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juntos; a José Luis, por su corte elegante; a Juan Pedro, por sus valiosos conocimientos
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Resumen

En la actualidad, el uso de materiales compuestos unidireccionales está muy extendido

en el sector aeronáutico debido a sus excelentes propiedades mecánicas en el plano, su

elevada resistencia a la corrosión, su estabilidad dimensional y su resistencia a fatiga. Sin

embargo, su aplicación frente a cargas de impacto presenta el inconveniente de su baja

resistencia a la delaminación y tolerancia al daño. La ausencia de refuerzo en la dirección

del espesor los hace especialmente vulnerables frente a cargas fuera del plano del laminado,

como los impactos de hielo o de fragmentos de pala que puede sufrir la piel del fuselaje de

un avión durante su vida en servicio.

Una alternativa para mejorar la resistencia a la delaminación y la tolerancia al daño

es usar como refuerzo telas con un patrón de entrelazado en tres dimensiones, como los

tejidos ortogonales 3D, en los que los hilos horizontales (trama y urdimbre) se entrecruzan

con mazos de fibras orientados en la dirección del espesor. Además, es posible emplear

distintos tipos de fibras y combinarlas en distintas proporciones, es decir, hibridizar el

refuerzo con el fin de optimizar sus propiedades mecánicas. Una vez tejidas, las preformas

se impregnan de resina mediante Vacuum Assisted Resin Transfer Moulding (VARTM),

con el consiguiente ahorro en los costes de producción en comparación con los laminados

procesados en autoclave.

A pesar de las potenciales ventajas de los materiales compuestos h́ıbridos con refuerzo

ortogonal en 3D, su uso está todav́ıa poco extendido debido a la falta de datos experimen-

tales y de modelos que permitan predecir de forma fiable su comportamiento mecánico.

En esta tesis se analiza el comportamiento mecánico de un material compuesto formado

por un refuerzo ortogonal en 3D de fibras de carbono, de vidrio S2 y de polietileno, e impreg-

nado en una matriz de tipo polimérica termoestable (epoxi-viniléster). El comportamiento

de este material se ha estudiado frente a solicitaciones de tracción, compresión, cortadura, e

impactos de alta y de baja velocidad. Se ha analizado también el comportamiento mecánico

de los mazos de fibras, aśı como la sensibilidad a la presencia de agujeros y la resistencia

residual después de impacto. El estudio incluye una extensa campaña de inspección de

los mecanismos de rotura, llevada a cabo mediante tomograf́ıa de rayos X, microscoṕıa



óptica, microscoṕıa electrónica y ultrasonidos, que ha permitido conocer la influencia de

los procesos de daño en las propiedades macroscópicas del material compuesto.

También se ha investigado el efecto de la hibridación en los casos de carga fuera del

plano del laminado: torre de cáıda, impacto baĺıstico mediante cañón de gas y flexión de

viga corta apoyada en tres puntos. Para ello, se impacta o se indenta alternativamente

el material compuesto 3D en la cara más rica en fibra de vidrio o en la cara más rica en

fibra de carbono. En el caso de la flexión en tres puntos, se incluye también un estudio

comparativo del efecto de los refuerzos de polietileno.

El estudio se acompaña de una serie de modelos anaĺıticos que permiten predecir, entre

otros, la sensibilidad a la entalla a tracción y compresión, la carga inicial a la que se produce

la delaminación o la curva de impacto baĺıstico del material.

Finalmente, se proponen dos modelos numéricos, ambos formulados en la mesoescala

y basados en la mecánica del daño continuo, para simular la respuesta del material frente

a impacto de alta y de baja velocidad. El primero ofrece una buena correlación con los

resultados experimentales, especialmente para el caso de impactos mediante torre de cáıda;

el segundo es especialmente adecuado para reproducir la curva baĺıstica del material y cap-

turar los mecanismos de fallo correspondientes, y se basa en el uso de elementos cohesivos

y en la superposición de mallas no conformes mediante la técnica de elementos embebidos.



Abstract

Unidirectional fiber-reinforced composites are widely used in the aerospace industry due

to their excellent in-plane mechanical properties, high corrosion resistance, dimensional

stability and fatigue life. Nevertheless, they exhibit poor delamination resistance and

damage tolerance, particularly under impact. The lack of reinforcement in the through-

thickness direction makes them particularly vulnerable to out-of-plane threats caused by

foreign objects, such as ice slabs or open-rotor blade fragments impacting on skin fuselages.

A cost-effective alternative is the use of 3D woven orthogonal reinforcements, in which

delamination resistance and damage tolerance are improved by weaving a yarn in the

through-thickness direction. This technique allows the combination of several fiber types

(hybridization) and enables the optimization of the composite properties by varying the

fiber content. Preforms may be infused by using out-of-autoclave processing techniques,

such as Vacuum Assisted Resin Transfer Molding (VARTM), leading to considerable cost

savings, as opposed to autoclave consolidation.

Despite of the potential of these materials, the use of hybrid 3D woven composites is

limited by the lack of experimental data and reliable models able to predict the mechanical

response of the material.

This work analyzes the mechanical behavior of a hybrid 3D woven orthogonal composite

made up of a thermoset polymeric matrix (epoxy-vinylester) reinforced with carbon and

glass fibers, as well as with polyethylene z-yarns in the through-thickness direction.

The mechanical behavior of the material was studied under tension, compression and

shear, as well as under high- and low-velocity impact. The mechanical behavior of the

yarns, the notch-sensitivity of the composite and its residual strength after impact were

also measured. The study includes an extensive inspection campaign carried out by means

of X-ray computer tomography, optical and electron microscopy, as well as ultrasounds.

These results provide a critical information about the failure micromechanisms involved in

the damage process, which helps to explain the macroscopic properties of the composite.

The influence of hybridization was also discussed under out-of-plane loading, such as

drop-weight tests, ballistic impacts and short beam tests. To this end, the hybrid 3D



composite was alternatively impacted on the carbon or the glass faces. Regarding the

short beam tests, the influence of the z-yarns was also discussed in detail.

A set of analytical models was also included to predict the notch-sensitivity in tension

and compression, the delamination load threshold and the ballistic curve of the composite

material.

Finally, two mesoscale finite element models were formulated within the continuum

damage mechanics framework to simulate the response of the material under high- and

low-velocity impact. The first one shows a good correlation with experimental results,

especially during low-velocity impact, whereas the second one is suited to predict the bal-

listic curve and the failure mechanisms during high-velocity impact. The latter is based on

the combination of cohesive elements and a mesh superposition technique called embedded

element.



