model, the stress fields predicted by
the model need to capture the relevant effects within the material. In order to asses the
stress fields predicted with the BBM unit cell model, a continuum unit cell (CUC) with
an identical geometry was built and solved for comparison. The CUC model was build
with the academic software MeshTex [79], which creates a FE volume mesh based on a
WiseTex geometry. MeshTex includes an interpenetration-correction algorithm, changing
yarn-path and yarn shape, which ensures to have no overlapping volumes in the unit cell.
A detailed description on the procedure used in MeshTex is given in [24].

A WiseTex geometric model was used for both, continuum and BBM unit cell calcula-
tions. The yarn architecture parameters measured from the micrographs (cf. Table 4.5),
yielded a tight geometric model that could not be meshed properly with volume elements.
Thus yarn spacing and unit cell thickness were increased in the geometric model. The ge-
ometric parameters used are given in Table 6.4. The continuum unit cell yields a slightly
different yarn path (Fig. 6.16), which is due to the interpenetration correction that is not
required in the BBM modeling approach.

Table 6.4.: Geometric parameters of BBM and continuum unit cell

yarn architecture unit cell dimensions volume fractions

d1 [mm] 3.0915 l1 [mm] 13.2 ϕf 42.54%
d2 [mm] 0.283 l2 [mm] 13.2 ϕY 63.30%
p [mm] 3.3 l3 [mm] 0.65 pd 67.20%
θ [°] 45

yarn length [mm]
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Fig. 6.16: Comparison of yarn MeshTex and BBM yarn paths

The in-plane elastic constants calculated from the two models given in Table 6.5 are
very similar. The BBM predicts slightly smaller elastic constants in the 11- and 22-
direction, which is mainly attributed to the difference in yarn paths and shapes. The
elastic constants were calculated for two out-of-plane boundary condition cases: for SUC,
upper and lower face are left free to deform, while the deformation of the unit cell lower
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surface is fixed for SYM. The braided composite unit cell warps out-of-plane, as shown in
Fig. 6.17, in the case the two yarn directions being stressed unequally. Thus, the difference
is mainly influencing the shear modulus of the BB45 unit cell. The comparison shows, that
the BBM captures the effect of out-of-plane deformation on the elastic behavior accurately.

Table 6.5.: Comparison of elastic constants from BBM and continuum unit cell (CUC)

CUC BBM

SUC SYM SUC SYM

E11 [MPa] 11421 11434 10120 10143
E22 [MPa] 11377 11443 10120 10143
G12 [MPa] 13791 23790 13553 24383
ν12 [-] 0.776 0.779 0.795 0.800

Fig. 6.17: Out-of-plane deformation of the BBM unit cell

6.7.1. Yarn stress profiles

For the stress profile comparison, two distinct load cases were considered: a tensile stress
of 100 MPa was applied in one of the yarn directions (1F) and in the take-up-direction
(11), cf. Fig. 6.18. Each of the cases was solved for both, SUC and SYM out-of-plane
boundary condition. While the stress profiles in the SYM case are mainly influenced by
the yarn architecture, the stress profiles in the SUC case superimpose effects of the yarn
architecture and out-of-plane unit cell warping. The stress profiles of all yarns in one
direction are identical, when shifted for half the undulation wavelength per yarn (cf. [39]).
Thus, a single stress profile per yarn direction needs to be considered for the comparison.
For the in-plane stress profile comparison, mainly the σ1F loadcase is considered, as the
σ11 loadcase was found to give similar results.

Yarn longitudinal stress

The comparison of longitudinal yarn stresses in the yarn oriented along the load is given
in Fig. 6.19. Three section points are considered: yarn center, yarn upper surface and
yarn lower surface. For both cases, the stress in the center of the yarn correlates very well
between BBM and CUC. For the SYM case given in Fig. 6.19a, the maximum stress in the
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Fig. 6.18: Load cases for stress profile comparison between BBM and CUC

undulation interval, present at upper and lower surface, is nearly identical predicted by
BBM and CUC. The position of the maximum stress in the undulation interval is slightly
shifted for the BBM, which is mainly attributed to two reasons: the yarn path between
the models is slightly different (cf. Fig. 6.16) and the support provided by the transverse
yarns (2F) is localized for the BBM as the cross section is not explicitly modeled. This
also reflects in the case of free out-of-plane deformation shown in Fig. 6.19b, where the
stress peak predicted by the BBM is around 30% higher compared to the CUC. The cross
section being not modeled explicitly in the BBM provides less constraint to the out-of-
plane warping (cf. Fig. 6.17) and provides higher bending stresses. However, the SUC
boundary condition reflecting a single unit cell is of minor relevance for most braided
composite laminates, consisting of two or more plies.

(a) SYM (b) SUC

Fig. 6.19: BBM yarn 1F stress profile (upper, center, lower refer to the positions on the cross section)

Yarn in-plane transverse and shear stress

The transverse stresses are compared at the center of yarn 2F (cf. Fig. 6.18), which is
oriented orthogonal to the load. The comparison of the transverse normal stress is shown
in Fig. 6.20a. The stress profiles from BBM and CUC agree well: in both out-of-plane
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boundary conditions, the shape of the stress profile is reproduced well by the BBM. The
BBM transverse stresses deviate in both cases by less than 10%, which is a good agreement
for the low-order yarn representation given in the BBM.

A comparison of the shear stress profiles is given in Fig. 6.20b. For the SYM case, only
small shear stresses are present in the yarns. For the SUC case, the unit cell warping
introduces shear stresses in the straight part of the yarn, which is predicted by both,
BBM and CUC. The stress profiles are identical, except for the local minimum between
the crossing yarns given for the CUC, which can not be observed in the BBM stress profile.

(a) transverse stress σ22 (b) in-plane shear stress τ12

Fig. 6.20: BBM yarn 2F stress profile (evaluated at the center of the yarn)

The deviation of shear stress profiles becomes more evident when considering the stress
profile for the loading applied in take-up direction shown in Fig. 6.21a: where stress peaks

(a) shear stress τ12 (b) CUC shear stress τ12 contour

Fig. 6.21: Shear stress distribution on the yarn surface for loading in take-up direction (11)

between the yarns are observed in the CUC unit cell model, a constant shear stress is
present in the BBM model. The shear stress peaks in the CUC model are introduced by
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the cross section edges of the yarns (Fig. 6.21b), thus, the constant shear stress in the
BBM is an artifact of the modeling abstractions: rotational DOFs are not coupled between
beam and continuum elements and the cross sections are not explicitly modeled. Such
local variations of the stress field, introduced by the yarn cross-section shape can, as a
consequence of the model idealizations, not be represented by the BBM. However, for the
case of the in-plane shear stress, the sharp stress peaks predicted by the idealized geometry
CUC model are unlikely to be present in the real material: the yarn cross sections in the
straight region were shown to grow together in the micro-CT scans (Fig. 4.9), which is
believed to reduce the shear stress peaks.

Out-of-plane yarn stresses

The out-of-plane yarn stresses predicted by the BBM are compared to stresses in the
center of the CUC yarns. Two typical stress profiles are shown in Fig. 6.22, which is
the out-of-plane normal stress σ33 and the transverse shear stress σ23, both for for the
load applied in the take-up direction. For the cases of the σ33 stress profile shown in

(a) normal stress σ33 (b) shear stress τ23

Fig. 6.22: Comparison of out-of-plane stress profiles for loading in the take-up direction 11

Fig. 6.22a, BBM and CUC agree well, while bigger deviations are observed for τ23, shown
in Fig. 6.22b. The reason for good agreement in the σ33 case and the deviation in the
τ23 profile can be attributed to the sources of the stress variations: the transverse normal
stresses σ33 are mainly introduced by the compression of the crossing yarns to each other
(Fig. 6.22a), while the transverse shear stresses τ23 in the yarn are rather due to local
effects. The maximum stress introduced in the undulation interval by local compression
of the yarn cross-section edges to the longitudinal yarn (Fig. 6.22b). Effects of yarn-to-
yarn interaction (like for σ33) are represented well in the BBM stress profiles, while the
effects mainly introduced by the local cross sectional geometry (like for τ23) cannot be
represented, as the cross section geometry does not influence the coupling between beam
and continuum elements. Other load cases and out-of-plane stress components lead to
similar results.
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(a) normal stress σ33

(b) shear stress τ23

Fig. 6.23: Out-of-plane stress distribution in the yarns of the CUC for 11-loading

6.7.2. Summary and conclusion of comparison

The stress profiles predicted by the binary beam model and a continuum element unit
cell were compared for a BB45 unit cell and found to correlate well. The normal stresses
longitudinal and transverse to the yarn directions were in good agreement. The effects of
out-of-plane deformation are represented well for transverse and shear stresses, but are
overpredicted for the yarn longitudinal stresses in the BBM. Out-of-plane transverse and
shear stresses, which are calculated in the BBM by volume-averaging, correlated well in
most of the considered cases. Bigger deviations between the stress profiles of BBM and
CUC were present for local stress peaks, which are introduced by the yarn cross sectional
shape.

Concluding the comparison, the stresses mainly introduced by the mechanics of the
yarns (e.g. yarn bending stresses) or by the interaction of yarns (e.g. yarn-to-yarn com-
pression) are captured well by the BBM unit cell. In opposite, the stress peaks arising from
local yarn cross-section interaction require the cross-section to be explicitly modeled, and
are thus not captured by the BBM. However, based on the idea of gauge averaging, stresses
averaged over a certain gauge volume are driving the failure process. Thus, these local
stress fluctuations are considered less relevant for failure initiation and propagation. This
is supported by the results published by Schultz and Garnich [57] and Ivanov et al. [45],
who used stresses averaged over a certain region to predict the damage initiation and
progression of triaxial braided composites.

6.8. Elastic predictions

The BBM unit cell was used to predict the elastic properties of BB30 and BB45 braided
composites. The unit cell geometries are given in Section 5.1.2 and are based on the
yarn architecture parameters from optical microscopy. The packing density in the yarns
was set to pd = 76.2% for the BB30 and pd = 76.3% for the BB45 braid to achieve a
unit cell fiber volume fraction of 60% in both cases. The elastic material parameters of
yarns and effective medium were calculated from the fiber and matrix properties given in
Table A.1 and Table A.2. The element size for effective medium and beam elements was
chosen 0.2 mm, yielding around 70,000 elements in total. The BBM unit cell models were
pre-processed, solved and post-processed in around 3 minutes on a desktop PC.

Three unit cell load cases, namely uniaxial stress in 11- and 22-direction and in-plane
shear stress, were required to calculate the elastic constants of the braided composites
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under the assumption of plane stress. The equations for the calculation of the elastic
constants are given in Appendix F.

(a) BB30

(b) BB45

Fig. 6.24: Young’s modulus Ex predicted by the BBM compared to experimental results

An off-axis polar plot of the predicted elastic modulus, with the off-axis experimental
results given for comparison, is shown in Fig. 6.24. The initial modulus E0

x, calculated
from the tensile experimental data by regression of the stress-strain curve, is used for
comparison to the linear elastic finite element solution. For both braiding angles, four unit
cell simulations with different out-of-plane boundary conditions, as described in Table 6.2,
were conducted. In the micro-CT scan of the BB45 braided composite, no distinct stacking
configuration was seen, thus none of the idealized stacking configurations is present in a
real braided composite laminate. However, as the unit cell simulations were conducted
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with a single unit cell, the main goal of the comparison was to find the idealized stacking
configurations yielding the best approximation of a mixed stacking case.

For both braiding angles, the different out-of-plane boundary conditions mainly influ-
ence the stiffness in the the yarn direction (off-axis angle ψ = θ). For this load case, a high
longitudinal stress is present in one of the yarn directions, while the longitudinal stress in
the other yarn direction is comparable small, which introduces the out-of-plane warping
of the unit cell and softens the response. The stiffness reduction is most prominent for the
SUC boundary condition, which equals a single ply laminate, where no constraint is given
to the out-of-plane deformation. For the stacking of adjacent plies being out-of-phase (cf.
Table 6.2), similar results are obtained for two plies (SYM ) and an infinite number of plies
(OP). For the out-of-phase stacking, the out-of-plane deformation is locked, as the adja-
cent plies tend to deform out-of-plan contrarily. This leads to zero out-of-plane warping,
giving an upper bound for the stiffness. If 3D periodicity with IP stacking is assumed,
the adjacent plies give a certain support and restrict the out-of-plane deformation, thus
the response in yarn direction is slightly softer compared to the OP case.

Comparing the predicted elastic constants to the experiments, the IP stacking yields
the best approximation for the biaxial braided laminates behavior. As the real stacking
does not match the OP case, a certain amount out-of-plane deformation of the braided
composites can be assumed to be present if loaded off-axis. Thus, the IP out-of-plane
boundary condition is considered the most realistic for a mixed stacking, which can be
assumed to be present in most braided laminates. A more detailed investigation of the
effect of stacking to the predicted properties may be obtained by introducing special
boundary conditions as presented by Ivanov et al. [208, 209]. This may lead to improved
results for modeling a distinct stacking, but for predictions of mechanical properties, the
information of laminate stacking is unlikely to be available. Thus, the IP out-of-plane
boundary condition can be summarized to yield realistic results for stiffness and out-of-
plane deformation of mixed stacking biaxial braided composite laminates.

The Poisson’s ratios calculated by the BBM with the different out-of-plane boundary
conditions are compared to the experimental measured ones in Fig. 6.25. For the BB45

braided composite, no experimental data on the Poisson’s ratio was available, thus only the
simulation results are shown. Comparing the different out-of-plane boundary conditions,
the results of the cases considering two or more plies (SYM, IP, OP) are very similar,
while the SUC solution overestimates the transverse contraction. The biggest deviation
for both braiding angles is seen for an off-axis angle of ψ = 40 − 50°. The comparison
to the experimental data of the BB30 braid shows, as for the Young’s modulus, that the
IP solution yields a good correlation. The deviations observed between prediction and
experiments for the off-axis angles ψ = 30° and Ψ = 45° are mainly attributed to the
idealizations made for the effective medium constitutive model.

A comparison of the elastic moduli calculated with the BBM to the analytical predic-
tions made with TexComp is given in Fig. 6.26. The TexComp results for both, BB30

and BB45 are very similar to the OP solution of the BBM, with the stiffness in yarn
direction, predicted by TexComp, being 2-3% bigger. The elastic modulus in take-up
and transverse direction of the TexComp model is 3-5% lower. The deviations for the
matrix-dominated values are believed to be due to the different micromechanical methods
used for the yarn elastic properties (Mori-Tanaka in TexComp, Chamis equations in the
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(a) BB30

(b) BB45

Fig. 6.25: Comparison of predicted Poisson’s ratios at different out-of-plane boundary conditions

BBM). The differences in yarn direction show that proper modeling of the influence of
waviness on the yarn longitudinal behavior requires considering both, the stiffness knock-
down of the yarn itself introduced by the undulation and the softening introduced by the
out-of-plane deformation. Therefore, the BBM, which allows to consider different lami-
nate stacking configurations, yields a more precise and realistic prediction of the stiffness,
while the TexComp modeling overestimates the yarn stiffness. Furthermore, it should be
noted that the effect becomes even more prominent, if laminates with a smaller number
of plies (n < 4) are used.
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Fig. 6.26: Comparison of elastic BBM results to Mori-Tanaka homogenization (TexComp)

6.9. Parametric study: out-of-plane boundary conditions

It was shown in the previous section that out-of-plane boundary conditions of unit cell
calculations considerably influence the elastic results. In addition to the elastic influence,
the out-of-plane warping of the unit cell introduces an additional bending stress into
the yarn stress profiles. As the additional bending can have a considerable effect on the
predicted failure stresses, the influence of out-of-plane unit cell warping to the yarn stresses
was evaluated in a parametric study: the stresses in the yarns and the failure loads were
evaluated for load in the yarn direction at different out-of-plane boundary conditions.
For the stress-profile study, the IP case, which was found to be a good approximation
for the elastic behavior, is compared to the case of maximal and minimal out-of-plane
deformation of a single-ply unit cell (SUC ) and 3D-periodic OP stacking, respectively.
The unit cell calculations were conducted linear elastic for a BB30 and BB45 unit cell. A
stress of 100 MPa was applied in the yarn (F-) direction, as shown in Fig. 6.27.

Fig. 6.27: Load cases considered for the out-of-plane boundary condition study
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The longitudinal stress profiles were evaluated in one of the yarns in loading direction
(Yarn F-). The resulting stress profiles are shown in Fig. 6.28. The longitudinal stress

(a) center of the yarn (b) upper side of the yarn

Fig. 6.28: Longitudinal yarn stress profiles in the yarn F-

in the center of the yarn shown in Fig. 6.28a is insensitive to the out-of-plane boundary
condition applied. For IP and OP of both, BB30 and BB45, almost identical stresses
are predicted, while the SUC solution yields 3-7% lower stresses in the yarn center. In
opposite, major deviations between the out-of-plane boundary conditions are seen for the
longitudinal stress at the upper point of the yarn cross section. For the BB45, the lowest
stresses in the undulation interval are predicted for the OP case, while the peak stress
increases by 18% for the IP case and 68% for the SUC case. In addition, the location
stress peak is shifted more towards the straight region of the yarn, the more out-of-plane
deformation being present. The increased maximum stresses for the SUC and IP case
are induced by yarn bending through the local out-of-plane deformation of the unit cell
(cf. Fig. 6.17). The investigations for BB30 show similar effects as the BB45 stress profiles,
but the maximum stresses are lower. However, the difference in stress peaks is of similar
range as for the BB45 braid.