Contents

1 Introduction 1

1.1 Objectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

2 Materials and Experimental Techniques 17

2.1 Material description . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

2.2 Experimental techniques . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

3 Tensile Behaviour 25

3.1 Fiber yarns . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

3.1.1 Experimental techniques . . . . . . . . . . . . . . . . . . . . . . . . 26

3.1.2 Results and discussion . . . . . . . . . . . . . . . . . . . . . . . . . 28

3.2 Tensile properties of plain coupons . . . . . . . . . . . . . . . . . . . . . . 29

3.2.1 Experimental techniques . . . . . . . . . . . . . . . . . . . . . . . . 29

3.2.2 Results and discussion . . . . . . . . . . . . . . . . . . . . . . . . . 31

3.2.3 Damage and failure micromechanisms . . . . . . . . . . . . . . . . . 34

3.3 Tensile properties of open-hole coupons . . . . . . . . . . . . . . . . . . . . 52

3.3.1 Experimental techniques . . . . . . . . . . . . . . . . . . . . . . . . 52

3.3.2 Results and discussion . . . . . . . . . . . . . . . . . . . . . . . . . 52

3.4 Modeling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

3.4.1 Prediction of the tensile properties of the coupon . . . . . . . . . . 58

I



Contents

3.4.2 Prediction of the notched response . . . . . . . . . . . . . . . . . . 60

3.5 Concluding remarks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

4 Compressive Behavior 63

4.1 In-plane compressive properties of plain coupons . . . . . . . . . . . . . . . 63

4.1.1 Experimental techniques . . . . . . . . . . . . . . . . . . . . . . . . 64

4.1.2 Results and discussion . . . . . . . . . . . . . . . . . . . . . . . . . 66

4.2 In-plane compressive properties of open-hole coupons . . . . . . . . . . . . 71

4.2.1 Experimental techniques . . . . . . . . . . . . . . . . . . . . . . . . 71

4.2.2 Results and discussion . . . . . . . . . . . . . . . . . . . . . . . . . 72

4.3 Modeling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77

4.3.1 Prediction of the compressive properties of the coupon . . . . . . . 77

4.3.2 Prediction of the notched response . . . . . . . . . . . . . . . . . . 78

4.4 Concluding remarks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81

5 Shear Behavior 83

5.1 In-plane shear behavior . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83

5.1.1 Experimental techniques . . . . . . . . . . . . . . . . . . . . . . . . 85

5.1.2 Results and discussion . . . . . . . . . . . . . . . . . . . . . . . . . 88

5.2 Interlaminar shear behavior . . . . . . . . . . . . . . . . . . . . . . . . . . 100

5.2.1 Experimental techniques . . . . . . . . . . . . . . . . . . . . . . . . 100

5.2.2 Results and discussion . . . . . . . . . . . . . . . . . . . . . . . . . 103

5.3 Concluding remarks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110

6 Damage Tolerance 111

6.1 Experimental techniques . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111

6.1.1 Drop-weight . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111

II



Contents

6.1.2 Compression After Impact . . . . . . . . . . . . . . . . . . . . . . . 112

6.2 Results and discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114

6.2.1 Drop-weight . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114

6.2.2 Compression After Impact . . . . . . . . . . . . . . . . . . . . . . . 119

6.3 Modeling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 122

6.3.1 Delamination threshold . . . . . . . . . . . . . . . . . . . . . . . . . 122

6.3.2 Residual strength . . . . . . . . . . . . . . . . . . . . . . . . . . . . 122

6.4 Concluding remarks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123

7 Impact Behavior 125

7.1 Low velocity impact . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 126

7.1.1 Experimental techniques . . . . . . . . . . . . . . . . . . . . . . . . 126

7.1.2 Results and discussion . . . . . . . . . . . . . . . . . . . . . . . . . 129

7.2 High velocity impact . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 136

7.2.1 Experimental techniques . . . . . . . . . . . . . . . . . . . . . . . . 136

7.2.2 Results and discussion . . . . . . . . . . . . . . . . . . . . . . . . . 138

7.3 Numerical modeling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 148

7.3.1 Low velocity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 148

7.3.2 High velocity: 2D approach . . . . . . . . . . . . . . . . . . . . . . 159

7.3.3 High velocity: 2.5D approach . . . . . . . . . . . . . . . . . . . . . 164

7.4 Concluding remarks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 173

8 Conclusions and Future work 175

8.1 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 175

8.2 Future work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 176

A Laminate Properties 179

III



Contents

B Finite Fracture Mechanics Model 183

C Constitutive Models 187

C.1 Intraply damage . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 187

C.1.1 Fundamentals of continuum damage mechanics . . . . . . . . . . . 187

C.1.2 Computational implementation . . . . . . . . . . . . . . . . . . . . 189

C.2 Interply damage . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 193

C.3 Z-yarns . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 196

Bibliography 212

IV



Chapter 1
Introduction

Fiber Reinforced Polymers

A composite material or simply composite, from Latin compos̆ıtus, is a complex material

made up of at least two constituents, macroscopically distinct and not soluble in each other.

The component that provides strength and stiffness is called reinforcement and can be in the

form of particles, short fibers, whiskers or long fibers; whereas the matrix is the component

in which the reinforcement is embedded. The main role of the matrix is to protect the

reinforcement against chemical attacks and to ensure the load transfer.

Composites can be grouped into three categories depending upon the matrix: metal-

matrix composites (MMCs), ceramic-matrix composites (CMCs) and polymer-matrix com-

posites (PMCs). While the MMCs and CMCs are suited for applications in which hardness,

high-temperature, thermal stability or corrosion resistance are critical, their use is limited

by the high manufacturing costs, Mortensen (2006). The most widely used composites are

those based on a polymeric matrix reinforced with carbon and/or glass fibers.

Polymeric matrices can be divided into thermoplastics (polyethylene, polypropylene,

polystyrene, polyvinylchloride) and thermosets (epoxy, vinylester, phenolic, bismaleimide,

unsaturated polyester), Pascault et al. (2002). Thermoset polymers are stiffer, harder, more

brittle and cheaper than thermoplastics, but less tougher, damage-tolerant and unable to be

reshaped and melted. Regarding the reinforcement, long fibers provide excellent mechanical

properties compared to the bulk material due to the chain orientation of the molecules and

1



Figure 1.1: Unidirectional prepreg tape (courtesy of Zoltek)

the small diameter, which reduces the presence of flaws. Examples of common fibers

include glass, carbon, aramid, boron, silicon carbide and polyethylene. The length of the

fiber ensures the load transfer in shear from matrix to the embedded fiber.

There is a large variety of fiber reinforced polymer (FRPs) composites. The most widely

used are the unidirectional prepreg tapes (Figure 1.1) in which flat laminae are bonded by

the resin. The anisotropy of each ply is overcome by stacking several layers oriented at

various angles. This enables designers to tailor the properties of the material for different

applications.

FRPs composed of carbon, glass or aramid fibers and epoxy matrices stand out among

the most successful structural materials. They exhibit excellent in-plane mechanical pro-

perties, fatigue life, corrosion resistance and dimensional stability, so their use has increased

significantly over the past years (Figure 1.2). Currently, they are in many industrial appli-

cations, in aerospace industry, sports, energy generation, automotive, etc.

However, unidirectional prepreg tapes suffer from two important disadvantages:

• Impact damage typically gives rise to delamination, which is difficult to detect and

reduces the residual strength. The damage tolerance of these materials is low com-

pared against aluminium alloys and steels, limiting their applicability in structures

susceptible to be impacted.

• Prepregs are consolidated in autoclave at high temperatures, which significantly in-

creases the manufacturing costs.

Delamination occurs at the interfaces between plies with different orientation when

the interlaminar shear strength is exceeded. This is mainly due to the elastic mismatch

2



Figure 1.2: Evolution of the use of composites and other materials, Ashby (2005)
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Figure 1.3: Delamination sources in composites, Sridharan (2008)

between adjacent ply elastic constants, but there are other sources of delamination, such

as free edges, ply drops and bending (see Figure 1.3). To improve delamination resistance

and fracture toughness, several methods have been suggested, including z-pinning, resin

toughening, sizing of fibres to increase the interfacial adhesion strength with the resin

matrix, Lee et al. (2002) and interleaving:

• Z-pinning consists on embedding small pins into composites to create a through-

thickness reinforcement. Although in-plane shear strength, interlaminar fracture

toughness and impact damage resistance can be improved, the damage induced dur-

ing manufacturing and the distortion of the fibers around the z-pins reduces the

in-plane properties and fatigue life of z-pinned composites, Chang et al. (2006).

• Toughening of thermoset resin systems can be improved by using modifiers, such as

rubber or thermoplastic particles, but at the expense of the mechanical properties.

This is especially critical at high-temperature, where thermo-oxidation takes place

at the fiber/matrix interphase, causing the embrittlement of the composite, Haque

et al. (2014).

4



• Continuous fibers are usually coated with a thin layer of sizing1, Mortensen (2006), to

prevent abrasion from manufacturing and to strengthen the interface bond, Marston

et al. (1997). Note that chemical reactions and intermolecular forces that enable

bonds are only possible when the matrix is capable of wetting the fibres, Tsu-Wei

(1992), which in turns depends upon the relationship between the surface tension of

the adhesive and the solid phase, Mazumdar (2002).

• Interleaving is done by inserting a thermoplastic resin film between adjacent layers

of 2D textile preforms. This method signicantly improves the fracture toughness in

mode I, but reduces the in-plane compression strength and presents some difficulties

during resin impregnation, Rudov-clark (2007).

A cost-effective alternative to improve delamination resistance is the use 2D woven com-

posites processed by out-of-autoclave techniques, such as Resin Transfer Moulding (RTM)

or Vacuum Assisted Resin Transfer Moulding (VARTM). These materials have tradition-

ally shown better fracture toughness and damage resistance than unidirectional prepreg

tapes due to the higher friction caused by the waviness of the yarns. However, crimping

usually penalizes the in-plane properties, so multiaxial fabrics (also known as non-crimp

fabrics [NCFs]) can be used instead. They also exhibit higher damage tolerance compared

to their unidirectional counterparts, Bibo et al. (1997), but lower in-plane properties, as

well as a modest improvement of the out-of-plane response due to the lack of reinforcement

in the thickness direction.

3D woven composites

VARTM technique allows the usage 2D preforms, such as plain weave, twill or satin

(Figure 1.4) and also three-dimensional fiber architectures. A significant enhancement

of the impact response and damage tolerance is achieved when 3D textile manufacturing

techniques, such as braiding, knitting, stitching and through-the-thickness weaving, are

applied to create 3D fiber reinforcement architectures (Figure 1.5). 3D weaving is the most

widely used among these techniques because of its versatility (the weave pattern and the

amount of binder yarns can be controlled), ability to create complex shapes (Figure 1.6),

lower cost and simplicity. Mouritz et al. (1999a) reported that braiding machines are slow,

1Sizing of carbon fibers is typically done with uncured epoxy resin.
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(a) Plain weave (b) Twill (c) Satin

Figure 1.4: Common weaving patterns of 2D preforms

expensive and only capable of producing narrow preforms; stitching is limited by the size

of the sewing machine and environmental effects, and thick preforms cannot be made by

knitting.

There are several fibre architectures of solid 3D woven composites, namely multilayer,

orthogonal and angle interlock, Hou (2008). The orthogonal is the simplest one and it

consists of inserting two sets of orthogonal yarns alternatively in the direction of the loom

(warp or stuffer) and perpendicularly (weft or filler), Figure 1.7. Another yarn, also known

as z-yarn, warp weaver, z-binder or simply binders, is interlaced in the through-thickness

direction running from the top to the bottom layer. Note that there is always one more fill

layer than warp layer.