The transverse and shear stress profiles in a yarn oriented transverse to the load (F+
) are shown in Fig. 6.29. For both braiding angles, the same effects of the out-of-plane
deformation are observed: while the solutions for IP and OP boundary conditions are
nearly identical, the SUC solution deviates significantly. The transverse stress in the
SUC case is more than twice the one observed in the IP and OP case. Negligible shear
stresses are present in the yarns of the BB45 in the IP and OP case, while shear stresses
in the straight region are introduces by the warping in the SUC case. For the transverse
stresses, the influence of unit cell warping is similar for both braiding angles, but for the
shear stresses it is increased in the BB45 unit cell.

The out-of-plane normal and shear stresses predicted with the different out-of-plane
boundary conditions are shown in Fig. 6.30 and Fig. 6.31. For the normal stresses σ33,
the influence of the out-of-plane boundary conditions is contrary to the one observed for
the in-plane stresses: the biggest stresses are present for the OP boundary condition.
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(a) σ22 (b) τ12

Fig. 6.29: Transverse and shear yarn stress profiles in yarn F+

The stress profile in the SUC case is similar, with the peak stresses being smaller, while
the IP case predicts the lowest stresses. The high stresses in the OP case are due to
the compression of the yarns to each other, which is introduced through the suppressed
out-of-plane deformation. This is similar for the SUC solution, where the bended yarns
introduce transverse compression. As the IP case models infinite plies, deforming in a
similar way, the compression of the yarns to each other is minimal in this case.

Fig. 6.30: Transverse normal stress σ33 in yarn F-

For the out-of-plane shear stresses shown in Fig. 6.31, the highest stresses are present
in the case of IP stacking. This is due to the fact that adjacent unit cell deforming
similar mainly introduce the support by transverse shear stresses. As not out-of-plane
deformation is present in the OP case, only minor transverse shear stresses are observed.
The SUC case, where the transverse shear stresses are induced by the big out-of-plane
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(a) τ13 (b) τ23

Fig. 6.31: Transverse shear yarn stress profiles in yarn F-

warping, shows similar stress profiles as the IP unit cell, with the stress peaks being
smaller for τ13 and similar for τ23.

6.9.1. Nonlinear deformation and failure

In addition to the linear simulations, the influence of the out-of-plane boundary conditions
to the nonlinear deformation and the failure loads predicted by BBM unit cell simulations
was investigated. The simulations included a nonlinear geometry formulation and the
Drucker-Prager plasticity model in the effective medium. The load case considered was,
as for the stress profiles, load in one of the yarn directions. The homogenized stress-strain
curves from the BB30_OA30 and the BB45_OA45 simulations are given in Fig. 6.32. The
linear (lin) stress-strain curves, given for comparison, were obtained from the linear elastic
simulations.

For both braiding angles, similar effects are seen in the stress-strain behavior: The
simulations with IP and OP soften under the load, while the SUC case stiffens with
the load applied. For the SUC case, the large out-of-plane deformation of the unit cell
dominates the nonlinear deformation by stiffening the yarn response, which leads to the
global stiffening of the unit cell. The decrease of stiffness, observed in the IP and OP
nonlinear simulations is mainly due to plastic deformation in the effective medium. For
the the IP case, also some stiffening of the yarns due to the out-of-plane deformation is
present, however, this effect is superimposed with the plastic deformation in the effective
medium.

The unit cell strength for the nonlinear simulations was predicted by evaluating longi-
tudinal fiber failure. Due to the increased stress concentration in the undulation interval
of the SUC model, the lowest strength is predicted in this case. The SUC strength is 24%
and 30% lower compared to the OP strength for BB30 and BB45, respectively. The differ-
ence in strength is lower in magnitude as compared to the peak stress difference observed
in the linear elastic simulations. For the high out-of-plane deformation present in the
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Fig. 6.32: Comparison of linear and nonlinear solutions for different out-of-plane boundary conditions

SUC case, the nonlinear geometric analysis leads to a stiffening of unit cell and a smaller
out-of-plane deformation compared to the linear case. In the case of the IP configuration,
the strength is 11% lower for the BB30 case and 18% lower for BB45 case, when compared
to the OP configuration. This difference is of similar magnitude as the difference in stress
peaks observed for the linear elastic simulations. Thus, nonlinear geometric effects have
less impact on the results for IP and OP boundary conditions.

To further investigate the effect of nonlinear geometry for the BB30 unit cell in IP
configuration. The yarns in biaxial braided composites can be considered as discrete rein-
forcing structure, which may align with the load (scissoring [94]) or straighten (reducing
the waviness) under load. The influence of these effects on the deformation of a BB30

is shown in Fig. 6.33. Note that a linear-elastic effective medium constitutive law was

Fig. 6.33: Comparison of linear and nonlinear geometry for BB30 in IP configuration

used for these simulations. For tension in transverse direction (22) and tension in ten-
sion in yarn direction (1F), linear and nonlinear deformation yield identical results. A



6.10 Prediction of failure and comparison to experiments 166

slight stiffening of the unit cell response is observed in the take-up (11) direction, which
is due to alignment of the ±30° yarns with the load. However, the impact of this effect is
small compared to the nonlinear effects due to material softening observed in the off-axis
experiments.

6.9.2. Summary out-of-plane boundary conditions

The comparison of yarn stress profiles from identical unit cells simulated with different
out-of-plane boundary conditions showed a major effect of the chosen boundary condition
to the stress profiles. Especially the SUC condition lead to a high out-of-plane defor-
mation, introducing additional stresses. The IP and OP boundary conditions differ less,
with a maximum difference of 20% for the yarn longitudinal stress. As no correlation to
experimental results is possible, no clear recommendation for a ideal choice of boundary
condition can be identified from the stress profile comparison. However, the IP boundary
condition, which was found to be well suited for elastic predictions, also yielded reason-
able results for the yarn stresses, when considering a mixed stacking case as observed
in the micro-CT scans. Thus, the IP boundary condition will be used for the nonlinear
simulations described in the next sections.

6.10. Prediction of failure and comparison to experiments

The simulations for failure prediction were conducted for the BB30 and BB45 braided
composites with the geometric models given in Section 5.1.2. All simulations included the
elastic-plastic material definition of the effective medium and spatial periodicity with IP
stacking.

6.10.1. Parameter identification

The elastic predictions done with the BBM based on constituent material parameters
from experiments with UD composite laminates. A similar approach was investigated
for the strength predictions, taking the strength properties from the same series of UD
experiments. The failure of the braided composite is in the BBM predicted by applying
failure criteria to the yarn stress tensor calculated. The yarns within a textile compos-
ite behave, transversely isotropic and thus the strength parameters for the yarns can be
directly extracted from UD experiments. Due to the high packing density in the yarn of
braided composites (pd ≈ 70%), a special manufacturing process for high volume fraction
UD laminates of similar fiber/matrix combination is required. The properties were mea-
sured from UD coupons, produced by UD braiding and infused with the VAP process,
yielding laminates with a fiber volume fraction of 66%. The experiments in tension and
compression were conducted according to an in-house standard procedure at the Polymer
Competence Center Leoben. The shear properties were not tested and thus taken from
[204]. The experimental measured strength properties are given in Table 6.6.

The measured strength properties were scaled to the fiber volume fraction present in the
yarn according to the procedure given in Section 6.3.3 and used for unit cell simulations
of the BB30 in take-up and transverse direction. The predicted stress-strain behavior is
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Table 6.6.: Experimental strength values for HTS40 / RTM6 normalized to 60% FVF

XT [MPa] XC [MPa] YT [MPa] YC [MPa] SL [MPa]1

1836 905 47 164 71.3

1: taken from [204]

shown in Fig. 6.34. For both, OA00 and OA90 load, the stiffness and non-linear deformation
predicted by the BBM model yields excellent correlation to the experiments. However, the
failure stresses calculated by the BBM model underestimate the experimentally measured
stresses by 25% for the OA00 loading and by 40% for the OA90 loading. The failure
predicted by the model is intra-yarn failure in compression (mode C) for the OA00 and
tension (mode A) for the OA90 case. Further load cases that were simulated with the
material data from Table 6.6 yielded similar magnitudes of strength underestimation.

Fig. 6.34: Comparison of BBM simulations with UD strength parameters and BB30 experiments

The deviation between the BBM predictions with UD strength parameters and experi-
mental results is mainly believed to be due to the input parameters being not appropriate
for the behavior to be modeled. For UD laminates, the effect of thin plies known as in-
situ-effect yields increased matrix-dominated properties in dependence of the ply position
in the laminate and the ply thickness. Properties determined by UD experiments were
found to be inappropriate for predicting matrix-dominated failure within a composite
laminate. A similar effect is believed to be present for the biaxial braided composites
investigated in this work: the transverse cracking in the yarn is believed to be dependent
on the boundary conditions given by the textile architecture of crossing and undulating
yarns. The process of failure and thus the material properties obtained by UD experi-
ments are unlikely to be representative for the yarns in braided composites. For the in-situ
effect in UD laminated composites, Camanho et al. [159] presented an analytical approach
for the calculation of in-situ strength in laminates. But as the approach assumes specific
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boundary conditions for crack opening, these equations are unlikely to be representative
for braided composites. Due to this, an alternative approach will be used in this thesis:
the strength parameters required for the yarns will be identified by the comparison of
BBM-simulations of biaxial braided composites with according experimental results. A
similar approach has been used by Cox, Yang and Co-Workers [133, 136] to obtain crit-
ical strain values for failure within the Binary Model. As the failure criteria presented
in Section 6.6 require five independent input parameters for yarn longitudinal, transverse
and shear failure prediction, five distinct load cases will be used for the parameter iden-
tification. The strength parameters are identified within the simulations by an iterative
best-fit procedure. An overview to the load cases and the identified parameters is given
in Table 6.7.

Table 6.7.: Load cases for parameter identification and identified strength values

Strength XT [MPa] XC [MPa] YT [MPa] YC [MPa] SL [MPa]

Model BB30 BB30 BB30 BB30 BB45

Load Case PT_OA30 PC_OA30 PT_OA90 PT_OA00 PT_OA00

Value1 2192 1545 82 174 112

1: values given for 60% fiber volume fraction

6.10.2. Comparison to experiments

The BBM predictions are compared to the BB30 and BB45 off-axis experiments. For all
off-axis angles characterized experimentally, nonlinear simulations were conducted with
the load introduced into the unit cell calculated by Eq. 6.27. The stress-strain curves
and strength predicted by the BBM simulations are compared to the experimental results
given in Chapter 4 for the BB30. The BB45 tensile and compressive experiments in take-
up (OA00) and yarn direction (OA45) were conducted at the Polymer Competence Center
Leoben, with an overview to the experiments is given in Appendix A.1. All BBM unit cell
simulations were nonlinear, including the elastic-plastic material model in the effective
medium. A linear geometric formulation was used, as the effects of nonlinear geometry
observed were small and the linear geometry models showed an improved convergence for
compressive loads. The element size for effective medium and beam elements was chosen
0.2 mm, which yielded 70,000 elements in total. The off-axis stresses applied to the unit
cell were calculated according to Eq. 6.27. The unit cell failure stress was obtained from
the first longitudinal or transverse failure occurring within the yarns.

BB30 tension

The results of the BBM simulations in tension are compared to the off-axis experiments
in Fig. 6.35. Only the experimental stress-strain curves of the monotonically loaded
specimen are shown for clarity. The point, where the BBM stress-strain curves end is the
point, where failure was predicted in the unit cell model.



6.10 Prediction of failure and comparison to experiments 169

<ε
xx

> [−]

<
σ

x
x
>

 [
M

P
a
]

 

 

0 0.005 0.01 0.015 0.02 0.025
0

100

200

300

400

500

experiments

BBM

(a) BB30_PT_OA00

<ε
xx

> [−]

<
σ

x
x
>

 [
M

P
a
]

 

 

0 0.005 0.01 0.015 0.02
0

100

200

300

400

500

600

700

experiments

BBM

(b) BB30_PT_OA15

<ε
xx

> [−]

<
σ

x
x
>

 [
M

P
a
]

 

 

0 0.005 0.01 0.015
0

100

200

300

400

500

600

700

800

900

experiments

BBM

(c) BB30_PT_OA30

<ε
xx

> [−]

<
σ

x
x
>

 [
M

P
a
]

 

 

    0 0.002 0.004 0.006 0.008
0

50

100

150

200

250

experiments

BBM

(d) BB30_PT_OA45

<ε
xx

> [−]

<
σ

x
x
>

 [
M

P
a
]

 

 

    0 0.002 0.004 0.006 0.008  0.01
0

20

40

60

80

100

120

experiments

BBM

(e) BB30_PT_OA60

<ε
xx

> [−]

<
σ

x
x
>

 [
M

P
a
]

 

 

    0 0.002 0.004 0.006 0.008  0.01 0.012 0.014
0

20

40

60

80

100

experiments

BBM

(f) BB30_PT_OA90

Fig. 6.35: Comparison of non-linear BBM-simulations with tensile off-axis experiments

The shape of the stress-strain curves, i.e. the decrease of the tangent modulus is pre-
dicted excellent by the BBM unit cell. For the OA00 and OA15 experiments, where a larger
scatter was observed in the experimental measured stiffness, the BBM simulations agree
with the response of the stiffer stress-strain curves (Fig. 6.35a, 6.35b). The reason for
this is mainly found in the braiding angle: the variations of stiffness in the experiments
could be assigned to braiding angle variations on the panels. The braiding angle was pre-
dominantly found to be bigger as the nominal 30°, resulting in a softer response of most
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specimen. For tension applied in the yarn direction (OA30), the stress-strain behavior of
the BBM unit cell is slightly nonlinear, while the experimental stress-strain curves show
a linear response Fig. 6.35c. The source of the deviation is difficult to evaluate, as the
OA30 stress-strain curves had to be linearized at the beginning of the experiment (cf. Sec-
tion 4.2.1). The nonlinear stress-strain behavior predicted by the BBM is due to plastic
deformation of the effective medium, i.e. the plasticity model is likely to overestimate the
decrease in stiffness in this case. In contrast, for the higher off-axis angles OA45, OA60 and
OA90, the predicted response is in excellent agreement with the experiments (Fig. 6.35d-
6.35f). Thus the effective medium plasticity model works accurate for matrix-dominated
load cases, but slightly overestimates the nonlinear deformation, if the load is mainly
carried by the longitudinal yarn stiffness.

For the assessment of the strength prediction, the values of OA00, OA30 and OA90 are not
considered quantitatively, as these load cases were used for the parameter identification
and thus match the experimentally measure strength. In the case of OA00, the failure
mode predicted was compressive intra-yarn failure (mode C), which matches with the
observations on the failure mode and process in the experiments. For the OA15 load case,
the BBM simulations overestimate the average experimental strength by 12%, which
is attributed to the braiding angle variations. The failure mode predicted for OA15 is
compressive intra-yarn failure (mode C) in the 1F- direction, while yarn tensile rupture
was observed in the experiments. However, the stress exposures of yarn longitudinal and
transverse failure are very close in the model and the difference in failure modes is believed
to be due to an interaction of transverse cracking and longitudinal yarn failure. For OA30,
the predicted failure mode is yarn longitudinal failure in the 1F- direction, as observed
in the experiments. In the yarn direction transverse to the load (1F+) the model does
not predict preliminary transverse failure, which is in accordance with the experiments,
where no cracking was observed in the transverse yarn direction. For the off axis load
cases OA45 and OA60, the predictions made by the BBM unit cell are nearly identical
to the experimentally measured values. The failure mode for these load cases, as well
as for OA90, is tensile transverse yarn failure (mode A). This is in accordance with the
experimental observations for these load cases, where the final failure appeared as tensile
cracking in the 1F+ direction.

Summarizing the comparison to the tensile experiments, the nonlinear deformation of
the braided composites is modeled well by the BBM model and the predicted failure
stresses agree well with the experimental measured values. Except for OA15, the failure
modes predicted match the observations from the experiments.