The complex distribution of fibers in 3D woven composites ensures a superior impact

resistance and fracture toughness over traditional composites, Mouritz et al. (1999b). The

outstanding impact response and damage tolerance of 3D woven composites has already

been reported by several authors: Tanzawa et al. (1999) carried out double cantilever beam

tests and demonstrated that GIc increases with the density of binders, but decreases with

pre-straining; Pankow et al. (2011) evaluated the flexural response of 3D woven textile

composite panels using the End Notch Flexure test and proved the effectiveness of the

binder in reducing or suppressing delamination; Potluri et al. (2012) compared different

3D woven architectures (orthogonal, angle interlocked, layer-to-layer and modified layer-

to-layer structures) with unidirectional and 2D laminates, and concluded that the 3D

architecture makes the composite more damage-tolerant. The effect of the z-binder on

the in-plane and out-of-plane properties of 3D woven composites at different strain rates

6



(a) 3D woven (b) Warp-Knitted

(c) Braiding process

(d) Stitching process

Figure 1.5: Common 3D textile techniques: weaving, warp-knitting, braiding and
stitching.
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Figure 1.6: Examples of near-net-shape preforms manufactured by 3D textile techniques
(3TEX, Inc)

(a) (b)

Figure 1.7: 3D woven structures: (a) orthogonal and (b) angle interlock, Gu & Zhili
(2002)

8



was studied by Gerlach et al. (2012). Experimental tests conducted by Seltzer et al.

(2013) revealed also that 3D woven architecture offer superior impact resistance and energy

absorption capabilities than the 2D counterparts when subjected to drop-weight tests. This

study demonstrated that state-of-the art 3D characterization techniques, such as X-ray

microtomography (XCT), are extremely useful to understand the initiation and progression

of damage in these materials in which failure processes are inherently 3D. Eventually,

Grogan et al. (2007) reported higher ballistic limit of 3D composites as compared with 2D

materials.

Regarding the in-plane response and the failure mechanisms involved, Cox et al. (1994b)

and Cox (1996) showed that 3D woven composites presented higher failure strains than

conventional multiaxial laminates, together with lower notch sensitivity and higher work of

fracture. Following this pioneer work, there were many papers available in the literature on

the mechanical response of 3D composites, but detailed studies focussing on the comprehen-

sive assessment of the dominant damage micromechanisms in different 3D fiber preforms

have appeared recently. For instance, Bogdanovich et al. (2013) and Ivanov et al. (2009)

carried out a comprehensive experimental analysis of the elastic constants and damage

micromechanisms of 3D non-crimp orthogonal woven composites loaded in tension. They

showed that non-crimp 3D orthogonal woven composites have significantly higher in-plane

strengths, failure strains and damage initiation thresholds than the 2D woven laminated

counterparts.

Manufacturing of 3D woven composites

Three-dimensional woven fabrics are mainly produced by the multiple warp weaving

method, as described in Tong et al. (2012). The process is highly automatized, reducing

manufacturing costs and enabling large-scale production. Once the preform is ready, it

is processed by either RTM or VARTM. The latter is cheaper and easier to handle, since

one half of the mould is replaced by a membrane. As shown in Figure 1.8, the preform

is placed into a one-sided mold covered with a plastic bag and, after sealing the bag,

vacuum is created to draw the resin into the fabric, Mazumdar (2002). Finally, the resin

is cured in situ or in autoclave. It should noted that resin infusion techniques increase

the conformability and the possibility of producing near-net-shapes, which in turn reduces
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Figure 1.8: Schematic Vacuum Assisted Resin Transfer Molding Technique

the amount of joining elements. They are particularly suitable for low to medium volume

production rates.

However, there are various important aspects regarding the manufacturing of 3D woven

composites not discussed so far:

• The proper impregnation of fibers during processing is a main concern in liquid

molding techniques. The permeability K of the fabric varies with the interlacement,

Padaki N V (2010). The presence of the z-yarn increases the interlacement, but it also

promotes the flow of resin in the through-thickness direction, so it remains unclear

how permeability is affected by the 3D reinforcement, Zeng et al. (2014). Permeability

depends also upon the volumetric fraction of fibers, which in turn depends on the

compaction, i.e., the ability of the fabric to form doubly-curved surfaces, which is

usually lower than in 2D fabrics, Zeng et al. (2014). The problem can be modeled by

using Computation Fluid Dynamic (CFD) simulations in which the flow at the resin

channels is modeled as Navier-Stokes fluid and yarns are considered as porous media

governed by Darcy’s law, Zeng et al. (2014), Stig & Hallström (2012), Desplentere

et al. (2005), and Drach et al. (2014).

• Voids created during manufacturing may affect the mechanical properties of the final

composite, Hernández et al. (2013).

• As shown in Figure 1.9, the binder induces some waviness (crimping) in the longi-

tudinal yarns. This also may appear as a result of compaction. The fill yarns are

typically more affected by crimping than the warp yarns due to two main reasons:

warp stuffers are kept in tension during the weaving process, Gerlach et al. (2012);
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z-yarns are only in contact with the fill yarns. Crimping penalizes the mechanical

properties of the material, particularly in compression, Mahadik & Hallett (2011),

Stig & Hallström (2013) and Ferreira et al. (2014).

• Abrasion and damage takes place in the warp yarns during manufacturing. Lee et al.

(2002) quantified the influence of weaving on the mechanical properties of carbon and

glass yarns and concluded that stiffness is not affected, whereas tensile strength is

significantly reduced, particulary in glass yarns. Rudov-Clark et al. (2003) reported

strength reductions of 30% to 50% in the warp yarns woven in a Jacquard loom

(Figure 1.10).

Hybrid 3D woven composites

The mechanical properties of the 3D composites can be further enhanced by using two

or more fiber types. Hybridization has consistently demonstrated better damage toler-

ance under impact, reduced notch-sensitivity and improved fracture toughness than their

carbon-fiber counterparts, Aveston & Kelly (2013); Hanomsilp & Hogg (2003); Naik et al.

(2001); Hosur et al. (2005); Sevkat et al. (2009); Enfedaque et al. (2010); González et al.

(2014); Sayer & Bektas (2010). Dai & Jr (2014) analyzed the fatigue life of a hybrid

composite and concluded that carbon has a positive effect on the tensile-tensile cyclic

loading, but it reduces lifetime in compression-compression cycles. The flexural response

of carbon-glass hybrid composites was also measured by Dong et al. (2012), showing that

hybridization may improve flexural strength in 3.2 − 8.0%. Hybridization of aramid and

E-glass fibers showed that strength increases with strain-rate, Gu et al. (2007).

Applicability of hybrid 3D woven composites

3D woven composites are particularly suitable for applications in which high energy

absorption capabilities, low areal density and cost-effective materials are required, such as

impact protection of primary structures in aerospace industry.
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Figure 1.9: (a) Micrograph and (b) XCT image showing how the z-yarn causes crimping
on the fill yarns of a hybrid 3D woven composite.
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(a)

(b)

Figure 1.10: (a) Jacquard loom, Rudov-Clark et al. (2003) and (b) warp supply (Uni-
versity of Manchester) for 3D weaving.
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1.1 Objectives

Despite of the potential advantages of hybrid 3D composites, there are only few studies

devoted to analyze the mechanical response of these materials (Mahmood et al. (2013),

Böhm et al. (2011), Jr & Dai (2013)). The huge variety and the complexity of the 3D fiber

architecture makes the prediction of mechanical properties of 3D composites a challenging

task, as their deformation and failure mechanisms are very complex and can show large

differences as a function of the loading conditions and of the 3D fiber preform, especially

when several fiber types are combined in a single material. In general, it can be concluded

that the use of hybrid 3D woven composites is limited by the lack of experimental data,

analytical models and affordable numerical strategies.

This work provides a comprehensive study of the mechanical response of a hybrid 3D

orthogonal woven composite subjected to quasi-static and impact loads. The work studies

in detail the influence of the through-thickness reinforcement and of hybridization on the

mechanical response of a composite made up of epoxy-vinylester resin reinforced with glass,

carbon and polyethylene fibers. To this end, experimental tests were combined with ana-

lytical models and an extensive damage inspection campaign. The information extracted

from experimental tests was used to validate a numerical model, which accounts not only

for the interply and intraply failure mechanisms, but also for the effect of the z-yarn.

Unlike most of the models available in the literature, which are based on micromechani-

cal approaches and the use of representative volume elements, this model can be used to

reproduce complex loading states, such as impact, with an affordable computational cost.

Outline

This thesis dissertation is divided into two parts. The first part addresses the quasi-

static response of the hybrid 3D orthogonal woven composite under tension, compression

and shear (Chapters 3, 4 and 5), whereas the second part analyzes the damage tolerance

(Chapter 6) and the mechanical response of the material under low- and high-velocity

impact (Chapter 7). The material and the X-Ray tomography technique are previously

described in Chapter 2.

It is worth noting that the quasi-static part includes also fibre yarn tensile tests, load-

unload tensile test of coupons, as well as open-hole coupon tests in tension and compression.
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Moreover, the influence of the z-yarns on the out-of-plane shear response of the composite

material is studied in Chapter 5.
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Chapter 2
Materials and Experimental

Techniques

2.1 Material description

A composite panel was manufactured by vacuum infusion of an epoxy-vinylester resin

(Derakane 8084) into a hybrid 3D orthogonal woven composite. Both the dry perform

and composite panel were provided by 3TEX, Inc. (Cary, North Carolina, USA) with

the commercial name p3w-d00001-hx21 (Figure 2.1). The preform was manufactured by

using the 3WEAVEr technique, Mansour H. Mohamed & Mahmoud M. Salama (2001),

Yushanov et al. (1999). This technique is characterized by the simultaneous insertion of

all of the fill-directional yarns by special system of rapiers moved between the layers of

warp directional yarns in each cycle of weaving operation; the use of special multi-harness

system for through-thickness yarn insertion enabling to produce certain complex shapes

and various hybrid fiber architectures; gentleness of the weaving method to all fibers, owed

to a relatively low machine speed, and especially gentle treatment of warp-directional fibers

which do not go through harness frames, Bogdanovich (2007).

The preform was non-symmetric and consisted of three warp (0) and four fill (90) fiber

layers stacked as a cross-ply laminate [90c,0c,90c/s2,0s2,90s2,0s2,90s2]. The diagram of the 3D
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(a) carbon face (b) glass face

Figure 2.1: Flat infused panel of the hybrid 3D woven composite.

preform is shown in Figure 2.2(a). The fibers in the inner layers were distributed in yarns

rectangular in shape, whereas the shape was elliptical in the outer layers (Figure 2.2(b)).

The top four layers were made up of S2 glass fibers and the bottom 2 layers of AS4C carbon

fibers. The hybrid layer (containing glass and carbon fibers) oriented in the fill direction

was located between the glass and the carbon layers. Each tow of this layer contained

both AS4C and S2 glass fibers, which were not intermingled but separated in two different

zones of the tow (i.e. one half of the tow was formed by carbon fibers and the other half

by glass fibers). It should also be noticed that every other tow was missing in the carbon

layer oriented in the warp direction. In addition, the composite panel was reinforced in

the through-thickness direction by z-yarn binders made up of ultra-high molecular weight

polyethylene (PE) fiber (Dyneema SK75) that went from top to bottom layers in the warp

direction. Note that consecutive z-yarns were out of phase. The diameter of the glass,

carbon and dyneema fibers were 9 µm, 6.9 µm and 21 µm, respectively.

The nominal thickness of the dry fabric was 3.02 mm and its areal density was 4.24

kg/m2. The nominal thickness of the composite was 4.1 mm, with an areal density of 6.44

kg/m2. The overall fiber volume fraction in the composite was 47%. The areal density

of the individual plies and the fiber density were provided by the manufacturer (Table

2.1). These data were used to obtain the volume fraction of each type of fiber in each

direction (warp or fill), as shown in Table 2.2. In addition, the matrix volume fraction was
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Figure 2.2: (a) Schematic of the unit cell of the hybrid 3D woven fiber preform. Carbon
fiber bundles are shown in grey (dark grey for the warp direction and light grey for the
fill), hybrid bundles in white and glass fiber bundles in red (dark red in the warp direction
and light red in the fill direction). PE z-yarn binders in the warp direction are plotted
in navy blue. (b) XCT tomography of the internal structure of the material.
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determined from the matrix density and the weight of the composite panel before and after

infiltration. This is also given in Table 2.2.

The local volume fraction Vf of fibers within the yarns was measured by optical mi-

croscopy, whereas the volume fraction of yarns within each ply Vg was measured by using

XCT. Values varied in both cases from approximately 0.62 to 0.70, which led to a global

volume fraction of fibers within each lamina V0 = VfVg = 0.43− 0.50.

layer fibre areal density yarn spacing
g/m2 yarn/mm

7 fill Agy S2-glass 427.2 0.3228
6 warp Agy S2-glass 779.8 0.3937
5 fill Agy S2-glass 854.4 0.3228
4 warp Agy S2-glass 779.8 0.3937
3 fill S2-glass / carbon 213.6 / 261.1 0.3228
2 warp AS4C carbon 315.3 0.3937
1 fill AS4C carbon 518.8 0.3228
warp weaver Polyethylene SK75 74.6 0.3937

Table 2.1: Details of the dry fabric provided by 3TEX, Inc.

Material ρ warp fill total
(g/cm3) (%) (%) (%)

Glass S2 2.48 15.4 14.7 30.1
Carbon AS4C 1.78 4.3 10.7 15.0

Polyethylene SK75 0.97 1.9 — 1.9
Total fibers 21.6 25.4 47

Matrix 1.02 53

Table 2.2: Density (ρ) and volume fraction of matrix and fibers as a function of fiber
type and orientation within the hybrid composite.
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2.2 Experimental techniques

To measure strains during the mechanical tests, both extensometry and digital image

correlation (DIC) were used. The latter is a non-contacting optical technique to measure

the displacement field on the surface of a specimen at different stages during deformation.

The full strain field on the surface can be obtained afterwards as the derivative of the

displacement field. The foundation of the technique is very simple: the displacement field

is computed by tracking the distribution of grey intensity on the specimen surface in images

acquired at different stages upon loading, Canal et al. (2012a).

The microstructure of the material was inspected by using several techniques, namely

optical microscopy, scanning electron microscopy (SEM), C-scan ultrasounds and X-Ray

computed tomography (XCT). Optical microscopy is easy-to-use, cost-effective and can

be used for any material, whereas SEM provides an excellent resolution. However, such

techniques only provide information of a specific section and, moreover, damage can be

introduced during sample preparation. C-scan is widely used in aerospace industry to

measure delamination in composites, but is unable to determine the shape of the flaws nor

distinguish between failure modes. XCT is particularly powerful, because it enables the

visualization of a 3D image so that the reconstructed volume can be cut by any plane; it

is also a non-destructive technique which ensures that the sample is free of damage. The

technique is further described below.

X-ray computed tomography

XCT is a non-destructive imaging technique in which the 3D view of an object can be

reconstructed from several X-ray images collected at different angles. X-rays are gener-

ated by the acceleration of electrons towards a target material, normally made of a heavy

element, such us tungsten or molybdenum. The electrons are extracted from a tungsten

filament (cathode) with a V-shape when a high voltage is applied to it (Figure 2.3). The

accelerated electrons travel inside a vacuum tube towards the anode and then to the end

of the tube where they crash against the target, which is positioned in between the X-ray

source and the detector. The interactions of the electron beam with the atoms of the

target material produce the X-ray spectrum that is used for the tomographic scan. X-rays

traveling through the sample are attenuated depending on the absorption coefficient of the
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Figure 2.3: Scheme of working principle of an open X-ray tube with a transmission
target.

material and the energy of the incident X-ray beam reaching the detector which records a

radiography.

The sample can be modeled as a two or three-dimensional distribution of the X-ray

attenuation coefficient, µ(x, y), which is a property that characterizes the ability of the

material to absorb X-ray from the beam source. The radiation intensity I transmitted

through a layer of material, Figure 2.4, is related to the incident intensity I0 according to

Lambert-Beer’s law, equation 2.1. This equation relates the total attenuation p(t) (ratio

of transmitted to incident intensity of radiation) through the X-ray absorption coefficient

of the material, µ(x, y):

p(t) = ln
I

I0

= exp

[∫
Γ

µ(x, y)ds

]
(2.1)

where the line integral represents the total attenuation suffered by the X-ray beam traveling

along a straight path s(x,y) through the cross-section of the object and t the distance from

each ray of parallel beam to the center of rotation, Figure 2.4.
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Figure 2.4: Principle of tomography and illustration of the Fourier slice theorem

The procedure for the reconstruction of a sample volume from the radiographies col-

lected at different angles θ of rotation is summarized briefly, and explained on a parallel

beam configuration for simplicity. During radiography collection, sample rotates around

the z-axis (perpendicular to the paper). The cross-section of the sample is described by

the function f(x, y). The X-ray beam is assumed to be formed by parallel rays. When

each ray passes through the sample, part of the radiation is absorbed and the attenuated

intensity, p(t, θ), is collected in the detector. The attenuation will depend on the absorption

coefficient of the material crossed and on the length of the path s through the sample.

Once the different projections are recorded for a set of rotation angles, the next step is to

obtain the tomographic reconstruction of the original object. The object is reconstructed

by means of the projection-slice theorem, Herman (1980), Kak & Slaney (1987). This

theorem establishes that the reconstruction of the object f(x, y) is possible from the X-ray

attenuation projections acquired at infinite rotation angles, p(t, θ). This function p(t, θ) is

also known as the Radon transform. The projection-slice theorem states that it is possible

reconstruct the cross-section of the object by f(x,y) finding the inverse Radon function of

p(ω, θ) (Fourier inverse transform). By stacking up a series of cross-sections a volume of

the object is obtained. Unfortunately, the inverse Radon transform is extremely unstable

with respect to noisy data. In practice, a stabilized and discretized version of the inverse

Radon transform (known as the Filtered Back Projection algorithm) Herman (1980), Kak

& Slaney (1987) is used. The idea of the back projection is to assign to each point of

the object the average intensity of all the projections that pass through that point. The
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back projected image is, however, a blurred version of the original object. To overcome

this effect, the reconstructed object is filtered using a high pass filter. Finally, the object

is reconstructed by means of specific interpolation techniques. All the samples studied

in this work were reconstructed using the algorithm based on the filtered back-projection

procedure.
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Chapter 3

Tensile Behaviour

The main goal of this chapter is to present a detailed analysis of the mechanical response

and failure micromechanisms in tension of the hybrid 3D orthogonal woven composite.

Plain and open-hole composite coupons were tested in tension until failure in the fill and

warp directions. The macroscopic evolution of damage in the composite coupons was

assessed by means of periodic unloading-reloading (to obtain the elastic modulus and the

residual strain), whereas the microscopic mechanisms were established by means of X-ray

computed microtomography. To this end, specimens were periodically removed from the

mechanical testing machine and infiltrated with ZnI-containing liquid to assess the main

damage modes as a function of the applied strain. Damage inspection was completed

with the examination of post-mortem specimens by means of optical microscopy, scanning

electron microscopy and XCT. In addition, fiber tows were extracted from the dry fabric,

impregnated with the matrix and tested in tension. The experimental observations and the

predictions of an isostrain model were used to understand the key factors controlling the

elastic modulus, strength and notch sensitivity of hybrid 3D woven composites in tension.