BB30 compression

The comparison of the BBM simulations to the off-axis compression experiments is given
in Fig. 6.36. The predicted non-linear deformation is in good agreement with the experi-
ments. In most cases, the non-linear deformation is slightly overestimated by the model,
resulting in a softer response of the simulations for higher strains. Except the OA30, the
trend is similar for all cases: the initial stiffness is predicted accurate by the BBM, but
with increasing strains, the predicted response is softer as the measured one. The reason
for this behavior could be due to the calibration of the plasticity model: the pressure
dependence of the model is calibrated with published test data from a similar material
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Fig. 6.36: Comparison of non-linear BBM-simulations with tensile off-axis experiments

and the flow is assumed to be associated, which is due to the lack of experimental data for
HTS40/RTM6 material not validated for the current material. In addition, the hardening
curve, which was used identical for tension and compression was calibrated for the tension
test and could be different in compression. The deformation behavior is different for the
OA30 case: the measured response is stronger nonlinear compared to the BBM response.
The nonlinear deformation in the experiments is believed to be due to the increase of
waviness under compressive loads, which the linear geometric model does not represent.
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For the OA45 the increased deviation between measured and predicted stress-strain curves
is due to the difference of initial modulus of model and experiment, which is believed to
be introduced by manufacturing tolerances of the coupons: the OA45 mechanical proper-
ties are very sensitive to the off-axis angle and the compressive modulus measured was
considerably higher as the tensile one (cf. Fig. 4.42). This suggests the off-axis angle in
the experiments being lower than the nominal one, which introduces the difference in stiff-
ness. However, summarizing the stress-strain comparison in compression, the nonlinear
deformation is predicted accurate by the BBM for all off-axis angles.

The strength predicted by the BBM correlates well with the experiments in the OA30

and OA45 case, but is underestimated in the other off-axis load cases. As the OA30 case
(Fig. 6.36c) was used for the parameter identification of the compressive yarn strength,
the prediction meets the experiments. The failure mode in this case is yarn failure in
compression, which correlates with the observations from the experiments. For the OA00

and the OA15 test series (Fig. 6.36a-6.36b), the strength is underestimated by the model by
15% and 20%, respectively. For both test series, the failure mode predicted is transverse
tensile yarn failure (mode A), which correlates with the experiments, where the PC_00 and
PC_15 failed into a single tensile crack (cf. Fig. 4.41). The deviation in strength is mainly
attributed to stress concentrations from local out-of-plane deformation of the yarns in the
unit cell: as the yarn-to-effective medium coupling using the MPCs is localized at the beam
nodes, a local out-of-plane deformation of the unit cell at the undulation intervals of the
yarn is present. The out-of-plane deformation introduces additional stress concentrations
in the yarns, leading to a predictions of a lower strength in the unit cell simulations. Using
a nonlinear geometry formulation could reduce the effects of local stress concentrations,
but it lead to convergence issues with the BBM unit cell: for compressive loads with
nonlinear geometry, the yarns are twisted along their length, drastically softening the
unit cell response and finally resulting in a non-convergence of the FE problem. The
twisting is due to the fact that the rotational DOFs of the beams are not coupled into
the effective medium, which is an artifact in the model formulation. A solution could be
to introduce an improved constraint method, coupling both, rotational and translational,
degrees of freedom from the beam nodes.

For the OA45 test series, the predicted strength lies within the experimental scatter and
the failure mode predicted is transverse compressive failure in the 1F+ yarn direction.
The mode and location of failure correlate well with the experiments, which showed an
through-the-thickness inclined crack in the 1F+ direction. Comparing the unit cell predic-
tions higher off-axis angles OA60 and OA90 to the experiments, the compressive strength
is underestimated by 29% and 25% respectively. The failure mode predicted is yarn
transverse compressive failure (mode C) in the 1F+ direction for OA60 and simultaneous
mode C failure in both yarn directions for OA90. The predicted failure modes correlate
with the experiments, where thickness-inclined cracks were observed in both test series.
The large deviation between the models and the experiments could not be assigned to
modeling assumptions in the BBM, and it is rather believed that the difference comes
from the experiments: the CLC test fixture requires specimen with small gauge sections
and thus local stress concentrations induced by the fixture can have a major effect. In
both test series, the cracking of the specimen was near the load introduction and the OA90

series showed a zig-zag pattern where the cracks were stopped at the tab location. Thus,
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it is believed that the cracking was inhibited by the load introduction in the experiments,
increasing the maximum force and thus strength measured. The theory is supported by
the test results obtained from Birkefeld [193] for an biaxial braided composites of iden-
tical fiber/matrix combination: the compressive strength measured by Birkefeld in the
11 -direction is identical to the one measured in this thesis (Cichosz: 299.8 MPa, Birkefeld:
299.1 MPa), while the strength in 22 -direction measured by Birkefeld is 24% lower as the
one measured in this thesis (Cichosz: 204.4 MPa, Birkefeld: 155.7 MPa). The issue is
believed to be particular for braided composites, as they BB30 has a very high Poisson’s
ratio (νOA90

yx ≈ 1.5), triggering additional stresses in the material if the deformation is
constraint.

BB45 tension and compression

The BBM unit cell simulations were additionally compared to BB45 experiments. The
BB45 braided composites were manufactured with an identical procedure as described in
this thesis (cf. Section 3.2.2) for the BB30. The comparison of stress-strain behavior from
BBM and the experiments is given in Fig. 6.37. No stress-strain curves were available for
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Fig. 6.37: Comparison of non-linear BBM-simulations with tensile off-axis experiments

the OA45 compression experiments, thus only the strength value is given in the plot. For
tension and compression in take-up direction (OA00, Fig. 6.37a, 6.37c), the stress-strain
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behavior of simulations and experiments agrees well. In the tension experiments, the foil
strain gauges, used to measure the strain on the specimen, failed preliminary and thus only
one stress-strain curve is available up to the the failure strain. In compression, the initial
stiffness and thus the stresses over the complete strain range are slightly overestimated
by the BBM unit cell model, which is likely to be due to a braiding angle deviation of
the specimen. As in tension, the foil strain gauges failed preliminary at approximately
3% compressive strain, which marks the point of abrupt load increase at constant strain
in the experimental stress-strain curves. For the load applied in the yarn direction (OA45,
Fig. 6.37b, 6.37d), the comparison of the stress-strain curve in tension yields a good
accordance between simulation and experiment. The oscillations in the experimental
curves are due to a blistering of the stochastic DIC-pattern.

The strength predicted by the BBM unit cell model agree well with the experimentally
measured ones. The BB45_PT_OA00 was used for parameter identification and thus is not
used for assessment of the predictions. For the load applied in the yarn direction, the
predicted tensile and compressive strength lie within the experimental scatter, while the
compressive strength in the take-up direction is underestimated by 13%. This is, as for
the BB30_PC_OA00 case attributed to the local out-of-plane deformation of the unit cell.
In general, the BBM unit cell predictions made for BB45 can be judged as very accurate.

The BBM unit cell predicts transverse yarn failure in the yarn orthogonal to the load
direction as first failure for the BB45_PT_OA45. Failure is predicted at a stress of 582 MPa,
which correlates with experimental observations of surface-cracking on the specimen form-
ing between 450-550 MPa. In this case, as the load could be further increased and the 1F-
yarn direction was mainly stressed in longitudinal direction, transverse yarn failure was
ignored and yarn longitudinal failure was used to predict the strength.

6.11. Conclusion on FE unit cell modeling

In this chapter, a novel unit cell modeling approach, the Binary Beam Model (BBM)
was proposed for modeling the constitutive behavior of biaxial braided composites. The
modeling approach was integrated into a MATLAB framework, thus parametric unit cell
models can be built without requiring manual work e.g. for meshing or post-processing of
the models.

The modeling idealizations base on Cox’s Binary Model and were improved in terms of
considering the effects introduced by yarn waviness: beam elements, modeling longitudi-
nal and bending stiffness and strength of the yarns are embedded into effective medium
continuum elements. The beam elements allow to consider the influence of yarn waviness
and yarn cross-section on stiffness and stress fluctuations in the yarns. Constitutive laws
for both, effective medium and beam elements have been proposed for the BBM. The
yarn’s constitutive law was chosen linear elastic and considers the volume doubling of
beam and continuum elements. A Drucker-Prager plasticity model was introduced for
the effective medium, which allows to model nonlinear deformation prior to final failure.

For the matrix-dominated stresses, which are extracted from the effective medium, an
averaging approach based on the idea of volume-averaging was introduced: the averaging
removes the mesh-dependency from the effective medium stress field, while preserving
local stress fluctuations introduced by the textile yarn architecture of the braided com-
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posites. The stress profiles calculated by the BBM were compared to classical continuum
element unit cell results, and a good correlation was obtained for the stress variations
present over the complete cross section of the yarns. A major difference was found for
the in-plane shear stress, which yields from the modeling idealizations: rotational DOFs
of the beams are not coupled with the effective medium continuum elements and thus no
influence of yarns crossovers is modeled. However, the in-plane shear stress predicted by
the BBM was conservative compared to the continuum unit cell. Overall, the correlation
of BBM and continuum element unit cell was found to be excellent, yielding a good basis
for failure prediction.

Periodic boundary conditions were used for all simulations and the application of differ-
ent idealized out-of-plane boundary conditions was investigated. The effect of the chosen
out-of-plane boundary condition on the elastic predictions and stress profiles was found
to be severe: the stiffness in the yarn direction was changed up to 40% depending on
the out-of-plane boundary condition and the stress maxima varied up to 70%. Assuming
a single unit cell in the simulations was found to be not appropriate for the simulation
of a braided laminate with variable stacking of the plies. The comparison of the elastic
behavior under different out-of-plane boundary conditions showed that the IP stacking
correlated best with the experimental results. As the IP stacking yielded realistic results
for the stress profiles, this boundary condition was chosen for further calculations. The
IP stacking idealization, which represents identical stacking of an infinite number of plies,
was found to be a good solutions for parametric and predictive calculations.

Strength parameters measured from UD experiments of the same fiber/matrix combi-
nation were found to be inappropriate for failure modeling in the yarns. Similar to the
in-situ effect known for UD composites, the strength properties of a yarn inside a textile
composite are believed to be controlled by the boundary conditions given to the crack
formation and propagation inside the yarn. Thus, a parameter identification approach
based on experiments of biaxial braided composites was used to identify the strength
properties used within the BBM. Five experiments out of the off-axis test series were
chosen to calibrate the strength properties required for the yarns.

The BBM model predictions were compared to the results of tensile and compressive
BB30 and BB45 off-axis experiments. The non-linear deformation predicted under tensile
and compressive loads correlated well with the experiments, approving the modeling ap-
proach of using a Drucker-Prager plasticity model in the effective medium. A deviation
to the experiments was found for the slight nonlinear deformation predicted by the model
for the tension applied in one of the yarn directions (Ψ = θ). The deviation could be
attributed to nonlinear geometric effects like yarn stretching and yarn alignment, not
considered in the presented BBM formulation. The off-axis failure predictions correlated
well in tension, with the failure stresses and the failure modes being predicted accurately.
In compression, the failure modes predicted by the BBM simulations matched the ones
found in the experiments, but deviations to the failure stresses determined experimentally
have been found for just a few of the loadcases. The deviations were mainly attributed to
the out-of-plane deformation behavior of the BBM unit cell under compression, increasing
the maximum yarn stress. In addition, it was found that the compressive test results in
transverse (22) direction differ significantly from the ones obtained by Birkefeld [193] with
a Celanese test fixture. While the BBM results underestimate the strength measured in
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the off-axis compression experiments with the CLC test fixture, it matches the strength
given in [193].

Summarizing the finite element unit cell simulations, the BBM model provides an ac-
curate and efficient tool to simulate the effect of a textile yarn architecture on the elastic
and nonlinear behavior of biaxial braided composites. The model correlates well with
classical predictions and experimental investigations, and thus builds a good basis for
predicting yarn-architecture dependent solutions of the constitutive behavior of biaxial
braided composites. The predicted response from the BBM can further be used as an
input for macroscopic modeling.



7. Macroscopic modeling of biaxial
braided composites

Macroscopic modeling approaches are necessary for efficient modeling and simulation
of structural components made from biaxial braided composites. Explicit modeling of
the yarn architecture, like it is done in unit cell modeling, is not suitable for structural
simulation from both, modeling effort and computational cost. Thus, a macroscopic
approach based on shell element modeling is introduced. The assumption of plane-stress,
used within most shell elements, was shown to be meaningful for braided composites, as
the textile reinforcement is two-dimensional. Two types of approaches based on CLT will
be employed:

1. Linear and analytical predictions, solely using CLT equations and first failure pre-
diction.

2. Nonlinear predictions, including plastic deformation and damage, implemented into
a material subroutine in the finite element code Abaqus/Explicit.

The analytical approach will be used to determine the macroscopic input properties
based on the FE unit cell modeling results. Two methods for analytical predictions,
either modeling the two yarn directions of the braided composites in separate plies, or
smearing the properties into one orthotropic ply, are compared in terms of elastic and
strength prediction. Furthermore, predictions for different failure criteria are compared
and validated with the off-axis experiments. Due to the analytical model being limited
to linear deformation, a nonlinear modeling approach, including plasticity and damage,
is presented.

7.1. Analytical modeling approaches

Using CLT-based plane-stress modeling is common for macroscopic modeling approaches
of woven and braided composites (cf. [12, 34, 117, 210, 211]). Beside the computational
efficiency, the shell elements modeling yields the advantage that a distinct laminate stack-
ing, i.e. different braiding angles in a braided laminate, can be modeled within a single
element, by using thickness integration points.

Two different approaches, shown in Table 7.1, will be considered for analytical mod-
eling: the smeared ply approach (SPA), common for modeling of woven fabrics [117],
and the angle ply approach (APA), reported for biaxial and triaxial braided compos-
ites [12, 210]. For the SPA, the behavior of the braided composites is modeled within
a single orthotropic ply. The input properties are given as the stiffness and strength of
the braided composite in take-up and transverse direction and in-plane shear. Thus, the

177
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Table 7.1.: Macroscopic modeling approaches for biaxial braided composites

Smeared Ply Approach (SPA) Angle Ply Approach (APA)

idealization one orthotropic ply four equivalent yarn plies (±θ)S

input

elastic EBB11 , EBB22 , GBB12 , νBB12 Eeq11F , Eeq22F , Geq12F , νeq12F , θ

strength XBB
T , XBB

C , Y BB
T , Y BB

C , SBBL Xeq
T , Xeq

C , Y eq
T , Y eq

C , SeqL

calibration direct input from BB unit cell sim-
ulation / experiments

elastic: inverse CLT strength: cal-
ibration to load cases

braiding angle is not modeled explicitly, but included in the input properties. On the
opposite, the APA considers the braiding angle, by modeling the braided composite as an
angle ply laminate. A symmetric (±θ)S laminate of four equivalent yarn plies is used for
each braided composite layer, excluding bending-extension effects which are present for a
two-ply (±θ) unsymmetrical laminate. The input properties of the APA are the elastic
and strength properties of the equivalent yarn plies: these properties include the effects of
yarn waviness and cannot be obtained directly from unit cell simulations or experiments.

Both methods yield advantages and drawbacks: the SPA input is straightforward to
obtain from experimental or unit cell modeling results. Five unit cell load cases or experi-
ments are required for elastic and strength calibration. However, only limited information
is given by the SPA about the failure behavior, as neither the yarn direction failing nor
the failure mode of the yarns can be determined. For the APA, the material properties are
not given directly by unit cell simulations or experiments and thus require a calibration
procedure. The elastic properties can be calculated from closed-form equations given as
inverse CLT by Zebdi et al.[119] and strength properties are determined by an iterative
correlation procedure of the macroscopic model to the unit cell results. However, the
APA yields major advantages for failure prediction, as the braiding angle is included in
the yarn stress calculation and thus failure prediction. Additionally, following the rec-
ommendations given by Puck [95], who noted that the mechanics of wavy yarn plies are
similar to the ones of UD plies, common UD failure criteria can be applied to the yarn
plies. Thus, the critical yarn direction and the yarn ply failure mode can be predicted.
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Stress calculation and failure criteria

The analytical predictions of failure for both, SPA and APA, are based on failure criteria,
applied to the stress vectors available in the approach. For the SPA, the stresses in the 12-
material coordinate system are employed (σ11, σ22, τ12 cf. Fig. 7.1), while the APA failure
predictions are based on the yarn ply stresses (σ11F+/−, σ22F+/−, τ12F+/− cf. Fig. 7.1).

Fig. 7.1: Coordinate system used for the braided composites

The stresses in the equivalent yarn plies can be derived by application of CLT, which
yields for the case of a (±θ)S braided composite a closed-form equation for the in-plane
stresses:

σF+/− = Qeq · εF+/− = Qeq · T(±θ)−T · εBB (7.1)

Where σF+/− is the in-plane stress vector of the yarn plies, Qeq is the stiffness matrix of
the equivalent yarn ply, T(±θ) is the transformation matrix given in Eq. D.9 and εBB is
the in-plain strain vector of the angle-ply laminate.