In addition, an analytical model based on Finite Fracture Mechanics was used to predict

the notch behavior. All this information provides a comprehensive picture of the effect of

fiber hybridization, 3D fiber architecture, crimping and damage on the mechanical behavior

of hybrid 3D woven composites in tension.
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3.1 Fiber yarns

3.1.1 Experimental techniques

In addition to the composite specimens, the mechanical properties of the different fiber

yarns were also measured following the recommendations of the ASTM D4018 (1999).

Individual tows of carbon, glass and polyethylene were carefully extracted from the dry

fabric to avoid damage. They were impregnated with Derakane 8084 epoxy-vinylester resin

and cured at room temperature, following the instructions of the resin manufacturer, with

a gelification time of 30 min. The procedure is illustrated in Figure 3.1. The linear density

of the fiber tows before and after impregnation was measured. Cu tabs were glued to the

impregnated tows, leading to a free length of 150 mm. They were tested in tension until

failure under stroke control at 5 mm/min. Load and strain were continuously recorded

during the test, the latter with an extensometer.

Thermo-gravimetric analyses of the impregnated carbon and glass yarns were conducted

in a TGA Q50 Thermal Analyser (TA Instruments). All experiments were carried out in air

with a purge rate of 60 ml/min and a heating rate of 10◦C/min up to 1000◦C. The sample

weight was approximately 10 mg and 18 mg for carbon and glass fiber tows, respectively.

The fiber weight fractions were 64% and 69% for carbon and glass fibers, respectively,

which led to fiber volume fractions of 50.5% and 48%. This methodology could not be

used to obtain the fiber volume fraction in the PE fiber yarns because of the low melting

point of the fibers.

Six tows were tested in tension until failure for each fiber type. The average stress in

the fibers is plotted as a function of the applied strain in Figure 3.2 for the carbon (AS4C),

glass (S2) and polyethylene (SK75) fibers. The matrix contribution was neglected in the

stress analysis and the average stress in the carbon and glass fibers was computed from

the applied load P , the tow cross-section and the fiber volume fraction, as determined by

the thermo-gravimetric analysis. In the case of the PE yarns, the average fiber stress was

computed as Pρf/λy, where ρf stands for the fiber density and λy is the linear density of

the dry yarn.
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(a) Applying moulding re-
lease agent

(b) Stirring (c) Pouring

(d) Tool (e) Threading (f) Impregnating

(g) Draining (h) Sliding and tightening (i) Specimens without tabs

(j) Tabbing (k) Centering tabs (l) Final specimens

Figure 3.1: Yarn impregnation procedure
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Figure 3.2: Stress-strain curves of the fiber tows. (a) Carbon and glass fiber tows (b)
Polyethylene fiber yarns

3.1.2 Results and discussion

The carbon tows (Figure 3.2a) presented a linear elastic behavior up to 0.5% strain.

Beyond this point, three specimens showed a slight reduction in stiffness, whereas two

maintained the initial modulus until failure. One specimen presented evidence of damage

(sudden stress drop) before final failure. All of them failed in a brittle fashion when the

strain was in the range 1.2% - 1.9 %. Evidence of carbon stiffening was not found in

these tests. The glass fiber tows (Figure 3.2a) also presented a linear elastic behavior up

to 1.6%. The elastic modulus decreased with the applied strain beyond this point and

damage prior to failure was observed in most of the yarns for applied strains in the range

2% to 3%. Final fracture occurred in a brittle fashion, as in the case of the carbon fiber

tows, although at higher strains (in the range 3% to 5%). The PE fiber yarns (Figure

3.2b) showed a more ductile behavior and the stress-strain curves were non-linear in the

whole range of deformation. The elastic modulus increased up to 1.0-1.5% strain and then

decreased up to failure, which occurred at an applied strain in the range 4.0%-4.3%. It

should be noted that the scatter in the stress-strain curves of the PE yarns was very small.

The average elastic modulus, failure strain and tensile strength of the fiber tows, together

with the corresponding standard deviations, are summarized in Table 3.1.
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Table 3.1: Elastic modulus, tensile strength and fracture strain of the fibers within the
fiber yarns

Fiber type Elastic modulus Tensile strength Failure strain
(GPa) (GPa) (%)

Glass S2 82 ± 1 2.4 ± 0.3 4.0 ± 1.0
Carbon AS4C 207 ± 2 2.8 ± 0.4 1.5 ± 0.2

Polyethylene SK75 85 ± 1 2.5 ± 0.2 4.1 ± 0.2

3.2 Tensile properties of plain coupons

3.2.1 Experimental techniques

Rectangular specimens of 250 × 25 × 4.1 mm3 were machined from the plate with

the longest dimension aligned in either the warp or the fill direction for the mechanical

tests. Glass fiber tabs of 50 mm in length were glued to the specimens, leading to a free

length of 150 mm. They were tested in tension in an electromechanical universal testing

machine (Instron 3384) following the recommendations of the ASTM D3039 (2000). Tests

were carried out under stroke control at 2 mm/min and the load was continuously measured

during the test with a load cell of 150 KN. Since composite is non-symmetric (and coupling

between bending and extension might occur), the longitudinal strain was recorded on both

faces of the specimen using an extensometer of 50 mm gage length on one face and digital

image correlation (Vic2D) on the other. Periodic unloading-reloading was carried out in

one test in each direction (warp or fill) to estimate the stiffness degradation as a function

the applied strain.

XCT of the specimens was performed with a Nanotom 160NF (Phoenix) at 70-90 KV

and 120-180 µA using a W target. 1800 radiographs were acquired for each tomogram

with an exposure time of 1000 ms. The reconstructed volumes presented a resolution of

13-15 µm/voxel. Emphasis was placed on the qualitative assessment of the main damage

mechanism in each material as a function of applied strain rather than in the quantification

of specific damage modes (delaminated surface, volume of cracked tows, fraction of broken

fibers, etc.).

The damage micromechanisms in the composite specimens tested in tension in the warp

and fill directions were analyzed as a function of the applied strain by means of XCT. To

29



Figure 3.3: Specimen immersion in dye penetrant liquid prior to testing.

this end, tow coupons in each direction were deformed up to pre-defined strains. The tests

were stopped and the specimens were immersed in a liquid for 2 hours while holding the

displacement constant to facilitate the penetration of the liquid into the cracks (see Figure

3.3). The liquid was composed of 60 g of ZnI in 10 ml of water, 10 ml of ethanol and 10 ml

of Kodak Photo-Flo 200. The specimens were removed from the machine and inspected by

XCT as detailed below. Previous investigations have demonstrated that the immersion in

this liquid does not modify the damage mechanisms in composites Sket et al. (2014).

Finally, post-mortem specimens were inspected by using three different techniques:

optical microscopy, scanning electron microscopy and XCT:

• Optical microscopy. An optical microscope (Olympus BX-51) was used to inspect four

sections located parallel and perpendicular to the load in the warp and fill directions.

Samples were previously grounded and polished according to the standard procedure.

• Scanning electron microscopy (EVO MA15, Zeiss) was used to inspect transverse

sections of post-mortem samples loaded in either warp or fill direction. A cutting

yarn machine was used, so that no polishing was required. Specimens were sputter-

coated with gold during 60s with a current of 20 mA (Quorum, Q150T ES).

• Four post-mortem specimens were cut at an increasing distance to the failure sec-

tion. Samples were cut perpendicular to the loading axis to obtain high resolution

images (4-5 µm) while keeping the region of interest free of damage. The sample was

examined by XCT without dye penetrant.
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3.2.2 Results and discussion

Three tensile tests were carried out in the fill and warp directions. The corresponding

stress-strain curves are plotted in Figures 3.4a and 3.4b. The strains were measured by

conventional extensometry on the glass face of the coupon and by digital image correlation

on the carbon face. They are plotted in Figure 3.4c for two representative tests in the fill and

warp direction. The differences in the strain between both faces were negligible, indicating

that the extension-bending coupling induced by the asymmetry of the composite did not

play a significant role in the tensile behavior,1 at least until the fracture of the carbon

fibers.

The stress-strain curves in the fill direction (Figure 3.4a) presented a linear-elastic

behavior up to a strain in the range 1.2% to 1.6%, which is similar to the failure strain of

the carbon fiber tows (Figure 3.2a). There was a sudden drop in the load bearing capacity of

the composite but the load increased slightly with further strain until catastrophic failure,

which occurred at an applied strain below 2.5%. The initial part of the stress-strain curve

was also linear in the warp direction (Figure 3.4b), but a slight non-linearity was detected

before the load peak, which occurred when the applied strain was in the range 1.3% to 1.7%,

as in the fill direction. Nevertheless, the load bearing capacity of the composite increased

with further straining and the maximum strength was attained for applied strains in the

range 2.1% to 3.1%, just before the coupon failed catastrophically. This failure strain is

compatible with the development of damage in the glass fiber tows.

Thus, composite coupons loaded in tension along the fill and warp direction presented

two peaks. The maximum strength along the fill direction was attained in the first peak

and was controlled by the fracture of the AS4C carbon fiber yarns. The maximum strength

in the warp direction was attained in the second peak and was controlled by the fracture

of the S2 glass fiber tows. It should be noted that the main differences in the composite

architecture between the fill and warp directions were the presence of an extra hybrid ply

with the fibers oriented in the fill direction and that the PE z-yarn binders were oriented

along the warp direction.