For the SPA predictions, the maximum stress criterion is used, as the basing assump-
tions for application of phenomenological criteria as e.g. Puck are not given for an or-
thotropic ply, representing both yarn directions. All stress components are compared to
the biaxial braided composite strength values, yielding the most critical failure mode:

fBBE,Lt =
σ11

XBB
T

= 1, for σ11 > 0 fBBE,Lc =
−σ11

XBB
C

= 1, for σ11 < 0 (7.2)

fBBE,T t =
σ22

Y BB
T

= 1, for σ22 > 0 fBBE,Tc =
−σ22

Y BB
C

= 1, for σ22 < 0 (7.3)

fBBE,SL =
|τ12|
SBBL

= 1 (7.4)

For the APA, two sets of criteria, namely Puck 2D and maximum stress criterion, are
used. For Puck 2D, yarn ply transverse failure is predicted by Eq. 6.35-6.37 (with yarn
ply stresses and strength employed) and yarn ply longitudinal failure is predicted by the
maximum stress criterion (Eq. 7.5). For the maximum stress, all failure stress exposures
are calculated by comparing the equivalent ply stresses to the corresponding strength
values (Eq. 7.5-Eq. 7.7).
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fE,Lt =
σ11F

Xeq
T

= 1, for σ11F > 0 fE,Lc =
−σ11F

Xeq
C

= 1, for σ11F < 0 (7.5)

fE,T t =
σ22F

Y eq
T

= 1, for σ22F > 0 fE,Tc =
−σ22F

Y eq
C

= 1, for σ22F < 0 (7.6)

fE,SL =
|τ12F |
SeqL

= 1 (7.7)

7.2. Input property determination for SPA and APA
method

The input properties required for APA or SPA can be obtained from unit cell simulations,
like presented in Chapter 6. Alternatively, experiments of biaxial braided composites could
be used. While the experimental approach may be feasible, if only few yarn architecture
configurations are considered, the unit cell simulations offer a more efficient method for
calibration of the approaches to various yarn architectures.

7.2.1. Input for SPA

The elastic properties for the SPA are achieved directly from the unit cell simulations of
a biaxial braided composite. The elastic constants are calculated from linear elastic sim-
ulations, presented in Section 6.8. For the strength properties, five nonlinear simulations
are required: tension and compression in take-up and transverse direction and in-plane
shear. Alternatively, five experimental test cases, with equal load directions as for the
unit cell strength calculation are needed.

7.2.2. Input for APA

The APA requires input properties for the equivalent yarn plies, representing undulated
yarns embedded in matrix from one fiber direction of a biaxial braided composites. These
properties can be calculated from unit cell simulations. The unit cell simulations yield
the stiffness matrix of the braided composite given in the material coordinate system (cf.
Fig. 7.1).

QBB = f(EBB
11 , EBB

22 , GBB
12 , ν

BB
12 ) (7.8)

The elastic constants of the equivalent plies can be calculated following the inverse CLT
approach published by Zebdi et al. [119]. The stiffness matrix of the braided composite
QBB can be written as

QBB =
1

2

(
Q̄

+θ
+ Q̄

−θ
)
, (7.9)
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where Q̄
±θ

= T−1(±θ) · Q · T−T (±θ) are the stiffness matrices of the equivalent plies in
the global 12 -coordinate system and T is the transformation matrix given in Eq. D.9.
Eq. 7.9 can be re-written to

QBB =
1

2



2 · Q̄+θ

11 2 · Q̄+θ
12 0

2 · Q̄+θ
12 2 · Q̄+θ

22 0
0 0 2 · Q̄+θ

66


 , (7.10)

as for arbitrary braiding angles, the components of the Q̄
θ

and Q̄
−θ

stiffness matrices
yield:

Q̄+θ
11 = Q̄−θ

11 Q̄+θ
22 = Q̄−θ

22 Q̄+θ
12 = Q̄−θ

12 Q̄+θ
66 = Q̄−θ

66 and (7.11)

Q̄+θ
16 = −Q̄−θ

16 Q̄+θ
26 = −Q̄−θ

26 Q̄+θ
61 = −Q̄−θ

61 Q̄+θ
62 = −Q̄−θ

62 (7.12)

Q̄
±θ

is the yarn ply stiffness matrix in the material coordinate system, thus can be written
as a function of the unknown components of the yarn ply stiffness matrix Qeq (in the yarn
1F± coordinate system):

Q̄+θ
11 = Q̄−θ

11 = Qeq
11 · c4 + 2 · (Qeq

12 + 2 ·Qeq
66)s

2c2 +Qeq
22 · s4

Q̄+θ
22 = Q̄−θ

22 = Qeq
11 · s4 + 2 · (Qeq

12 + 2 ·Qeq
66)s

2c2 +Qeq
22 · c4

Q̄+θ
12 = Q̄−θ

12 = (Qeq
11 +Qeq

22 − 4 ·Qeq
66) · s2c2 +Qeq

12 · (s4 + c4)

Q̄+θ
66 = Q̄−θ

66 = (Qeq
11 +Qeq

22 − 2 ·Qeq
12 − 2 ·Qeq

66) · s2c2 +Qeq
66 · (s4 + c4)

(7.13)

With c = cos θ, s = sin θ and θ being the braiding angle. Inserting Eq. 7.13 into Eq. 7.10
yields a linear system of four equations for the four unknown components of the stiffness
matrix Qeq and thus delivers a unique solution for the stiffness matrix components of the
equivalent ply:




QBB
11

QBB
22

QBB
12

QBB
66




=




c4 s4 2s2c2 4s2c2

s4 c4 2s2c2 4s2c2

s2c2 s2c2 s4 + c4 −4s2c2

s2c2 s2c2 −2s2c2 s4 + c4 − 2c2s2




·




Qeq
11

Qeq
22

Qeq
12

Qeq
66




(7.14)

However, for θ = 45° the equation system given in Eq. 7.14 is singular, and an additional
constraint needs to be introduced. In this thesis, the ratio of longitudinal and transverse
stiffness Z extracted from the BB30 was used:

(
Eeq

11

Eeq
22

)

θ=45°

=

(
Qeq

11

Qeq
22

)

θ=45°

= Z =

(
Eeq

11

Eeq
22

)

θ=30°

(7.15)
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Eq. 7.15 reduces the system of four equations given in Eq. 7.14 to a three equation system
that can be uniquely solved. The elastic constants of the equivalent ply are calculated
from the compliance matrix, obtained by inversion:

Seq = (Qeq)−1 (7.16)

Eeq
11 =

1

Seq11

Eeq
22 =

1

Seq22

Geq
12 =

1

Seq66

νeq12 = −Seq11

Seq22

(7.17)

With the equivalent elastic constants assigned to the APA equivalent laminate, the in-
plane elastic response of the APA is identical to the one obtained with SPA. The equations
have been implemented into a MATLAB function (InverseCLT_BB.m, cf. Appendix E.2),
the elastic constants of the equivalent yarn plies calculated for BB30 and BB45 are given
in Table 7.2.

Table 7.2.: Elastic constants of the equivalent yarn plies calculated by inverse CLT

Eeq
11 [MPa] Eeq

22 [MPa] Geq
12 [MPa] νeq12 [-]

BB30 126006 6887 4522 0.221
BB45 121144 7629 4063 0.323

Strength properties

The strength properties for the APA model, when obtained from unit cell modeling results,
are connected to the failure criterion used, and cannot be determined analytically like
shown for the elastic constants. Thus, the calculation of the equivalent yarn ply strength
will be based on an iterative correlation of the APA model to distinct unit cell load cases,
cf. Fig. 7.2.

The off-axis experiment showed that the failure modes change with the off-axis an-
gle applied, thus the equivalent ply strength parameters are calculated by application of
appropriate load cases. Basically, any multi-axial load case may be chosen for the cali-
brations, as arbitrary loads can be introduced into both, BBM unit cell and APA model.
However, the choice of load cases was restricted to off-axis loading, as this offers the ad-
vantage that off-axis coupon experiments could be used instead for the calibration. In
both cases, the input for the calibration are the tensile or compressive strength of the
braided composite at five off-axis angles:

σ
UTS/UCS
OAψ , ψ = ψi i = 1 . . . 5

Which yields the five strength parameters required in the failure criteria. For each load
case, the failure stress is extracted from the BBM simulation and the APA laminate model
is loaded with the unit cell failure load and the strength is adjusted, for the APA model
predicting the same macroscopic failure stress.

By applying this procedure, the fluctuations in the stress field of the unit cell model are
considered within the material parameters used in the APA model. To ensure that the
method is valid, identical failure modes have to be predicted by APA and the unit cell.
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(a) BBM load case (b) APA equivalent laminate model

Fig. 7.2: BBM unit cell and APA equivalent laminate model load case

The load cases chosen for the calibration depend on the yarn architecture and the
braiding angle. The longitudinal tensile and compressive strength of the equivalent ply
can be obtained for the loading applied in the yarn direction (ψ = θ). For the transverse
strength of the equivalent ply, the choice of load cases is more difficult: as the equations
of the Puck 2D criterion for transverse failure modes A and C include both, transverse
and shear strength parameters, no independent solution for the yarn ply strength can
be obtained. Thus, an iterative procedure, including all load cases with transverse yarn
failure, was used to fit the equivalent yarn ply transverse strength parameters. The
choice of load cases for the BB30 was based on the stress state in the yarns and the failure
modes in the unit cell simulations: OA90 in tension and compression was chosen for the
calibration of Y eq

T and Y eq
C and the in-plane shear strength SeqL was calibrated under OA00

tensile loading. For the BB45, the in-plane shear strength SeqL of the equivalent ply was
also obtained from tensile loading in take-up direction (OA00). However, it was found that
the transverse strength parameters have only minor effects on the failure behavior of the
BB45 over the complete range of off-axis angles. This is in accordance with the results of
Fouinneteau [12], who found transverse failure of 1×1 biaxial braided composites to be
negligible. Thus, the transverse yarn ply strength was for the BB45 alternatively calibrated
from the transverse yarn failure under PT_OA45 loading. The macroscopic stress value,
where transverse yarn failure was present in the BB45_PT_OA45 simulation, was used for
the calibration. As no preliminary transverse failure under compression in 1F-direction
was present in the BBM unit cell simulations, the value Y eq

C was taken from the yarn
material parameters given in Table 6.7.

The calibration of the APA was done for both, maximum stress and Puck 2D criterion,
with the results for BB30 and BB45 summarized in Table 7.3. The strength values given
can be interpreted as in-situ values (as described by Schultz and Garnich [57]) for the
undulated yarns in a braided composite. The influence of the yarn architecture is e.g.
present for the longitudinal direction, where the strength parameters are reduced by
30%-40% compared to the yarn strength parameters in the BBM.
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Table 7.3.: Calculated strength values and load cases used for strength correlation

BB30 calibration

Xeq
T [MPa] Xeq

C [MPa] Y eq
T [MPa] Y eq

C [MPa] SeqL [MPa]

PT_OA30 PC_OA30 PT_OA90 PC_OA90 PT_OA00

Puck 2D 1487.8 1126.5 50.1 102.5 90.2

Max stress 1487.8 1126.5 41.8 79.6 103.4

BB45 calibration

Xeq
T [MPa] Xeq

C [MPa] Y eq
T [MPa] Y eq

C [MPa] SeqL [MPa]

PT_OA45 PC_OA45 PT_OA451 -2 PT_OA00

Puck 2D 1343.1 1035.3 70.3 174.02 85.1

Max stress 1343.1 1035.3 70.3 174.02 79.1

1: calibrated from transverse failure in the F+ yarn direction
2: not calibrated

7.3. Analytical failure prediction with APA and SPA

The in-plane stress failure envelopes predicted using the APA and SPA model are shown
for the BB30 and BB45 braided composites in Fig. 7.3 and Fig. 7.4. The axes of the failure
envelopes represent the stress components in the material coordinate system. For the
APA, the failure envelopes were calculated by evaluating the Puck 2D failure criteria in
both yarn plies, with the most critical value of the two plies used to calculate the failure
stress. Thus, the earliest failure predicted was used to construct the failure envelopes. In
addition to the failure envelopes, the results from the off-axis experiments are given in
the plots.

For the SPA, the failure envelopes is cuboid-shaped, regardless of the braiding angle.
The difference between SPA failure envelopes at different braiding angles is given by
the dimensions, defined by the input values of strength in the material axes. The BB45

envelope is quadratic in the σ11-σ22 plane as, take-up and transverse direction strength are
equal. The highest strength value yields for both braiding angles in shear: with the fibers
oriented off-axis (±θ), shearing mainly introduces stresses in the longitudinal direction of
the fibers, resulting in a high shear stiffness and strength of the braided composites.

The APA failure envelopes differ significantly from the SPA envelopes. The orientation
and shape of the of the failure is influenced by the braiding angle: for BB45 the orientation
of the failure envelope is 45°, while the orientation of the envelope is shifted more towards
the σ11-axis for the BB30. This is due to the yarn ply stresses σF+/F− being used for the
prediction of failure, inherently including the braiding angle. Thus, e.g. a biaxial σ11-σ22

stress state for the BB45, equivalent to longitudinal tension in both yarn directions yields
a higher failure stress value as uniaxial σ11 tension, where the yarns are mainly stresses in
shear. In addition, for both braiding angles, the failure stress at a combined σ11-σ22 stress
state decreases with a shear stress introduced: A shear stress τ12 introduces additional
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Fig. 7.3: Comparison of 3D failure envelopes from SPA and APA for BB30

Fig. 7.4: Comparison of 3D failure envelopes from SPA and APA for BB45

stresses in the yarns, which mainly affects the load cases, where stresses are introduced
in the yarn direction. The failure modes predicted by the APA method are mainly yarn
transverse failure modes, which is in accordance with the off-axis experiments.

A comparison of the APA and SPA predictions to the off-axis experiments is given as
a σ11-σ22 cut of the failure envelopes in Fig. 7.5. The failure stresses from the off-axis
experiment results are projected to the plane. It is important to note that all off-axis
experiments except OA00 and OA90 have a non-zero shear stress component, thus the
2D comparison can only yield qualitative results: e.g. BB30_PC_OA30 and BB45_PC_OA45,
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lying on the 3D failure envelopes (cf. Fig. 7.3 and Fig. 7.4) are projected inside the
failure envelope for the 2D representation. However, the off-axis experiments confirm
the shape of the APA failure envelope. The off-axis load cases in yarn direction show
that the orientation of the failure envelopes is captured accurately by the APA approach.
In opposite, the SPA approach does not consider the braiding angle and thus strongly
underestimate the failure stresses for load cases in yarn direction. In addition, for the
tension/compression quadrants, the SPA is non-conservative and predicts higher failure
stresses as the APA approach. A combination of tension and compression in the material
coordinate system results in high shear stresses in the yarns, and thus the SPA predictions
are not considered realistic. However, as tension-compression stress states cannot be
achieved by off-axis testing, this needs additional experimental verification.

σ
11

σ 2
2

−1000 −500 0 500 1000 1500
−1000

−500

0

500

1000

1500

APM: Puck2D

SPM

Exp. OA00

Exp. OA15

Exp. OA30

Exp. OA45

Exp. OA60

Exp. OA90

PT_OA

PC_OA

[MPa]

[M
P

a
]

(a) BB30

σ
11

σ 2
2

−1000 −500 0 500 1000 1500
−1000

−500

0

500

1000

1500

PT_OA

PC_OA

APM: Puck2D

SPM

Exp. OA00

Exp. OA45

Exp. OA90

[MPa]

[M
P

a
]

(b) BB45

Fig. 7.5: σ11-σ22 failure envelopes for BB30 and BB45 braided composites

Concluding the comparison, the APA approach yields more realistic results for braided
composites. The SPA approach, giving accurate results for woven fabrics, where the
maximum strength is present along the material axes, fails to consider the influence of
the braiding angle on the failure envelope. In opposite, the highest failure stresses being
present in the yarn direction is captured well by the APA, as the yarn ply stresses are
used for the failure prediction. Based on the results of the comparison, the APA was used
for the failure predictions presented further.

7.4. Comparison of failure criteria for APA

In the APA, the biaxial braided composites are modeled as equivalent yarn plies, which
enables either application of rather simple criteria like maximum stress or phenomenolog-
ical criteria like Puck 2D, originally developed for UD plies. To investigate the influence
of the failure criterion used, Puck 2D and maximum stress failure criteria are compared
for the BB30 and BB45 braided composites. The strength parameters for both criteria are
given in Table 7.3. The 2D failure envelopes in the planes, given by the in-plane stress
components, are shown in Fig. 7.6. In general, the predictions from the two criteria, are
very similar, but some differences can be observed from the comparison.
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Fig. 7.6: BB30 and BB45 failure envelopes with different criteria

The σ11-σ22 failure envelopes (Fig. 7.6a and 7.6b) show that none of the two criteria
is in general more conservative. This is mainly due to the maximum stress criterion
not considering stress interaction, which is covered by the Puck criterion: for transverse
tension in the yarn plies (σ2F+/2F− > 0) the bearable shear stress is reduced (Puck
mode A), while a shear stress higher than the uniaxial shear strength can be carried for
moderate transverse compressive stresses (Puck mode B). Including the transverse stress
interaction, also has an effect for the BB45 in uniaxial tension/compression in the 11-
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direction (cf. Fig. 7.6d): the maximum stress criterion predicts shear failure of the yarn
plies, with identical failure stresses in tension and compression. For the Puck criterion,
different failure modes (mode A in tension, mode B in compression) are predicted, leading
to an increased failure stress in compression, also observed in the coupon experiments (cf.
Table A.5).