1Despite of the non-symmetry of the laminate, the coupling bending-extension within the elastic regime
is almost negligible. The higher stiffness of the carbon layers is balanced with a higher number of glass
layers. The value of the matrix B is presented in the Appendix A.
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Figure 3.4: Stress-strain curves of the plain composite coupons. (a) Fill direction. (b)
Warp direction. The solid circles in the curves indicate the instants in which the test was
stopped and the coupons were examined by means of XCT. (c) Tensile strains measured
by conventional extensometry on the glass face and by digital image correlation on the
carbon face for two representative tests in the fill and warp direction, respectively.
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Figure 3.5: Evolution of the elastic modulus and of the residual strain (at zero load)
with the applied strain. (a) Fill direction. (b) Warp direction.

The evolution of the stiffness as a function of the applied strain was obtained from the

tests in which the coupon was periodically unloaded and reloaded. It is plotted in Figures

3.5a and 3.5b for the coupons deformed in the fill and warp directions, respectively. The

stiffness was obtained from the slope of the stress-strain curve at the beginning of the

unloading cycle, from the initial unloading point up to the point at which the load has

decreased by 20%. The residual strain (understood as the longitudinal strain at zero load

at the end of the unloading part of the cycle) is also plotted in these figures. In the case of

the coupons deformed in the fill direction (Figure 3.5a), the stiffness remained constant (or

even increased slightly) up to the onset of carbon fiber failure (1.3%-1.4%), even though

the continuous increment of the residual strain in this range indicated the development

of irreversible damage mechanisms in this region. It should be noted that the PE z-yarn

oriented in the warp direction induced fiber crimping in the fill tows and the straightening

of the carbon and glass fiber tows upon deformation could compensate the reduction in

stiffness due to damage, leading to this plateau in the longitudinal stiffness. Fracture of

the carbon fiber yarns led to a dramatic reduction in stiffness prior to failure while the

permanent strain increased accordingly. In the coupons oriented along the warp direction

(Figure 3.5b), stiffening of the coupon due to the straightening of glass and carbon fiber

yarns was not significant and a continuous reduction in stiffness was observed from the

beginning of the test, together with an increase in the residual strain. Both (reduction in
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stiffness and increase in residual strain) were enhanced after fracture of the carbon fiber

tows.

3.2.3 Damage and failure micromechanisms

Loading along the fill direction

XCT provides unique information regarding the microscopic damage and failure mi-

cromechanisms which develop during deformation of the complex 3D microstructure of the

hybrid composite material. XCT was carried out in one coupon deformed in the fill direc-

tion and deformed up to strains of 1.05% and 1.74% (marked with solid circles in Figure

3a). The first analysis occurred in the linear region of the stress-strain curve, before carbon

fiber breakage took place. Two cross-sections of the investigated volume parallel to the

loading axis are shown in Figure 3.6. Bright regions in the tomograms correspond to cracks

(or pores), whose contrast was enhanced by the presence of ZnI. The two carbon layers

running in the fill and warp directions are at the top in Figure 3.6a. The missing yarn every

other yarn in the warp direction is clearly visible in the same figure. The four glass fiber

layers are at the bottom and the hybrid layer (light grey/dark grey contrast) is in between.

The resin-rich area due to the missing yarn enhanced crimping of the adjacent carbon and

carbon/glass yarns in the fill directions, leading to delamination of the fill tows from the

matrix (marked with arrows). These delamination cracks propagated along the tows and

notice that delamination was asymmetric: only the upper or the lower tow boundary was

delaminated from the matrix. In addition, tensile transverse cracks were observed in the

fiber tows oriented in the warp direction (perpendicular to the tensile loading). These

cracks propagated through the matrix (and along the interface) within the fiber tows. The

parallel cross-section in Figure 3.6b depicted the same failure mechanisms (namely, delam-

ination of the carbon and hybrid fill tows from the matrix near the missing warp tows and

tensile cracking of the warp tows) but it is worth noting that the PE z-yarns arrested the

propagation of the delamination cracks. In addition, delamination of PE z-yarns was also

evident (marked with arrows).
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(a)

(b)

Figure 3.6: Tomograms of the coupon loaded in the fill direction up to 1.05% strain (a)
Longitudinal section parallel to the (horizontal) loading axis. (b) Another longitudinal
section parallel to the (horizontal) loading axis which contains the PE z-yarns. Glass
fiber tows appear light grey, carbon fibers, PE z-yarns and matrix appear dark grey
and white regions correspond to cracks infiltrated by ZnI. Arrows indicate the different
damage mechanisms: d stands for delamination cracks from the fiber tows and z-yarns
and t indicates transverse tensile cracks within the fiber tows.

35



Further information about the damage mechanisms was obtained from the cross-sections

perpendicular to the loading axis, which are shown in Figure 3.7. The delamination cracks

at the boundary of the carbon and glass fiber tows (already shown in Figure 3.6a) are

also visible in these tomograms, together with delamination cracks at the boundary of PE

z-yarns (Figure 3.7a). In addition, cracking within the fiber tows parallel to the loading

axis (marked with arrows) was found (Figures 3.7a and 3.7b). Their number was higher in

the fiber tows surrounded by the PE z-yarns (Figure 3.7a), in which cracks oriented in the

horizontal and vertical direction are seen. The cracks parallel to the loading axis within the

fiber tows could not be attributed to the far-field tensile stress field, but to the longitudinal

shear stresses that develop within the tow as a result of asymmetric tow delamination from

the matrix, i.e. the upper boundary of the tow delaminates from the matrix and deforms

along the loading direction while the lower boundary remains adhered to the matrix (or

viceversa).

The second XCT inspection of the specimen loaded in the fill direction was carried out

at 1.74% strain after fracture of the carbon fiber tows. The tomograms in the longitudinal

sections parallel to the loading axis are shown in Figure 3.8. Fracture of the carbon fiber

tows is clearly visible in the upper region of the specimen, as well as extensive delamination

of the fiber tows from the matrix (Figure 3.8a). In addition, delamination cracks propagated

from one layer to another through the warp tows. The parallel section containing the PE

z-yarns (Figure 3.8b) shows that they were able to arrest the longitudinal delamination

cracks. In addition to these failure mechanisms, tensile cracks within the warp were found

in both longitudinal sections. The inspection of the composite sections perpendicular to the

loading axis (Figure 3.9) showed that fracture of the carbon tows enhanced the development

of the delamination cracks at the boundary of all the fiber tows (carbon, glass and PE). As

a result, the number of shear cracks parallel to the loading axis also increased and multiple

shear cracks were visible within many glass fiber tows (Figure 3.9b).

The third inspection of the specimen loaded in the fill direction was carried out at

ε ≈ 2.0% after failure of the specimen. Optical microscopy was used for that purpose. As

shown in Figure 3.10(a), extensive damage is observed in the carbon tows, whereas glass

yarns remain intact at the section analysed. A closer examination (Figure 3.10(b)) revealed

that damage actually initiated at the fiber-matrix interface.
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(a)

(b)

Figure 3.7: Tomograms of the coupon loaded in the fill direction up to 1.05% strain.
(a) Transverse section perpendicular to the loading axis which contains the PE z-yarns.
(b) Another transverse section perpendicular to the loading axis. Glass fiber tows appear
light grey, carbon, PE fibers and matrix appear dark grey and white regions correspond
to cracks infiltrated by ZnI. Arrows indicate the different damage mechanisms: d stands
for delamination cracks from the fiber tows and z-yarns and s indicates shear cracks
within the fiber tows.

37



(a)

(b)

Figure 3.8: Tomograms of the coupon loaded in the fill direction up to 1.74% strain. (a)
Longitudinal section parallel to the (horizontal) loading axis. (b) Another longitudinal
section parallel to the (horizontal) loading axis which contains the PE z-yarns. Glass fiber
yarns appear light grey, carbon fiber yarns and matrix appear dark grey and white regions
correspond to cracks or voids infiltrated by ZnI. Arrows indicate the different damage
mechanisms: f stands for the fracture of the carbon fiber tows, t tensile transverse cracks
within the fiber tows, d delamination of the fiber tows, sc slanted translaminar cracks
within the fiber tows created by propagation of delamination cracks through the tow and
v voids.
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(a)

(b)

Figure 3.9: Tomograms of the coupon loaded in the fill direction up to 1.74% strain.
(a) Transverse section perpendicular to the loading axis (b) Another transverse section
perpendicular to the loading axis which contains the PE z-yarns. Glass fiber yarns appear
light grey, carbon fiber yarns and matrix appear dark grey and white regions correspond
to cracks or voids infiltrated by ZnI. Arrows indicate the different damage mechanisms:
t tensile cracks within the fiber tows, d delamination of the fiber tows, s indicates shear
cracks within the fiber tows, and v voids.
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(a) Composition of two micrographs. The presence of
cracks is much more evident in carbon and hybrid tows
(top) than in glass yarns (bottom)

(b) Fiber-matrix debonding

Figure 3.10: Micrographs of the coupon loaded in the fill direction up to final failure.
Transverse section perpendicular to the loading axis. Glass fiber yarns appear dark grey,
carbon fiber yarns and matrix appear light grey.
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Loading along the warp direction

XCT was carried out in one coupon deformed in the warp direction at strains of 1.19%

and 2.15% (marked with solid circles in Figure 3.4b). The tomograms of cross-sections par-

allel and perpendicular to the loading axis deformed up to 1.19% are depicted in Figures

3.11 and 3.12, respectively. The main damage mechanisms observed in the longitudinal

sections which did not contain PE z-yarns were fiber tow delamination and tensile trans-

verse cracks within the fiber tows (Figure 3.11a). Delamination cracks were occasionally

deflected into the fiber tows, propagated across the tow and led to another delamination

crack at the opposite tow surface. The sections containing PE z-yarns also showed ex-

tensive delamination of the PE yarns from the matrix and carbon and glass fiber tows,

while delamination cracks between matrix and carbon or glass were arrested by the z-yarns

(Figure 3.11b).