For the regions, where Puck and maximum stress criterion are identical, e.g. the straight
part of the failure envelope in Fig. 7.6c and Fig. 7.6d, fiber failure is present, which is
predicted by the maximum stress criterion in both cases.

In addition, some deviations between the failure envelopes are due to the different yarn
ply strength values obtained for the two criteria in the calibration (cf. Table 7.3): for
uniaxial compression in the 11-direction of the BB30, the Puck criterion predicts higher
failure stresses (cf. Fig. 7.6c), which is due to the yarn ply transverse tension strength
(Y eq

T ) obtained in the calibration.
The comparison of different failure criteria within the APA approach shows, that the

failure envelopes predicted by the maximum stress criterion do not differ significantly to
the ones predicted by the Puck 2D criterion. Thus, the major effect to the failure envelope
is given by the braiding angle, used in the calculation of the stresses σF+/F−. However,
the Puck criterion is beneficial for shear-dominated load cases, where the influence of the
transverse stress is considered by the different failure modes of the Puck criterion, while
the failure stress is predicted identically in tension and compression by the maximum
stress criterion.

7.5. APA application to test cases

The APA failure predictions are compared to the off-axis experiments in the off-axis failure
envelopes given in Fig. 7.7 and Fig. 7.8. In the off-axis failure envelopes, the theoretical
failure stresses for all failure modes (longitudinal failure LF, transverse failure TF, shear
failure SF) of the two yarn plies F+ and F- are given. The lowest failure stress value
yields the critical failure mode.

The results from maximum stress and Puck 2D criterion for the BB30 braided composite
are shown in Fig. 7.7. For the Puck criterion, the predictions in tension and compression
(Fig. 7.7a and Fig. 7.7b) correlate well with the experimental results. In tension, the
failure stresses for ψ = 15° and 30° underestimate the experimental results: for ψ = 15°,
the failure load is predicted is 12% lower and the failure mode predicted is transverse yarn
failure instead of fiber failure observed in the experiments. The deviation is believed to
be due to the linear prediction, which does not consider stress-redistribution by plastic
deformation of the yarns under shear. For tension in the yarn direction (ψ = 30°),
transverse failure of the F+ yarn direction is predicted in advance of the yarn rupture
in the F- direction. For compression, the predictions agree well with the experimental
results for ψ = 0°-45°, while the failure stresses are underestimated for ψ = 60°-90°. This
deviation is attributed to the calibration using the BBM modeling results, which also
underestimated the strength for these off-axis angles.

The maximum stress criterion predictions in tension (Fig. 7.7c) also agree well with the
off-axis experiments. For compression, the predictions made with the maximum stress
criterion are slightly less accurate: the failure stress for the take-up direction (ψ = 0°) is
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overestimated, while the strength values for the higher off-axis angles (ψ = 45°-90°) are
underestimated.
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Fig. 7.7: BB30 off-axis failure envelopes

The predictions for the BB45 braided composite are compared in Fig. 7.8. Both failure
criteria agree well with the experimental values. For tension in the yarn direction (Ψ =
45°), the first failure predicted is for both criteria the transverse failure of the F+ yarns (cf.
Fig. 7.8a and Fig. 7.8b). For the BB45, the preliminary F+ yarn failure was also observed
in the experiments, however, the predicted stress for transverse failure is, as for the BBM
model, slightly overestimated. For compression, the failure stress in take-up (ψ = 0°)
direction is slightly underpredicted from the maximum stress criterion (Fig. 7.8d). This is,
as for the higher off-axis angles of the BB30, due to the maximum stress criterion neglecting
interaction of transverse and shear stresses. In opposite, the Puck 2D prediction meets
the experimental result.

7.5.1. Discussion and conclusion of linear predictions

Concluding the comparison of failure predictions from maximum stress and Puck 2D
criteria to the experiments, both criteria yielded reasonable results. The deviations ob-
served for the Puck 2D criterion are mainly due to the fact that the linear analysis does
not consider the non-linear material behavior of the yarn plies. In addition, due to the
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Fig. 7.8: BB45 off-axis failure envelopes

fact that the APA stiffness and strength parameters were calibrated to the BBM sim-
ulations, the deviations observed for the compressive failure stresses under high off-axis
angles, observed for the BBM, were also present for the APA predictions. The maximum
stress criterion predictions were less accurate in comparison to the experiments. Thus,
interaction of transverse stresses and different transverse failure modes in tension and
compression, which is both considered by the Puck criterion, is believed to be crucial for
modeling failure of braided composites.

A drawback from the linear predictions was present for the tension applied in the yarn
direction (ψ = θ): the first failure predicted for both braided composites was transverse
failure of the yarns, which meets the experimental observations for BB45, but was not
observed in the BB30 experiments. In both cases, the linear predictions failed to give the
information, if a load increases is possible after the first failure. For structural simulation,
the first failure predicted needs to be considered critical, which is appropriate for most
off-axis cases considered, but underestimates the failure stress when yarn longitudinal
tensile stresses dominate. In addition, the analytical model lacks to consider the influence
of non-linear deformation in the yarn plies, which can have an influence on both, failure
strain and failure mode predicted.
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7.6. Nonlinear constitutive law

To overcome the limitations reported in the previous section, a nonlinear constitutive
model (BB_APA_NL) has been developed and implemented into the commercial finite ele-
ment code Abaqus/Explicit. The main idea of the constitutive model was based on the
APA: both equivalent yarn plies of the biaxial braided composite are represented in a
single shell element integration point, employing UD constitutive laws for the equivalent
yarn plies. An overview to the implemented constitutive law is given in Fig. 7.9: the
constitutive model includes two levels, the yarn ply and the biaxial braided (BB) ply level.
The material properties, required for the BB_APA_NL are, similar to the analytical APA,
defined for the yarn plies (Table 7.1) and assembled to yield the BB properties. The
braiding angle is updated in each iteration by using the strains of the integration point.
With the updated braiding angle, the strain increment is transformed into the yarn ply
coordinate system of F+ and F- yarn ply, with plasticity and damage laws being evalu-
ated in both yarn plies (red box in Fig. 7.9). The plastic strain increment is calculated,
updating the elastic strain, which is furthermore used to calculate the damaged stiffness
matrix of both yarn plies. The two stiffness matrices are then re-assembled to the BB

stiffness matrix and with the elastic strain of the BB ply known, the nominal stresses can
be calculated and returned to the FE solver.

7.6.1. Input properties

The input properties for the BB_APA_NL are similar to the ones required for the analytical
APA given in Table 7.1. In addition, the yield stress and hardening curve of the equivalent
yarn ply under in-plane shear needs to be defined. The hardening parameters required are
obtained by least-squares regression of the UD (±45°) experimental data given in Fig. 6.10.
In addition, the fracture toughness of the equivalent yarn plies for the failure modes
considered, namely longitudinal tensile, longitudinal compressive, transverse tensile and
transverse compressive, have to be given. As no experimental data for the fiber/matrix
combination used was available, the material properties were taken from [141]. The
additional input parameters required are summarized in Table 7.4.

Table 7.4.: Additional material parameters required for BB_APA_NL

fracture toughness hardening parameters

GLt GLc GTt GTc K m τ y,012F

N/mm N/mm N/mm N/mm N/mm2 - N/mm2

89.8 78.3 0.2 0.8 188.9 3.28 13.71

7.6.2. Braiding angle update

The strain increment is passed to the VUMAT in the 12 coordinate system and has to be
transformed in the yarn ply coordinate system by using the braiding angle. As the fiber
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yarn ply level:

for both equivalent
yarn plies F+/F-

Begin BB_APA_NL
read material

properties
update braiding
angle θ Eq. 7.18

transform strain incre-
ment ∆ε

BB to F+/F-

calculate plastic
strain increment ∆λ

update elastic, plas-
tic strains ε

el, ε
pl

calculate eq. yarn
ply damaged stiff-
ness matrices Qeq

calculate BB damaged
stiffness matrix QBB

calculate BB elastic and
plastic strain ε

el, εpl

calculate BB nom-
inal stresses σ

BB

check element
deletion criterion

End BB_APA_NL

Fig. 7.9: Flowchart for VUMAT BB_APA_NL

orientation changes during deformation, the braiding angle is updated by using the axial
and transverse strain in the 12 coordinate system, as given by [12]:

θ = tan−1
(

tan(θ0) · 1 + ε22

1 + ε11

)
(7.18)

Considering braiding angle change can be deactivated in the BB_APA_NL.

7.6.3. Strain increment transformation

The strain and strain increment are provided to the material subroutine in the material
(12 ) coordinate system. As both yarn directions can be believed to be strained iden-
tically, the strain and strain increment in the yarn plies can be obtained by coordinate
transformation:

∆εF+ = R T(θ) R−1 ∆εBB

∆εF− = R T(−θ) R−1 ∆εBB

(7.19)
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With ∆εF+/F− and ∆εBB being the strain increment in the yarn ply F+/F- and the braid
coordinate system, respectively (cf. Fig. 7.1). The transformation matrix T is given in
Eq. D.9. The BB_APA_NL internally uses the engineering shear strain, thus the Reuter
matrix R is used within the transformation.

7.6.4. Plasticity model

For the BB_APA_NL, a 1D plasticity law was implemented on the yarn ply level, to account
for the plastic deformation observed in the off-axis experiments. Plastic deformation
of UD composites is commonly reported in literature [117, 159, 170, 172, 212], with
different plasticity criteria proposed. For the yarn plies in the biaxial braided composites,
a rather simple approach was chosen, considering plastic deformation solely under in-
plane shear, as proposed by Johnson [117] and Fouinneteau [12] for woven and braided
fabric composites, respectively. Thus, the yarn plies are assumed to deform elastic in
longitudinal and transverse direction and elastic-plastic under in-plane shear:

εpl11F = εpl22F = 0 γpl12F 6= 0

The yield criterion used is:

f = |τ12F | − τ y,012F − r(α) = 0 (7.20)

Where τ y,012F is the initial in-plane shear yield stress and r(α) is the isotropic hardening
law, defined as a function of the accumulated plastic strain α. Plastic flow was assumed
to be associated and a power-law was used for hardening:

r(α) = K · α(1/m) (7.21)

The deformation is elastic for f < 0 and plastic deformation occurs for stress states on
the yield surface f = 0. The plastic strain increment is given as

dγpl12F = dλ
∂f

∂τ12F

= dλ sgn(τ12F ), (7.22)

where sgn is the signum function and dλ ≥ 0 is the plastic multiplier to be determined,
which gives the change of the accumulated plastic strain dα = dλ. The accumulated
plastic strain α is calculated by integration of the plastic strain increments:

α =
∫ γpl

12F

0
sgn(τ12F ) dγpl12F (7.23)

Plastic deformation is considered in the case of an undamaged yarn ply. As soon as one
of the yarn ply damage parameters is unequal to zero, the plastic strain stays constant.

Numerical implementation

The yield criterion in Eq. 7.20 includes the hardening function r(α), yielding a nonlinear
equation that needs to be solved in every increment. The equation is solved numerically,
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by using an implicit predictor-corrector algorithm: based on an elastic test step, the plastic
strain increment is calculated iteratively with a Newton-algorithm. An overview of the
numerical implementation is given in Fig. 7.10. For the test step, the strain increment is

Start SubNewton

elastic test
step calculate

γ∗ pl
12F , τ

∗
12F , α

∗, f∗

f∗ > 0

initialize n = 0,
∆λ0 = 10−15∆λ = 0

calculate f ′

Eq. 7.30

calculate ∆λn+1

Eq. 7.29

n = n + 1

f(∆λn+1)
< fRes

n ≥ nmax

End SubNewton

no

yes

no

yes

no

yes

Fig. 7.10: Flowchart for integration of constitutive equation

assumed purely elastic:

γ
∗ pl (k+1)
12F = γ

pl (k)
12F (7.24)

τ
∗(k+1)
12F = Geq

12 · (γ(k+1)
12F − γ

p (k)
12F ) (7.25)

α∗(k+1) = α(k) (7.26)

With (k + 1) being the current strain increment to be solved. For the test value of the
yield function f ∗ ≤ 0, the elastic test step is accepted and the plastic strain increment is
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set to zero. If f ∗ > 0, a plastic corrector is introduced to relax the stress state satisfying
f (k+1) = 0. To calculate the unknown plastic multiplier ∆λ, the unknown stress in the
current increment is written as a function of the test stress and the plastic multiplier:

τ
(k+1)
12F = τ

∗(k+1)
12F − ∆λ ·Geq

12 · ∂f
(k+1)

∂σ
(7.27)

Eq. 7.27 is inserted into the plasticity criterion Eq. 7.20, which gives:

f (k+1)(∆λ) = |τ ∗(k+1)
12F | − ∆λGeq

12 −
(
τ y,012F + r(α(k) + ∆λ)

)

= |τ ∗(k+1)
12F | − ∆λGeq

12 − τ y,012F −K · (α(k) + ∆λ)(1/m) = 0 (7.28)

Eq. 7.28 is nonlinear equation of ∆λ and is solved by using a Newton algorithm, given as

∆λn+1 = ∆λn − f(∆λn)

f ′(∆λn)
, (7.29)

where n marks the increment of the newton-algorithm. The derivation f ′ of the yield
criterion is:

f ′ =
∂f

∂∆λ
= −Geq

12 − K

m
(α+ ∆λ)(1/m−1) (7.30)

At the beginning of the constitutive equation integration, ∆λ needs to be assigned a small
value to ensure f to be differentiable. If the Newton algorithm does not converge after
nmax = 100 iterations, a warning message is printed and the iteration is stopped. When
the Newton iteration converges, ∆λ is known and stress, plastic strain increment and
accumulated plastic strain are updated:

γ
pl (k+1)
12F = γ

pl (k)
12F + ∆λ sgn(τ12F ) (7.31)

τ
(k+1)
12F = Geq

12 · (γ(k+1)
12F − γ

pl (k+1)
12F ) (7.32)

α(k+1) = α(k) + ∆λ (7.33)

Elastic and plastic yarn ply strain

With the plastic strain increment in the yarn plies known, the elastic and plastic strains
can be updated:

εN = ε
old
N + ∆εN (7.34)

ε
el
N = εN − ε

pl
N = εN −




0
0

γpl12N


 (7.35)

With N ∈ F+, F− and ε, εel, εpl being the total, elastic and plastic strain, respectively.
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7.6.5. Damage model

The damage model in the yarn plies is based on the anisotropic damage model for UD
composites published by Lapczyk and Hurtado [165]. The damage evolution is defined
with the use of fracture energies, removing the mesh-dependency in the softening regime.
For the BB_APA_NL, the damage model was adapted to use the Puck 2D criterion for
damage initiation. Three damage variables for yarn longitudinal, transverse and shear
failure are introduced. The damaged stiffness matrix, as given by [165], yields:

Qeq =
1

D




(1 − dL)Eeq
11 (1 − dL)(1 − dT )ν21E

eq
11 0

(1 − dL)(1 − dT )ν12E
eq
22 (1 − dT )Eeq

22 0

0 0 D(1 − dS)Geq
12


 , (7.36)

with
D = 1 − (1 − dL)(1 − dT )ν12ν21

and dL, dT , dS being the internal damage variables introduced for yarn longitudinal,
transverse and shear damage. The damage variables are zero in the undamaged state and
grow until 1, which is equivalent to full damage. The damage variables used in the stiffness
matrix have different values for tension and compression, which are assigned based on the
sign of the according normal stress:

dL = dLt
{σ11F}
|σ11F | + dLc

{−σ11F}
|σ11F | (7.37)

dT = dTt
{σ22F}
|σ22F | + dTc

{−σ22F}
|σ22F | (7.38)

With the Macauley bracket operator {x} = x+|x|
2

. The damage variable for shear failure
is calculated as a linear combination of the yarn longitudinal and transverse damage
variable:

dS = 1 − (1 − dLt)(1 − dLc)(1 − dTt)(1 − dTc) (7.39)

The damage initiation criterion is evaluated by using effective quantities, basing on the
idea of Lemaitre [163]. With the elastic yarn ply strain updated, the effective stress vector
of the yarn plies can be calculated by using the yarn plies’ undamaged stiffness matrix:

σ̃F+/F− = Qeq,0
ε
el
F+/F− (7.40)

The undamaged stiffness matrix is obtained from Eq. 7.36, with dL = dT = dS = 0.
The effective stress values are used to calculate the stress exposures from the maximum
stress criterion given in Eq. 7.5 for longitudinal failure and the Puck 2D criterion given
in Eq. 6.35-Eq. 6.37 for transverse failure. Four damage initiation values for yarn lon-
gitudinal (L) and transverse (T) failure in tension (t) and compression (c) are used:
fE,Lt, fE,Lc, fE,T t, fE,Tc. If one of the stress exposure values exceeds one, the correspond-
ing damage variable is calculated.

The damage variables calculation is based on the publication of Lapczyk and Hur-
tado [165], with the equations adapted to the Puck initiation criterion used. Equiva-
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lent values of stresses and strains are used, removing the mesh-dependency for damage-
progression. The damage variables for the different failure modes are given by:

dI =
δfI,eq(δI,eq − δ0

I,eq)

δI,eq(δ
f
I,eq − δ0

I,eq)
(7.41)

with I ∈ Lt, Lc, T t, T c. δI,eq is the equivalent displacement of the failure modes, with
the superscripts 0 and f for the equivalent displacements at damage initiation and fully
damaged state (dI = 1), respectively. The equivalent displacement at failure is calculated
from:

δfI,eq =
2GI

σ0
I,eq

(7.42)

Where GI is the fracture toughness of the active mode. The values of the failure mode
damage variables are defined monotonically increasing (ḋI ≥ 0). The equivalent displace-
ments for the different failure modes are given in Table 7.5, where Lc is the equivalent
element length, given from Abaqus/Explicit [76].

Table 7.5.: Equivalent displacements and stresses used for damage variable calculation

mode δI,eq σI,eq

long. tensile (σ̃11 ≥ 0) Lc {ε11} Lc{σ̃11}{ε11}

δ
ft
eq

long. compression (σ̃11 ≤ 0) Lc {−ε11} Lc{−σ̃11}{−ε11}

δ
fc
eq

trans. tensile (σ̃22 ≥ 0) Lc

√
{ε22}2

+ γ2
12

Lc{σ̃22}{ε22}+τ̃12γ12

δmt
eq

trans. compression (σ̃22 ≤ 0) Lc

√
{−ε22}2

+ γ2
12

Lc{−σ̃22}{−ε22}+τ̃12γ12

δmc
eq

{x} refers to the Macauley bracket operator {x} = x+|x|
2

7.6.6. Stress calculation

The nominal stress of the BB ply is calculated from the elastic strain and BB damaged
stiffness matrix. Therefore, the damaged stiffness matrices of the equivalent yarn plies
are transformed to the BB coordinate system with

Q̄
±θ

= T(±θ)−1 Qeq T(±θ)−T . (7.43)

The BB stiffness matrix QBB is then obtained from the yarn ply stiffness matrices Q̄
±θ

according to Eq. 7.9. The elastic strain of the BB ply is obtained by averaging the trans-
formed elastic strains from the yarn plies:

ε
el
BB =

1

2
·
(
(R T(θ) R−1

ε
el
F+) + (R T(−θ) R−1

ε
el
F−)

)
(7.44)

The nominal stress of the BB ply is finally calculated from

σBB = QBB
ε
el
BB. (7.45)
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7.6.7. Material point deletion

A criterion for material point deletion is defined, setting all stress components of the
material point to zero. For the BB_APA_NL subroutine, two different criteria for material
point deletion are used. The material point is deleted, if either both yarn directions fail
in transverse failure (cf. e.g. BB30_PT_OA90 experiments Fig. 4.25), or if one of the yarn
directions fails in longitudinal direction (cf. e.g. BB30_PT_OA30 experiments Fig. 4.19).

7.6.8. Implementation

The constitutive law was implemented as a Fortran VUMAT material user subroutine inside
the commercial FE code Abaqus/Explicit. An overview about the user-defined input
properties for the subroutine are given in Appendix E.4.

7.7. BB_APA_NL model validation

The BB_APA_NL model is validated by comparison to the off-axis experiments. The pre-
dictions are obtained from single shell (S4R) element simulations in Abaqus/Explicit. For
the off-axis load cases, a shear deformation is introduced under the uniaxial stress applied,
thus, the boundary conditions of the simulations, shown in Fig. 7.11, were set to not con-
straint shear deformation of the element. Furthermore, two equations were introduced,

Fig. 7.11: Boundary conditions for single element simulations

ensuring unconstrained transverse and shear deformation:

uN4
x − uN1

x = uN2
x (7.46)

uN4
y − uN1

y = 0 (7.47)

The off-axis loads were introduced into the element by applying forces to node 1 and
node 2 and rotating the material coordinate system by the off-axis angle. The simu-
lations have been conducted without consideration of finite yarn rotations, as the unit
cell calculations and the material parameter calibration did not consider this effect. The
elastic, strength and nonlinear material parameters used within the simulations are given
in Table 7.2, 7.3 and 7.4, respectively.
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7.7.1. Nonlinear deformation

The stress-strain behavior predicted by the BB_APA_NL for the off-axis tensile load cases is
shown in Fig. 7.12. For comparison, the stress-strain curves obtained from the monotonic
off-axis tension experiments (cf. Section 4.2.1) are given. The experimentally observed
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Fig. 7.12: Comparison of BB30_PT predicted stress-strain behavior to off-axis experiments

non-linear stress-strain behavior is predicted accurately by the model, for both linear (e.g.
OA30 and OA45) and strongly nonlinear (e.g. OA00 and OA15) load cases. For OA60 and
OA90, the behavior is less nonlinear, which is predicted well for moderate strains up to
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εxx = 0.004, but the decrease of modulus is slightly underpredicted for higher strains. As
the decrease of modulus was predicted well by the BBM unit cell, the deviation is believed
to be due to neglecting the influence of transverse stress (σ22F ) in the 1D yield criterion.
For the OA30 case, where the load is applied in the F- yarn direction, a discontinuity in
the predicted stress-strain curve is present at a stress of approximately 550 MPa, which
is not observed in the experiments. This is due to a transverse tensile failure, predicted
in the F+ yarn ply (oriented 60° to the load), which was not observed in the off-axis
experiments and the unit cell simulations.
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Fig. 7.13: Comparison of BB30_PC predicted stress-strain behavior to off-axis experiments
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The model predictions for the BB30 off-axis compression load cases are compared to
the experiments in Fig. 7.13. As for the tensile off-axis load cases, the predictions agree
well with the experiments for both, linear and nonlinear behavior. The response is, as
in tension, nonlinear for OA00, OA15, OA60, OA90 and rather linear for OA30 and OA45.
The small deviations between experimental stress-strain curves and the predictions are
attributed to the transverse stress influence to the plastic deformation in the yarn plies.
It is noted that the underprediction of the strength in the OA60 and OA90 case is of
similar magnitude as observed in the BBM simulations, which were taken as basis for
the calibration of the macroscopic models. Possible reasons for these deviations were
discussed in Section 6.10.2.

A comparison of the predicted response to the experimental results for the BB45 is given
in Fig. 7.14. As no experimental stress-strain curves were available for the BB45_PC_OA45,
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Fig. 7.14: Comparison of BB45 predicted stress-strain behavior to experiments

only the strength is given. The nonlinear response in tension and compression in the
take-up direction (OA00) is predicted well by the model. In the tension and compression
OA00 test series, the foil strain gauges failed before final failure, i.e. the end point of the
experimental stress-strain curves does not represent the point of final failure. The linear
response predicted for the load in yarn direction correlates well with the experiments. As
for the tensile loading in yarn direction of the BB30, a preliminary failure is predicted
in the F+ yarn ply, which is oriented orthogonal to the load. The transverse failure
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was also observed in the F+ yarns in the experiments, but no discrete load drop was
visible. Thus, the effect of transverse cracking is in this case overestimated by the linear
softening damage model. However, no detailed investigation of this effect was possible,
as the DIC strain signal was very noisy for higher strains, which was due to a blistering
of the stochastic DIC pattern.

Summarizing the comparison of the stress-strain predictions, the 1D plasticity model
used in the BB_APA_NL allows to represent the dominant nonlinear effects observed in
the biaxial braided composites. The decrease of modulus was predicted accurate for vari-
ous load cases, ranging from linear (e.g. BB30_OA30), slightly nonlinear (e.g. BB30_OA90)
and strongly nonlinear (e.g. BB30_OA00). Thus, the in-plane shear behavior of the yarn
plies can be believed to be dominant for the nonlinear deformation of biaxial braided
composites.

7.7.2. Failure prediction

The failure in the BB_APA_NL approach was predicted by applying the damage initiation
and progression approach described in Section 7.6.5. The ultimate failure of the material
point was in all cases given either by both yarn directions failing in transverse direction
immediately after each other or by longitudinal failure of one of the yarn plies. The pre-
dicted failure stresses, strains and failure modes are compared to the off-axis experiments
and analytical predictions.

The comparison of predictions to experiments for the BB30 tensile off-axis load cases is
given in Table 7.6. The failure stresses predicted by BB_APA_NL (NL) and analytical APA

Table 7.6.: Comparison of BB30 tensile predictions from BB_APA_NL (NL) and analytical APA (lin) to
off-axis experiments (exp)

strength [MPa] failure strain [%] failure mode

NL lin exp. NL lin exp. NL lin exp.

PT_OA00 475 468 468±22 2.2 1.1 2.3±0.14 Tc Tc Tc
PT_OA15 547 515 581±30 1.8 1.0 1.7±0.15 Lt Tc Lt
PT_OA30 736 555 787±45 1.2 0.8 1.2±0.04 Lt Tt Lt
PT_OA45 184 192 198±8 0.5 0.5 0.6±0.02 Tt Tt Tt
PT_OA60 106 111 114±4 0.7 0.7 0.8±0.03 Tt Tt Tt
PT_OA90 78 80 79±3 0.9 0.9 1.1±0.06 Tt Tt Tt

(lin) correlate well and lie mostly within the experimental scatter. The largest deviation
between linear and BB_APA_NL predictions is present for the fiber-dominated load cases
in OA15 and OA30: for OA15, the analytically predicted failure stress is around 5% lower
compared to the BB_APA_NL prediction. This is due to considerable plastic deformation
being present in the nonlinear predictions, leading to a stress-redistribution and changing
the failure mode to longitudinal failure. For the OA30 case, the first failure predicted
by both models is transverse failure in the F+ yarn direction oriented 60° to the load.
For the BB_APA_NL prediction, final failure is in the longitudinal direction of the F- yarn
ply, oriented in load direction, which correlates with the experimental observations. The
strength predicted by the nonlinear model being lower as the experimentally measured
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one is due to the overpredicted softening after transverse failure (cf. Fig. 7.12c). Beside
these two cases, the failure modes are predicted identically by linear and nonlinear model
and correlate well with the experimental results.

A major difference between linear and nonlinear predictions is present in the failure
strain: in the cases, where the deformation is strongly nonlinear, the failure strain pre-
dicted by the BB_APA_NL model is up to twice as large as the linearly predicted one. The
nonlinear predictions correlate well with the experiments, while the linear model largely
underpredicts the failure strains.

The comparison of predictions and experiments for the compressive BB30 off-axis cases
is given in Table 7.7. For all off-axis cases, the failure stresses predicted by the BB_APA_NL

model are slightly less than the ones predicted linearly. The deviation is mainly due to
the fact that the material parameters for both models were obtained by correlation of
the linear model to the unit cell calculations (cf. Table 7.3). Thus, the effects of plastic
deformation, present in the BB_APA_NL model, are not included. The predicted failure
strength strongly underestimating the experimental results for OA60 and OA90, is mainly
due to the calibration to the BBM unit cell results. The failure strains are, beside these two
cases, predicted accurately and the failure modes match the experimental observations.

Table 7.7.: Comparison of BB30 compressive predictions from BB_APA_NL (NL) and analytical APA (lin)
to off-axis experiments (exp)

strength [MPa] failure strain [%] failure mode

NL lin exp. NL lin exp. NL lin exp.

PC_OA00 268 281 300±21 0.9 0.7 0.9±0.11 Tt Tt Tt
PC_OA15 337 379 420±13 0.8 0.7 1.0±0.03 Tt Tt Tt
PC_OA30 581 601 605±31 0.9 0.9 1.0±0.11 Lc Lc Lc
PC_OA45 356 389 438±29 1.0 1.0 1.2±0.06 Tc Tc Tc
PC_OA60 199 219 312±2 1.4 1.3 3.7±0.13 Tc Tc Tc
PC_OA90 143 153 204±7 2.2 1.7 4.1±0.06 Tc Tc Tc

The failure predictions for the BB45 braid are compared to the experimental results
in Table 7.8. As for the other cases, the predicted strength values correlate well with

Table 7.8.: Comparison of BB45 tensile and compressive predictions from BB_APA_NL (NL) and analyt-
ical APA (lin) to off-axis experiments (exp)

strength [MPa] failure strain [%] failure mode

NL lin exp. NL lin exp. NL lin exp.

PT_OA00 160 161 159±19 2.7 1.1 >2.51 Tt Tt -3

PT_OA45 671 598 706±13 1.1 1.1 1.12 Lt Tt Lt
PC_OA00 178 178 188±7 3.6 1.2 >31 Tc Tc -3

PC_OA45 550 550 540±19 0.8 0.8 0.92 Lc Lc -3

1: failure strain not measured due to preliminary strain gauge failure
2: failure strain not measured, calculated from strength and elastic modulus
3: no information about failure mode
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the experimental results. The difference in the BB_PT_OA45 case is attributed to the
overestimation of damage of the transverse yarns, similarly observed in the BB30_PT_OA30

simulation. For this case, the linear model predicts transverse failure, underestimating the
strength. The strain measurement in the experiments was not available up till final failure,
as either the foil gauge bond failed or transverse cracking destroyed the DIC stochastic
pattern on the coupon surface. However, the measured maximal strains approve the
nonlinear modeling approach, as the linear model strongly underestimated the failure
strains.

7.8. Conclusion on macroscopic modeling

Analytical linear, as well as a nonlinear modeling approach based on CLT have been
used for failure prediction of biaxial braided composites. The analytical failure modeling,
presented in Section 7.1, included two approaches, SPA and APA. For both approaches,
input property assignment strategies based on results from FE unit cell calculations or
experiments have been given. For the APA, the properties of the equivalent yarn plies,
including the yarn waviness present in braided composites, have been derived by applying
an inverse CLT approach for elastic properties and an iterative calibration procedure for
the strength parameters. The predictions from SPA and APA have been compared to
the off-axis experimental results in Section 7.3. The comparison showed that the SPA,
commonly used for woven fabrics, lacks to represent the characteristics of the failure
envelopes, being influenced by the braiding angle. The APA represents well the braiding
angle influence, by basing the failure predictions on the equivalent yarn ply stresses.

Two failure criteria, the maximum stress and the Puck 2D failure criterion, were com-
pared within the APA predictions in Section 7.4. The results from the two criteria were
very similar, emphasizing that the yarn architecture and braiding angle, given by the yarn
ply properties and the ply angle, respectively, are majorly affecting the failure envelope
shape. However, the Puck 2D gave slightly better results, considering the different me-
chanics of yarn ply transverse failure under tension and compression. The predictions
compared well to the off-axis experiments, with the first failure predicted coinciding with
the final failure in the experiments for most cases. An exception were the cases, where
the load applied was tensile in the yarn direction: preliminary transverse failure in the
crossing yarn was predicted. Summing up, the analytical failure prediction correlated well
with final failure in most of the cases, but underestimated the failure load for tension in
yarn direction.

As the analytical predictions did not include the effects of plastic deformation, ob-
served in the experiments, a nonlinear constitutive model for FE simulations was further
introduced. The model bases on the APA and considers both yarn directions in a single
material point of a shell element. Plastic deformation is considered in shear of the equiv-
alent yarn plies and a damage law, including linear softening after damage initiation, was
used.

The comparison of the linear and nonlinear modeling showed that the failure stresses
predicted did not differ significantly and were in good correlation with the experimental
results. An improvement of the predictions is given by the nonlinear model, for tensile
loading in the yarn directions, where linear predictions are limited to the first failure,
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occurring in the yarn ply oriented transverse to the load. Furthermore, the failure strain
predictions for the cases with strong nonlinear deformation prior to final failure could
be significantly improved with the nonlinear model. The deformation predicted by the
linear model is not conservative, which is of major importance for structural simulations,
as load re-distribution induced by the nonlinear deformation can significantly change the
predictions. The comparison of the model predictions to the off-axis experiments showed
a good correlation for the BB30 and BB45 braided composites. The deviation present for
the high off-axis angles for BB30 under compression were also observed in the unit cell
simulations and are thus attributed to the calibration of the material parameters to the
unit cell simulations.

Summing up, linear and nonlinear approach yield accurate failure stress predictions,
with the first failure predicted being identical with the final failure in the experiment.
This is not the case for fiber-dominated load cases, where the nonlinear model predicts a
further load increase after the first failure, which is in agreement with the experiments.
Furthermore, the failure modes and failure strains are predicted more accurately by the
nonlinear model.

With the models discussed in this chapter, a basis for macroscopic modeling of biaxial
braided composites has been provided. The models use the framework of classical lami-
nate theory and can be straightforwardly applied for the structural simulation of braided
components.



8. Conclusions and future work

The goal of the presented research work was to create an approach for failure modeling of
braided composites, applicable for simulations on structural components. This required to
consider both, detailed unit cell modeling and experimental characterization to predict the
yarn architecture influence on elastic, nonlinear and failure properties, and macroscopic
modeling suitable for component simulation. From the literature review, presented in
Chapter 2, the main working points of the thesis were identified as:

• Define a methodology for robust yarn architecture characterization, yielding a robust
input for geometric modeling.