The XCT of the sections perpendicular to the loading axis at 1.19% strain (Figure 3.12)

showed the expected damage mechanisms: delamination cracks between the matrix and

the fiber tows (PE, carbon and glass) as well as extensive shear cracks within the carbon

and glass fiber tows induced by the asymmetric delamination of the fiber tows from the

matrix.

XCT in the composite coupons loaded in the warp direction after the fracture of the

carbon yarns are depicted in Figures 3.14 and 3.15. Figure 3.14 includes the cross-sections

parallel to the loading axis, in which extensive tensile transverse cracks in the carbon tows

appear as the main damage mechanism (Figure 3.14a). Delamination cracks at the fiber tow

interfaces are visible but preferentially at the PE z-yarn boundaries (Figure 3.14b). They

propagated into the carbon and glass fiber tows, leading to extensive intratow cracking.

The cross sections perpendicular to the loading axis showed extensive damage in the carbon

fiber tows (Figure 3.15), while shear cracking of the glass and hybrid fiber tows was visible

throughout the section. Maximum shear crack density within the tows was found on the

sections containing the PE z-yarns (Figure 3.15b) and it was triggered by the shear stresses

within the tow promoted by the delamination of the z-yarns.

The third inspection of the specimen loaded in the warp direction was carried out at

ε ≈ 2.8% after failure of the specimen. Three different techniques were used for that
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(a)

(b)

Figure 3.11: Tomograms of the coupon loaded in the warp direction up to 1.19% strain.
(a) Longitudinal section parallel to the (horizontal) loading axis (b) Another longitudinal
section parallel to the (horizontal) loading axis which contains the PE z-yarns. Glass
fiber yarns appear light grey, carbon fiber yarns and matrix appear dark grey and white
regions correspond to cracks infiltrated by ZnI. Arrows indicate the different damage
mechanisms: t tensile transverse cracks within the fiber tows, d delamination of the
fiber tows, sc slanted translaminar cracks within the fiber tows created by propagation
of delamination cracks through the tow.
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(a)

(b)

Figure 3.12: Tomograms of the coupon loaded in the warp direction up to 1.19% strain.
(a) Transverse section perpendicular to the loading axis (b) Another transverse section
perpendicular to the loading axis which contains the PE z-yarns. Glass fiber yarns appear
light grey, carbon fiber yarns and matrix appear dark grey and white regions correspond
to cracks infiltrated by ZnI. Arrows indicate the different damage mechanisms: s shear
cracks within the fiber tows, d delamination of the fiber tows, and v indicated voids
(which appear black).
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(a)

(b)

Figure 3.14: Tomograms of the coupon loaded in the warp direction up to 2.15% strain.
(a) Longitudinal section parallel to the (horizontal) loading axis. (b) Another longitudinal
section parallel to the (horizontal) loading axis which contains the PE z-yarns. Glass
fiber yarns appear light grey, carbon fiber yarns and matrix appear dark grey and white
regions correspond to cracks infiltrated by ZnI. Arrows indicate the different damage
mechanisms: f stands for the fracture of the carbon fiber tows, t tensile transverse cracks
within the fiber tows, d delamination of the fiber tows, sc slanted translaminar cracks
within the fiber tows created by propagation of delamination cracks through the tow.
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(a)

(b)

Figure 3.15: Tomograms of the coupon loaded in the warp direction up to 2.15% strain.
(a) Transverse section perpendicular to the loading axis (b) Another transverse section
perpendicular to the loading axis which contains the PE z-yarns. Glass fiber yarns appear
light grey, carbon fiber yarns and matrix appear dark grey and white regions correspond
to cracks infiltrated by ZnI. Arrows indicate the different damage mechanisms: f stands
for the fracture of the carbon fiber tows, s shear cracks within the fiber tows, and d
delamination of the fiber tows.
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purpose: optical microscopy, scanning electron microscopy (SEM) and XCT (without dye

penetrant). Significant differences were found between in-plane and out-of-plane loading.

In-plane loading. As shown in Figure 3.16, transverse tensile stresses led to three fail-

ure modes: translaminar cracks propagating from one yarn to another across the matrix,

debonding at the yarn-matrix interface and transverse cracking within the yarn (bottom).

The presence of such damage mechanisms reduces the stiffness of the material in the warp

direction. Furthermore, it is apparent from Figure 3.17 that they are somehow related to

delamination. However, it remains unknown whether delamination or transverse cracking

occurs first.

Out-of-plane loading. Tensile loading not only caused fiber breakage at planes normal

to the loading direction, but also other important failure micromechanisms due to the

presence of in-plane shear stresses. Longitudinal shear stresses may arise at any plane

parallel to the loading direction, which in turn may generate cracks either within the yarn

(Figure 3.18(c)) or at yarn-matrix interfaces. The latter is very common in non-crimp

fabrics due to the heterogeneity of the material and the large size of resin pockets (Figure

3.18(b)). Moreover, interfaces between orthogonal yarns are also a common source of

cracks. A yarn being pulled-out is shown in Figure 3.19. The top interface is already

debonded, whereas cracks initiate at the center of the yarn and at the bottom interface.
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Figure 3.16: Cracks appearing while in-plane loading in a section parallel to the warp
direction (optical microscopy).
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Figure 3.17: XCT post-mortem images. In-plane loading. From top to bottom and left
to right: coupling transverse cracking and delamination, delamination and translaminar
cracking.
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(a) Fiber breakage

(b) Delamination at resin pocket between two longi-
tudinal and two transverse yarns

(c) Extensive cracking at carbon tow (top) caused by
longitudinal shear stresses

Figure 3.18: Micrographs of the coupon loaded in the warp direction up to failure.
Transverse section perpendicular to the loading axis. Failure modes observed were (a)
fiber breakage, (b) yarn debonding and delamination in resin rich areas and (c) intratow
cracks.
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Figure 3.19: Micrographs (SEM) of the coupon loaded in the warp direction up to
failure. Transverse section perpendicular to the loading axis. Cracks generated by in-
plane shear stresses. Debonding of yarn-matrix at the top interface and crack initiation
at the bottom interface.
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3.3 Tensile properties of open-hole coupons

3.3.1 Experimental techniques

Testing conditions of open-hole coupons were similar to those presented in section 3.2.1.

Thirteen rectangular specimens of 250 × 25 × 4.1 mm3 were machined from the plate with

the longest dimension aligned in either the warp or the fill direction for the mechanical

tests. Glass fiber tabs of 50 mm in length were glued to the specimens, leading to a free

length of 150 mm (see Figure 3.20). They were tested in tension in an electromechanical

universal testing machine (Instron 3384) following the recommendations of the ASTM

D5766 (1995) for rectangular coupons with a central hole of 4.1 mm and 11 mm diameter.

Tests were carried out under stroke control at 2 mm/min and the load was continuously

measured during the test with a load cell of 150 KN. Since composite is non-symmetric

(and coupling between bending and extension might occur), the longitudinal strain was

recorded on both faces of the specimen using an extensometer of 50 mm gage length on

one face and digital image correlation (Vic2D) on the other.

3.3.2 Results and discussion

The tensile stress-strain curves of the open-hole tests are plotted in Figures 3.21a and

3.21b for coupons with a central hole of 4.1 mm and 11 mm diameter, respectively. These

curves present similarities and differences with those measured in plain coupons (Figure

3.4). The maximum strength was also attained at lower strains when the composite was

loaded in the fill direction and was dictated by the fracture of the carbon fibers. The

coupons loaded in the warp direction attained the maximum strength at higher strains

after the failure of carbon fibers. Nevertheless, as shown in Figures 3.22(a) and 3.22(b),

damage in the ligament induced by the presence of the hole promotes transverse cracking

and leads to a non-linear stress-strain curve even in the samples loaded in the fill direction.

The non-linearity increased with the hole diameter. Final failure occurs when cracks initiate

at the hole edges (Figures 3.22 and 3.23). Moreover, the specimen failure after the peak

strength was gradual, particularly in the specimens with large holes (Figure 3.21b). This

behavior is indicative of a ductile failure mechanism in which the material in the ligament

failed progressively as the applied strain increased.
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Figure 3.20: Drawing of the open-hole specimen.

It is worth mentioning that significant bending occurred in specimens with the smallest

diameter because of the non-symmetry of the laminate (Figures 3.24(a) and 3.24(b)). In

contrast, this was not observed in specimens with the largest hole.