• Mechanical characterization of biaxial braided composites under combined stress
states, to provide a phenomenological description of failure and serve a basis for
model validation.

• Predict the influence of the yarn architecture on the mechanical behavior with unit
cell modeling, including geometric modeling, analytical elastic predictions and non-
linear FE unit cell simulations.

• Develop a macroscopic modeling approach for biaxial braided composite failure pre-
diction, applicable to structural components.

8.1. Discussions and conclusions

In Chapter 3, the experimental techniques, used for yarn architecture and mechanical
characterization, were given. The manufacturing process using closed cylindrical preforms,
which are slit and draped into a flat preform shape, was found to be appropriate for high-
quality specimen production. Quality assurance over the complete specimen production is
crucial to obtain reproducible results. Optical sensor fiber orientation measurements were
found suitable for braiding angle characterization. However, the scanned images included
artifacts, which required the application of an automated data reduction routine.

The precision of thickness measurements of the specimen using a caliper was investi-
gated: focus-variation measurements of the wavy vacuum-bag surface showed that caliper
measurements are appropriate for the braided composites investigated. Deformation mea-
surements using DIC were found to be useful for obtaining the specimen strain. Compar-
ison of different techniques for average strain calculation from DIC measurements showed
that considering the complete spatial strain distribution of the specimen is required for
braided composites. Local strain measurements are prone to local effects, resulting in
considerable deviations of the failure strain.
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The first part of Chapter 4 presented the experimental results, obtained from yarn ar-
chitecture characterization. The yarn architecture parameters required for the geometric
models could, with exception of the braiding angle, be reliably measured from optical mi-
croscopy. A study on a (±45°) braided composite panel showed that the sample position
on the braided panel has no significant effect on the results. Furthermore, it was shown
that 6-8 micrograph sections provide an appropriate number of measurements to identify
differences in the magnitude of half the standard deviation. The braiding angle was ob-
tained from surface scans of the braided composites by two methods: hand measurements
from images and automated evaluation with an optical sensor. Both methods yielded a
variable braiding angle transverse to the take-up direction, which was attributed to the s-
shape of the yarns, caused by friction and gravity-effects during the braiding process. The
average values obtained from the two methods compared well, but the hand-measurments
provided slightly higher braiding angle values, attributed to the local measurements at
yarn crossing points. Summing up, the sensor-measurements were found to be beneficial
for application to structural components, offering an automated evaluation and an spatial
measurement over the complete image.

Micro-CT was used for evaluation of 3D effects in the yarn architecture. Quantitative
evaluation was less accurate, which is due to the reduced contrast and resolution of the
CT-scans compared to micrographs. However, qualitative information regarding local
variations of yarn cross-sections can be useful for improved geometric modeling.

Finally, analytically calculated yarn architecture parameters were compared to the mea-
sured values, yielding 10%-20% underestimation of the yarn height and good correlation
for the other values. Attention needs to be paid, as underestimating the yarn height leads
to non-conservative mechanical predictions (cf. Section 5.3).

The experimental results from the off-axis tension and compression testing of (±30°)
2x2 braided composites were presented in the second part of Chapter 4. Off-axis testing
introduces combined stress states into the material, triggering different fiber and matrix
dominated failure modes.

A high dependence of mechanical properties on the braiding angle was found for loading
in take-up direction: A braiding angle decrease of 1.5° yielded a strength increase of
15%. Similar braiding variations are expected on braided components, emphasizing the
need of considering local braiding angle variations in structural simulation. The stress-
strain behavior was, except for the load in yarn direction, nonlinear for all off-axis angles
measured. Especially for the load in take-up direction, the initial modulus was more
than 20% higher as the one obtained in the strain range given in the ASTM standard
(εxx = 0.1-0.3%). In contrast, for the complete strain range till failure, the ASTM modulus
overestimates the stiffness.

The tensile loading/unloading experiments showed that both inelastic deformation and
damage are driving the nonlinear deformation, with the first being dominant for low
off-axis angles (ψ = 0°, 15°). Post-mortem microscopy investigations revealed intra-yarn
cracking solely in the proximity of the macroscopic failure of the specimen. Thus, non-
linear deformation was mainly attributed to microscopic damage on fiber-matrix scale,
commonly reported for UD composites under shear [159, 170]. This was also supported
by the compressive stress-strain behavior being very similar to the tensile one.
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Failure of the specimen was, except for the load in yarn direction, dominated by trans-
verse yarn cracking. The strength values for the cases with transverse failure were found
to be majorly influenced by the yarn transverse stress: for the same off-axis angle, the
strength was higher in tension or compression, when the transverse yarn stress was com-
pressive. A similar trend was observed in the failure modes of the coupons, being similar
for the yarn transverse stresses sign being equal. The high-speed camera videos, used for
the tensile experiments, showed that the first cracking occurring on the specimen surface
coincided with the final failure of the specimen. Similar observations were made for the
compressive experiments, yielding the conclusion that stable intra-yarn crack develop-
ment like reported for triaxial braids [210] has less effect on the failure of biaxial braided
composites.

The geometric unit cell modeling of the biaxial braided composites, conducted with the
software WiseTex, was presented in Chapter 5. The geometric models compared well
with the micro-CT measurements. Deviations in yarn shape and local nesting effects of
the plies were identified as the cause for the reduced fiber volume fraction within the
unit cells. Analytical predictions with the micromechanics software TexComp were in
reasonable agreement with experimental results. Parametric studies yielded fiber volume
fraction and braiding angle being the parameters majorly influencing the elastic constants.

The finite element unit cell modeling approach used for failure prediction of biaxial
braided composites was presented in Chapter 6. The Binary Beam Model was formulated
as a extension of the Binary Model [125]: by modeling the yarns with beam elements,
stress concentration due to yarn bending could be included in the model, while keeping
the numerical efficiency. Nonlinear behavior could efficiently be included using a Drucker-
Prager plasticity model and volume averaging was shown to eliminate mesh-dependence
in the effective medium stress field.

The stress profiles calculated by the BBM were compared to a classical continuum
unit cell model, yielding a good correlation for most stress components. A deviation
was present for stress fluctuations, introduced by the yarn cross section, which are not
covered in the BBM: the coupling of beam and continuum elements does not include the
cross-section definition.

With the periodic boundary conditions defined for the finite element unit cell, differ-
ent out-of-plane boundary conditions, referring to laminate stacking configurations, were
investigated for elastic solution and stress prediction. The out-of-plane boundary condi-
tions had a major effect on predicted elastic behavior and stress fields, which varied up to
40% and 70%, respectively. For the random stacking observed in the braided laminates,
considered in this work, 3D periodic boundary conditions with in-phase stacking were
found to yield appropriate results.

The BBM predictions were compared to the off-axis experiments, yielding an excel-
lent agreement for stiffness and non-linear behavior. For the failure prediction, strength
parameters extracted from UD experiments were found to strongly underestimate the
strength, thus a parameter identification based approach on biaxial braided composite
experiments was used. The failure predictions of the BBM compared well with the off-
axis experiments in tension and reasonable in compression. For the compressive load
cases, nonlinear geometric effects, not considered in the simulation, could be causing the
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deviations. However, also stress concentration effects in the compressive experiments,
influencing the crack initiation and growth, could be a reason for the deviations. Thus,
further experimental and numerical work is required for improved compressive failure pre-
dictions of biaxial braided composites.

Approaches used for macroscopic modeling were presented in Chapter 7. Due to compu-
tational efficiency, shell element and classical laminate theory based modeling was chosen.
The input properties for the macroscopic models were obtained from unit cell modeling or
experimental results: this yields the advantage that stress fluctuations, introduced by the
textile yarn architecture, are considered in the material properties. Two analytical predic-
tion methods were compared: the SPA, considering the stresses in the material coordinate
system, and the APA, considering the stresses in equivalent yarn plies. Form analytical
failure predictions, it could be concluded the failure modeling based on the stresses in
equivalent yarn plies (APA) is favorable for braided composites. Two failure criteria,
maximum stress and Puck 2D, were used in the APA, both yielding a good agreement
to the unit cell modeling and off-axis experimental results. However, the interaction of
stresses for transverse failure prediction, considered in the Puck 2D criterion, was shown
to improve the results.

Basing on the analytical APA modeling, a nonlinear modeling approach (BB_APA_NL),
considering plastic deformation and damage was implemented into a material user subrou-
tine of the finite element code Abaqus/Explicit. The BB_APA_NL stress-strain predictions
yielded good agreement to the experimental results, approving the 1D plasticity model
used. Considering nonlinear deformation significantly improved the failure strain pre-
diction compared to the analytical model. The linear-softening damage model used was
shown to work accurate for matrix-dominated load cases, but overestimated the effects of
transverse cracking for fiber-dominated load cases. Summing up, considering the nonlin-
ear deformation behavior of biaxial braided composites is crucial for structural simulation,
as the deformation can be predicted more accurately and effects of load-redistribution can
be considered.

The work presented on modeling of braided composites demonstrates the potential of
multi-scale modeling. Finite element unit cells provide an insight to the mechanical be-
havior, considering the details of the textile yarn architecture. The BBM unit cell model
presented allows computationally efficient and parametric modeling of biaxial braided
composites, while preserving relevant details of the stress field. Furthermore, the macro-
scopic methods presented can be used for structural simulation, while incorporating the
effects of yarn architecture by obtaining the mechanical properties from unit cell results.
The modeling framework presented is straightforward applicable to structural simulation
of biaxial braided components.

8.2. Potential future work

Every new method or model opens the door for a number of possible improvements.
Some points for potential future research, arising from the research work conducted in
the framework of this thesis, are given below.
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Yarn architecture

• Evaluate micro-CT scans quantitatively for yarn architecture characterization. This
requires contrast enhancement and 3D segmentation methods for yarns and matrix.

Mechanical characterization

• Investigate improved methods for compression testing, avoiding issues with specimen
bending and crack growth under the loading tabs, both encountered with the CLC
test fixture. New test methods require: larger gauge sections, reduction of shear-
extension coupling, DIC measurement, and high-speed camera recordings.

• The off-axis characterization should be extended to more braiding angles; stress
states that cannot be tested with off-axis experiments, should be characterized by
using multi-axial testing.

Unit cell modeling

• Investigate refined geometric modeling approaches with CT-scan results to obtain
more realistic fiber volume fractions in the unit cells.

• Improving the accuracy of the BBM stress fields in the effective medium by new
coupling methods for beam and continuum elements, considering the yarn cross
section and coupling both, rotational and translational DOFs.

• Investigate experimental methods for measuring yarn strength and numerical meth-
ods to scale strength parameters to different fiber volume fractions.

• Extend the investigations on out-of-plane boundary conditions with comparisons
to DIC measurements of the out-of-plane deformation. This requires a higher DIC-
resolution on the specimen and experiments with laminates of different ply numbers.

Macroscopic modeling

• The applicability of the proposed macroscopic modeling methods for braided lami-
nates with a small number of plies (n < 4) needs to be investigated. For these cases,
the local out-of-plane deformation can become more prominent.

• Apply an improved plasticity model for the equivalent yarn plies, considering the
influence of transverse stresses. Furthermore, coupling of damage and plasticity can
be addressed based on the loading/unloading experiments conducted in this work.

• The effect of transverse yarn damage was overestimated for the models used, when
the load applied was in one of the yarn directions. This requires additional ex-
perimental investigation, to obtain reliable data about the damage initiation and
progression as well as improved damage models, to consider the stable damage de-
velopment observed in the transverse yarns.



A. Material properties

Fiber material properties (Table A.1) were obtained by reverse engineering from UD
experiments, using Chamis’ micromechanics equations (Eq. D.1-Eq. D.6). The matrix
(RTM6) material properties given in Table A.2. The UD experiments have been conducted
at the Polymer Competence Center Leoben, Austria.

Table A.1.: HTS40 fiber properties, shear modulus and strength from [204]

elastic strength

Ef11 [MPa] 218400 Xf,T [MPa] 3040
Ef22 [MPa] 18100 Xf,C [MPa] 1499
Gf12 [MPa] 21800
νf12 [-] 0.305

RTM6 material properties obtained from bulk matrix experiments at the Polymer Com-
petence Center Leoben, Austria.

Table A.2.: RTM6 material properties

Em [MPa] νm [-]
2890 0.35

For 60% fiber volume fraction this yields the properties given in Table A.3

Table A.3.: Elastic constants of a HTS40/RTM6 UD ply with ϕf = 60%

E11 [MPa] E22 [MPa] G12 [MPa] ν12 [-]
131900 8300 4100 0.29
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Inclination parameters used for failure analysis with Puck’s 2D failure criterion.

Table A.4.: Inclination parameters for Puck 2D criterion (from [213])

pt⊥‖ pc⊥‖ pt⊥⊥

0.35 0.3 0.25

A.1. BB45 test results

Table A.5.: Elastic and strength properties of (±45°) biaxial braided composite

Modulus ASTM Modulus initial

Test series MEAN
[MPa]

STD
[MPa]

CV [%] MEAN
[MPa]

STD
[MPa]

CV [%]

B45_PT_OA00 13760 547 4.0 15804 800 5.1
B45_PT_OA45 65136 2282 3.5 63092 1442 2.3
B45_PC_OA00 12857 408 3.2 - - -
B45_PC_OA45 62333 1458 2.3 - - -

Strength

Test series MEAN
[MPa]

STD
[MPa]

CV [%] ϕf
1 [%]

B45_PT_OA00 159.4 18.6 11.7 56.8
B45_PT_OA45 705.9 13.1 1.9 62.9
B45_PC_OA00 187.8 7.1 3.8 58.8
B45_PC_OA45 539.7 18.5 3.4 61.7

1: fiber volume fraction of the panels, the results given are
normalized to a fiber volume fraction of 60% according to
Eq. 3.24-Eq. 3.25



B. Orientation averaging for biaxial
braided composites

The equations given here are implemented into the MATLAB routine
OrientationAveraging.m.

Input

• Elastic constants of fibers and matrix

• Fiber volume fraction of the braided composite

• Yarn height d1, yarn width d2 and braiding angle θ

Equations

The properties of the (straight) UD segments are calculated by Chamis´ micromechanical
formulae (Eq. D.1-Eq. D.6). The 3D stiffness matrix is calculated as:

C = S−1 =




S11 S12 S12 0 0 0
S12 S22 S23 0 0 0
S12 S23 S22 0 0 0
0 0 0 S44 0 0
0 0 0 0 S44 0
0 0 0 0 0 S66




−1

(B.1)

with the assumption of transversal isotropy

E22 = E33, G12 = G13, ν12 = ν13, G23 =
E33

2(1 + ν)
. (B.2)

The compliance matrix components yield:

S11 =
1

E11

S22 =
1

E22

S12 = − ν12

E11

S23 = − ν31

E33

S44 =
1

G13

S66 =
1

G23

(B.3)

The stiffness matrix is transformed in the global system by the angle φ:

CUD(φ) = TT C T (B.4)
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With

T =




cos2 φ 0 sin2 φ 0 cosφ sinφ 0
0 1 0 0 0 0

sin2 φ 0 cos2 φ 0 − cosφ sinφ 0
0 0 0 cosφ 0 − sinφ

−2 cosφ sinφ 0 2 sinφ cosφ 0 cos2 φ− sin2 φ 0
0 0 0 sinφ 0 cosφ




−1

(B.5)

The out-of-plane yarn angle φ is given by the yarn geometry with A = d1/2 and λ = 2d2:

φ = tan−1

(
dy

dx

)
(B.6)

and the yarn path function:

y(x) =





A · cos(2 · πx/λ) x = 0 . . . d2

−A x = d2 . . . 2 · d2

−A · cos(2 · πx/λ) x = 2 · d2 . . . 3 · d2

(B.7)

The stiffness matrix of a wavy ply is:

Cwavy
UD =

1

3 · d2

·
∫ 3·d2

x=0
CUD(φ)dx =

1

N
·
N∑

i=1

CUD(φi) (B.8)

The elastic constants of the biaxial braided composite are calculated by an equivalent
laminate model as given in Eq. D.10 and Eq. D.11.



C. Definition of RUC and RVE

The definition for the terms Repeating Unit Cell (RUC) and Representative Volume Ele-
ment (RVE) are based on the publication from Pindera et. al. [143]. It is important to
note that the concepts of RUC and RVE have not been used consistent in the literature:
RUCs are designated RVE and vice versa.

C.1. Representative Volume Element

The RVE concept is based on the statistical homogeneity: a RVE is the smallest sub-
volume of a microstructure that has the same volume fractions and same statistical
distributions as the complete material (c.f. Fig. C.1(a)). The sub-volume response is
identical as the response of the complete material when either homogenous traction or
displacement boundary conditions are applied. Examples for RVE could a volume with
statistical distributed fibers in a unidirectional composite that has the same fiber volume
fraction and the same arrangement of fibers as the one measured from a real material.
If the RVE size is chosen appropriate, the strain energy density is identical for either
displacement or traction boundary conditions applied, resulting in the same homogenized
material properties.

C.2. Repeating Unit Cell

The RUC concept bases on a periodic microstructure of the material (see Fig. C.1(b)).
The RUC is the smallest volume of microstructure, which is able to reproduce the complete
microstructure through replication (translation and rotation) of the volume. Note that
due to practical reasons it is sometimes feasible to use a bigger sub-volume of the material.
The response of the sub-volume is identical to the response of the complete material when
periodic boundary conditions are applied to the RUC.

Fig. C.1: Definition of RUC and RVE according to [143]
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D. Normalization of properties for
braided composites

D.1. UD properties for the equivalent laminate

Chamis’ micromechanical equations [200] are used to calculated the UD properties from
fiber and matrix properties. The indexes f and m denote the constituent properties of
fiber and matrix

E11 = ϕfEf11 + (1 − ϕf )Em (D.1)

E22 = E33 =
Em

1 − √
ϕf (1 − Em/Ef22)

(D.2)

G12 = G13 =
Gm

1 − √
ϕf (1 −Gm/Gf12)

(D.3)

G23 =
Gm

1 − ϕf (1 −Gm/Gf23)
(D.4)

ν12 = ν13 = νm + ϕf (νf12 − νm) (D.5)

ν23 = ϕfνf23 + (1 − ϕf )(2νm − ν12

E11

E22) (D.6)

D.2. Equivalent laminate properties

The stiffness matrix Q of an equivalent ply yields

Q =



Q11 Q12 0
Q12 Q22 0
0 0 Q66


 (D.7)

with

Q11 =
E11

1 − ν12ν21

Q22 =
E22

1 − ν12ν21

Q12 =
ν12E22

1 − ν12ν21

=
ν21E11

1 − ν12ν21

Q66 = G12

The stiffness matrix is transformed to the material coordinate system (of the biaxial
braided composite)

Q̄
UD±θ

= T−1(±θ) · Q · T−T (±θ) (D.8)
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with T the transformation matrix

T(φ) =




cos2 φ sin2 φ 2 cosφ sinφ
sin2 φ cos2 φ −2 cosφ sinφ

− cosφ sinφ cosφ sinφ cos2 φ− sin2 φ


 (D.9)

The elastic constants are obtained from the compliance matrix of the biaxial braided
composite:

SBB =
[
QBB

]−1
=
[
1

2

(
Q̄
UD+θ

+ Q̄
UD−θ

)]−1

(D.10)

EBB
11 =

1

SBB11

EBB
22 =

1

SBB22

GBB
12 =

1

SBB66

νBB12 = −SBB11

SBB22

(D.11)

D.3. Normalization

Young modulus in load direction:

1

EBB
ψ

=
1

EBB
11

cos4(ψ) +

[
1

GBB
12

− 2νBB12

EBB
11

]
sin2 ψ cos2 ψ +

1

EBB
22

sin4(ψ) (D.12)

The experimentally measured Young’s modulus Eexp
X , in off-axis direction ψ, with the

experimental fiber volume fraction ϕexp is normalized to ϕnorm:

Enorm
x = Eexp

x − (EBB
ψ (ϕexp) − EBB

ψ (ϕnorm)) (D.13)

Enorm
x is the normalized value and EBB

ψ (ϕexp), EBB
ψ (ϕnorm) are determined by the proce-

dure described above.



E. Software codes

E.1. Optical sensor data reduction

The analysis script braiding_angle_analysis.m is included in a folder on the attached
DVD. A short description of input required and output printed is given in the user manual.

E.2. Inverse CLT

The inverse CLT approach has been implemented into the MATLAB function
InverseCLT_BB.m. The script and a user manual are included on the DVD attached to
this thesis.

E.3. BBM modeling framework

The BBM modeling framework programmed in MATLAB and Python is included in the
folder BinaryBeamModel on the DVD attached to this thesis. The framework is started
using the file
.\BinaryBeamModel\Tool\30_MATLAB\32_Framework\Master_File30.m

Explanations to the input parameters are given in the user manual.

E.4. Abaqus VUMAT: BB_APA_NL

The input requires 23 parameters to be defined. The input properties, together with an
example input are given in the user manual. The Fortran subroutine is included in a
folder of the DVD attached to this thesis.
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F. Periodic boundary conditions

F.1. Constrain driver displacements and forces

(a)

(b)

(c)

Fig. F.1: Constraint driver deformations

Table F.1.: Macroscopic stresses / strains and corresponding constraint driver displacements

stress strain CD displacement

σxx ǫxx uCD0
1

σyy ǫyy uCD1
1

σzz ǫzz uCD2
1

τxy γxy uCD3
1,2

τxz γxz uCD4
1,2

τyz γyz uCD5
1,2

U =



uCD0

1 uCD3
1 uCD4

1

uCD3
2 uCD1

1 uCD5
1

uCD4
2 uCD5

2 uCD2
1


 F =



FCD0

1 FCD3
1 FCD4

1

FCD3
2 FCD1

1 FCD5
1

FCD4
2 FCD5

2 FCD2
1


 (F.1)
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F.2. Loading of the unit cell

F.2.1. Strain controlled loading

Calculate constraint driver displacements from macroscopic strain tensor:

U = 〈ε〉· P (F.2)

The displacements are prescribed to the unit cell and the macroscopic stress tensor is
calculated from the constraint driver forces, given by the FE solution:

〈σ〉 =
1

2V

(
F · PT + P · FT

)
(F.3)

F.2.2. Stress controlled loading

Calculate constraint driver forces from macroscopic stress tensor:

F = V · 〈σ〉(PT )−1 (F.4)

The forces are prescribed to the unit cell and the macroscopic strain tensor is calculated
from the constraint driver displacements, given by the FE solution:

〈ε〉 =
1

2
(U · P−1 + (P−1)T · UT ) (F.5)

F.3. Elastic constants calculation

• Elastic constants are calculated under plane stress assumption and the unit cell
response is assumed orthotropic in the (12 ) material coordinate system.

• Three loadcases required to calculate the 2D orthotropic elastic constants, with the
magnitude of loading C being arbitrary.

Macroscopic constitutive equation



〈ε11〉
〈ε22〉
〈γ12〉


 =



S11 S12 S16

S21 S22 S26

S61 S62 S66


 ·



〈σ11〉
〈σ22〉
〈σ12〉


 (F.6)

Orthotropy holds true if
S16 = S26 = S61 = S62 = 0. (F.7)

The elastic constants are obtained from

E11 = 1/S11 E22 = 1/S22 G12 = 1/S66 ν12 = −S21/S11. (F.8)
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Normal load in 11-direction

Loading : 〈σ〉 = C ·



1 0 0
0 0 0
0 0 0


 (F.9)

Calculation of S-Matrix entries:

S11 =
〈ε11〉
〈σ11〉

S21 =
〈ε22〉
〈σ11〉

S61 =
〈ε12〉 + 〈ε21〉

〈σ11〉
(F.10)

Normal load in 22-direction

Loading : 〈σ〉 = C ·



0 0 0
0 1 0
0 0 0


 (F.11)

Calculation of S-Matrix entries:

S12 =
〈ε11〉
〈σ22〉

S22 =
〈ε22〉
〈σ22〉

S62 =
〈ε12〉 + 〈ε21〉

〈σ22〉
(F.12)

In-plane shear load (12)

Loading : 〈σ〉 = C ·



0 1 0
1 0 0
0 0 0


 (F.13)

Calculation of S-Matrix entries:

S16 =
2 〈ε11〉

〈σ12〉 + 〈σ21〉
S26 =

2 〈ε22〉
〈σ12〉 + 〈σ21〉

S66 =
2(〈ε12〉 + 〈ε21〉)
〈σ12〉 + 〈σ21〉

(F.14)

F.4. Coupling equations

For the implementation of the periodic boundary conditions, the surfaces of the unit
cell need to be split up in faces (excluding edges and masternodes), edges (excluding
masternodes) and masternodes (corner nodes). The naming of unit cell faces, edges and
masternodes is given in Fig. F.2.

F.4.1. Coupling equations for 2D periodicity

Equation for faces

uA1 − uB1 − uCD0
1 = 0 uC1 − uD1 − uCD3

1 = 0

uA2 − uB2 − uCD3
2 = 0 uC2 − uD2 − uCD1

1 = 0

uA3 − uB3 = 0 uC3 − uD3 = 0
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Fig. F.2: Naming convention for faces (F), edges (E) and masternodes (M)

Equation for edges

uE2
1 − uE1

1 − uCD0
1 = 0 uE3

1 − uE1
1 − uCD0

1 − uCD3
1 = 0

uE2
2 − uE1

2 − uCD3
2 = 0 uE3

2 − uE1
2 − uCD1

1 − uCD3
2 = 0

uE2
3 − uE1

3 = 0 uE3
3 − uE1

3 = 0

uE4
1 − uE1

1 − uCD3
1 = 0 uE6

1 − uE5
1 − uCD0

1 = 0

uE4
2 − uE1

2 − uCD1
1 = 0 uE6

2 − uE5
2 − uCD3

2 = 0

uE4
3 − uE1

3 = 0 uE6
3 − uE5

3 = 0

uE7
1 − uE8

1 − uCD0
1 = 0 uE10

1 − uE9
1 − uCD3

1 = 0

uE7
2 − uE8

2 − uCD3
2 = 0 uE10

2 − uE9
2 − uCD1

1 = 0

uE7
3 − uE8

3 = 0 uE10
3 − uE9

3 = 0

uE11
1 − uE12

1 − uCD3
1 = 0

uE11
2 − uE12

2 − uCD1
1 = 0

uE11
3 − uE12

3 = 0
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Equation for masternodes

uM2
1 − uM1

1 − uCD0
1 = 0 uM3

1 − uM1
1 − uCD0

1 − uCD3
1 = 0

uM2
2 − uM1

2 − uCD3
2 = 0 uM3

2 − uM1
2 − uCD1

1 − uCD3
2 = 0

uM2
3 − uM1

3 = 0 uM3
3 − uM1

3 = 0

uM4
1 − uM1

1 − uCD3
1 = 0 uM6

1 − uM5
1 − uCD0

1 = 0

uM4
2 − uM1

2 − uCD1
1 = 0 uM6

2 − uM5
2 − uCD3

2 = 0

uM4
3 − uM1

3 = 0 uM6
3 − uM5

3 = 0

uM7
1 − uM5

1 − uCD0
1 − uCD3

1 = 0 uM8
1 − uM5

1 − uCD3
1 = 0

uM7
2 − uM5

2 − uCD1
1 − uCD3

2 = 0 uM8
2 − uM5

2 − uCD1
1 = 0

uM7
3 − uM5

3 = 0 uM8
3 − uM5

3 = 0

F.4.2. Coupling equations for 3D periodicity

Equation for faces

uA1 − uB1 − uCD0
1 = 0 uC1 − uD1 − uCD3

1 = 0 uE1 − uF1 − uCD4
1 = 0

uA2 − uB2 − uCD3
2 = 0 uC2 − uD2 − uCD1

1 = 0 uE2 − uF2 − uCD5
1 = 0

uA3 − uB3 − uCD4
2 = 0 uC3 − uD3 − uCD5

2 = 0 uE3 − uF3 − uCD2
1 = 0
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Equation for edges

uE2
1 − uE1

1 − uCD0
1 = 0 uE3

1 − uE1
1 − uCD0

1 − uCD3
1 = 0

uE2
2 − uE1

2 − uCD3
2 = 0 uE3

2 − uE1
2 − uCD1

1 − uCD3
2 = 0

uE2
3 − uE1

3 − uCD4
2 = 0 uE3

3 − uE1
3 − uCD4

2 − uCD5
2 = 0

uE4
1 − uE1

1 − uCD3
1 = 0 uE6

1 − uE5
1 − uCD0

1 = 0

uE4
2 − uE1

2 − uCD1
1 = 0 uE6

2 − uE5
2 − uCD3

2 = 0

uE4
3 − uE1

3 − uCD5
2 = 0 uE6

3 − uE5
3 − uCD4

2 = 0

uE7
1 − uE5

1 − uCD0
1 − uCD4

1 = 0 uE8
1 − uE5

1 − uCD4
1 = 0

uE7
2 − uE5

2 − uCD3
2 − uCD5

1 = 0 uE8
2 − uE5

2 − uCD5
1 = 0

uE7
3 − uE5

3 − uCD4
2 − uCD2

1 = 0 uE8
3 − uE5

3 − uCD2
1 = 0

uE10
1 − uE9

1 − uCD3
1 = 0 uE11

1 − uE9
1 − uCD3

1 − uCD4
1 = 0

uE10
2 − uE9

2 − uCD1
1 = 0 uE11

2 − uE9
2 − uCD1

1 − uCD5
1 = 0

uE10
3 − uE9

3 − uCD5
2 = 0 uE11

3 − uE9
3 − uCD5

2 − uCD2
1 = 0

uE12
1 − uE9

1 − uCD4
1 = 0

uE12
2 − uE9

2 − uCD5
1 = 0

uE12
3 − uE9

3 − uCD2
1 = 0

Equation for masternodes

uM2
1 − uM1

1 − uCD0
1 = 0 uM3

1 − uM1
1 − uCD0

1 − uCD3
1 = 0

uM2
2 − uM1

2 − uCD3
2 = 0 uM3

2 − uM1
2 − uCD1

1 − uCD3
2 = 0

uM2
3 − uM1

3 − uCD4
2 = 0 uM3

3 − uM1
3 − uCD4

2 − uCD5
2 = 0

uM4
1 − uM1

1 − uCD3
1 = 0 uM5

1 − uM1
1 − uCD4

1 = 0

uM4
2 − uM1

2 − uCD1
1 = 0 uM5

2 − uM1
2 − uCD5

1 = 0

uM4
3 − uM1

3 − uCD5
2 = 0 uM5

3 − uM1
3 − uCD2

1 = 0

uM6
1 − uM1

1 − uCD0
1 − uCD4

1 = 0 uM7
1 − uM1

1 − uCD0
1 − uCD3

1 − uCD4
1 = 0

uM6
2 − uM1

2 − uCD3
2 − uCD5

1 = 0 uM7
2 − uM1

2 − uCD1
1 − uCD3

2 − uCD5
1 = 0

uM6
3 − uM1

3 − uCD4
2 − uCD2

1 = 0 uM7
3 − uM1

3 − uCD4
2 − uCD5

2 − uCD2
1 = 0

uM8
1 − uM1

1 − uCD3
1 − uCD4

1 = 0

uM8
2 − uM1

2 − uCD1
1 − uCD5

1 = 0

uM8
3 − uM1

3 − uCD5
2 − uCD2

1 = 0
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F.5. Implementation into FE unit cell model

• The equations are implemented into the analysis in the with the *equation com-
mand into the Abaqus input-file [76].

• The equations are defined for complete nodesets of the faces / edges / masternodes.
Therefore, identically ordered nodesets on opposing sides are required. The ordering
is done within the MATLAB-script pbc_creator.m

• All operations required for the application of periodic boundary conditions are done
within the MATLAB-script pbc_creator.m, which takes the unit cell inp file as
input.

Suppress rigid body motion

To suppress the rigid body motion of the unit cell, the displacements in x-, y- and z-
direction of the masternode 1 are fixed. All rigid body rotations are suppressed implicitly
by the coupling of shear strain constraint drivers given in Eq. 6.26.



G. Supervised student theses

Thesis type Date Student Title

Semester 10/2010 Pascal Traub Materialmodellierung eines 2D-Geflechtes in WiseTex

Semester 04/2011 Florian Kozak Modellierung von geflochtenen Faserverbundcrashboxen

Semester 06/2011 Daniel Türk Auslegung eines geflochtenen Fahrradrahmens aus CFK

Semester 07/2011 Ludwig Eberl Strukturanalyse eines Hochleistungs-Rennruderbootes

Bachelor 10/2011 Monika Humbs Charakterisierung und Materialmodellierung von
geflochtenen Verbundwerkstoffen

Master 11/2011 Gasper Kokelj FE Simulation of the Braiding Process

Diploma 12/2011 Tobias Wehrkamp-
Richter

Strength Analysis of Biaxial Braided Carbon Compos-
ites Under Tension

Semester 02/2012 Martin Haubold Vernetzung von FE-Einheitszellen für geflochtene Ver-
bundwerkstoffe

Diploma 09/2012 Johannes Bueckle Festigkeitsvorhersage von Biaxialgeflechten mit FE-
Einheitszellen

Semester 09/2012 Florian Kozak Geometrieerstellung von FE-Einheitszellen für geflocht-
ene Verbundwerkstoffe

Bachelor 10/2012 Michael Sams Berechnung von geflochtenen Verbundwerkstoffen mit
FE-Einheitszellen

Semester 01/2013 Christoph Hannich Auslegung eines geflochtenen Fahrradrahmens aus CFK

Semester 06/2013 Philipp Huber Experimentelle Charakterisierung eines biaxialen CFK-
Geflechts

Diploma 09/2013 Christoph Hannich Implementierung und Validierung eines makroskopis-
chen Materialgesetzes für biaxial geflochtene Verbundw-
erkstoffe
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