The notch sensitivity of the hybrid 3D woven composite in the fill and warp directions

is shown in Fig 3.21c, in which the failure stress (normalized by the average failure stress

of the plain coupon) is plotted as a function of the hole diameter (divided by the coupon

width). The experimental results for the open hole tests with different hole diameter are

very close to the straight line which indicates that failure strength was proportional to the

ligament width (particularly in the fill direction) and thus that the stress concentration

induced by the circular hole did not influence the failure strength. Reduced notch sensi-

tivity in carbon/epoxy 3D woven composites was already reported by Cox et al. (1994b)

and Cox (1996). It was partly attributed to the presence of geometrical flaws that were

broadly distributed in strength and space; and partly to the coarseness of the reinforcing

yarns, which led to extensive debonding and reduced stress intensification around sites of

failure. Nevertheless, the hybrid 3D woven composites presented better notch insensitivity,

indicating that hybridization with glass and PE fibers improves the damage tolerance.
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Figure 3.21: Stress-strain curves of the open-hole composite coupons in the fill and warp
direction. (a) 4.1 mm diameter hole. (b) 11 mm diameter hole. (c) Notch-sensitivity of
the hybrid 3D woven composite. The notch-insensitive behavior is given by the dashed
straight line.
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(a) Strain concentration around the
hole at εy = 0.007

(b) Crack onset at hole edge and exten-
sive transverse cracking at εy = 0.034

(c) Final failure of the specimen im-
mediately after crack onset at hole
edge at εy = 0.035

Figure 3.22: Contour plot of the nominal strain in vertical direction within a rectangular
region at the center of the specimen loaded in the warp direction. Hole diameter, 4.1mm.
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(a) Strain concentration around the
hole at εy = 0.012

(b) Crack onset at hole edges at εy =
0.015

(c) Failure of the carbon layers
at εy = 0.02

Figure 3.23: Contour plot of the nominal strain in vertical direction within a rectangular
region at the center of the specimen loaded in the warp direction. Hole diameter, 11mm.
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(a) Carbon side (b) Glass side

Figure 3.24: Bending of open-hole specimen (diameter 4.1mm) tested in tension in the
warp direction. (a) Carbon and (b) glass faces.
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3.4 Modeling

3.4.1 Prediction of the tensile properties of the coupon

Although XCT analyses showed the development of different damage mechanisms upon

tensile deformation, the tensile strength of the composite coupons seemed to be controlled

by the fracture of the fiber yarns in the loading direction. Previous investigations of the

tensile behavior of 3D woven composites were conducted by Cox et al. (1994b), showing

that the tensile strength can be estimated fairly well from the stress carried by the indi-

vidual tows oriented in the loading direction assuming an isostrain approach. According to

this hypothesis, the composite mechanical behavior in the fill and warp directions should

be predicted from the experimental values of the fiber elastic modulus and failure strain

obtained from the fiber tow tests using a simple model based on the rule of mixtures. The

composite elastic modulus in the fill (Ef ) and warp (Ew) directions could be expressed as

Ef = Ecf
f
c + Es2f

f
s2 + Em(1− f fc − f

f
s2) (3.1)

Ew = Ecf
w
c + Es2f

w
s2 + Epef

w
pe/2 + Em(1− fwc − fws2 − fwpe/2) (3.2)

where Ec, Es2 and Epe stand for the elastic moduli of the fibers (Table 3.1), f fc , f fs2 are

the carbon and glass fiber volume fractions in the fill direction (Table 2.2), and fwc , fws2

and fwpe the carbon, glass and PE fiber volume fractions in the warp direction (Table 2.2),

respectively. This model assumes that the contribution to the elastic modulus of the fiber

yarns perpendicular to either the fill or the warp direction is given by the matrix modulus,

Em, which was taken as 2.9 GPa, according to the manufacturer. In addition, only one

half of the volume fraction of the PE fibers was considered to compute the elastic modulus

in the warp direction because of the shape of the PE z-yarns. The model predictions

are compared with the experimental data in Table 3.2, showing excellent agreement and

supporting the use of the isostrain approach to model the elastic deformation in tension of

hybrid 3D woven composites.
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Table 3.2: Experimental results and model predictions for the elastic modulus and
tensile strength of the hybrid 3D woven composite in the fill and warp directions

orientation Elastic Modulus Tensile strength
Experiments Model Experiments Model

(GPa) (GPa) (MPa) (MPa)
Fill 38.4 ± 1.6 38 531 ± 42 545

Warp 24.6 ± 0.7 24.6 395 ± 35 612

The prediction of the tensile strength in the fill direction, Xf , was carried out using

the same model under the assumption that the composite behavior is linear until fracture.

Thus,

Xf = Efεc (3.3)

where εc is the failure strain of the carbon fiber tows (Table 3.1). In the case of the

warp direction, the tensile strength was attained at the fracture of the glass fibers after

the carbon fiber yarns were broken. Neglecting the contribution of the carbon fiber yarns

to the elastic modulus, the composite tensile strength in the warp direction, Xw can be

computed as

Xw =
[
Es2f

w
s2 + Epef

w
pe/2 + Em(1− fwc − fws2 − fwpe/2)

]
εs2 (3.4)

where εs2 stands for the fracture strain of the glass fiber tows. The model predictions

are compared with the experimental results in Table 3.2. The model predictions in the fill

direction are very accurate, as this is the result of the linear behavior of the composite until

the fracture of the carbon fiber tows (Figure 3.4a). However, the model overestimated the

composite strength in the warp direction because the failure strain of the composite (2.8 ±
0.3%) was much lower than the failure strain of the glass fiber bundles (4.0 ± 1%), which

controlled the composite strength in this orientation. In fact, if the failure strain of the

S2 glass fiber yarns, εs2 in equation 3.4 is substituted by the failure strain of the coupon

in the warp direction (2.8%), the isostrain model prediction for the composite strength

in the warp direction drops to 428 MPa, close to the experimental results. The early

fracture of the glass fiber bundles was very probably promoted by the bending stresses

induced in the asymmetric hybrid laminate after the failure of the carbon fibers and the
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stress concentration in the vicinity of failed tows. This mechanisms limited the maximum

loading bearing capability of the hybrid composite.

3.4.2 Prediction of the notched response

Several analytical models have been suggested in the literature to predict the open-

hole tensile strength of composite laminates. The most widely used are the point stress

Whitney & Nuismer (1974) and the average stress methods. The point stress criterion

assumes that failure takes place when the stress at a given distance from the notch tip (the

characteristic distance) reaches the unnotched strength of the laminate, whereas the average

stress criterion predicts failure when the average stress over a characteristic distance is equal

to the unnotched strength of the laminate, Camanho et al. (2012). Unfortunately, these

models rely on the characteristic length, which is not a material property and depends on

various factors such as hole size and stacking sequence, Hodge et al. (2011). More recently,

Camanho et al. (2012) have proposed a model based on the Finite Fracture Mechanics

(FFM) which overcomes this problem. The model is able to predict the notched strength

of a composite laminate for a range of diameters by imposing simultaneously a stress-

based criterion and an energy-based criterion over a certain distance. Mathematically, this

is expressed as

1

l

∫ R+l

R

σy(x, 0)dx = XL
T (3.5)

1

l

∫ R+l

R

K2
I(a)da = K2

Ic (3.6)

where R stands for the radius of the hole, a the crack length, l the crack length at failure,

KI the stress intensity factor, KIc the fracture toughness, XL
T the unnotched strength and

σy(x, 0) the stress distribution along the x-axis at the center of the specimen, Figure 3.20.

The main advantage of this model is that it is based on the ply elastic properties, the

unnotched strength and the fracture toughness of the laminate. More details can be found

in the Appendix B.
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Table 3.3: Experimental results and model predictions for the open-hole tensile strength
of the hybrid 3D woven composite with a hole of 11mm in the fill and warp directions.

XT
L σ∞4.1 Exp. KIc σ∞11 Exp. σ∞11 Model Error

(MPa) (MPa) (MPa
√

m) (MPa) (MPa) (%)
Fill 531.2 458.0 66.0 325.0 323.2 0.56

Warp 394.9 302.2 32.5 181.8 193.0 5.81

The model has been applied to estimate the fracture toughness of the laminate in the

warp and fill directions. To this end, the experimental results from the unnotched strength

XT
L and the notched strength σ∞ of the 4.1 mm diameter specimen were used together

with the ply elastic properties. Once the fracture toughness is known, the model can also

be applied to predict the notched strength for other hole diameters. This exercise was

carried out with the experimental results from hole tests for a 11 mm specimen in the

warp and fill directions. The predictions were in good agreement with the experiments.

The values obtained for KIc in the warp and fill directions were 32.5 MPa
√
m and 66

MPa
√
m, respectively, (Table 3.3). These values are in agreement with those presented

by Arteiro et al. (2013a), Camanho & Catalanotti (2011) and Arteiro et al. (2013b). The

higher discrepancy observed in the warp direction is likely due to the presence of damage

mechanisms which were not accounted for in the model, such as delamination. In addition,

the model is not designed for 3D composites and it provides better results for quasi-isotropic

laminates than for cross-ply materials.

Once the fracture toughness KIc is known, the critical energy release rate GlIc can

be readily obtained by using equations B.9 and B.10. This leads to Gwarp
Ic = 94KJ

m2 and

Gfill
Ic = 332KJ

m2 . While the values in the warp direction are in agreement with those reported

by Pinho et al. (2006), the critical energy release rate in fill direction seems to be too high.

3.5 Concluding remarks

The analysis of the deformation and failure micromechanisms of a hybrid 3D woven

composite in tension showed that the elastic deformation was controlled by the elastic

modulus and volume fraction of fiber yarns oriented in the loading direction. Due to the

complex 3D architecture, damage developed at low strains in the form of debonding of
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the fiber tows (longitudinal and z-yarns) as well as of tensile and shear cracking of the

fiber tows. Tow debonding was arrested by the z-yarns, whereas tensile transverse cracks

were concentrated within fiber tows perpendicular to the loading axis. Shear cracking of

the fiber tows was due to asymmetric debonding of the fiber tows from the surrounding

material and developed in longitudinal and transversal tows. Nevertheless, the influence

of these damage mechanisms in the elastic modulus was limited and, depending on the

architecture, was balanced by the straightening of the fiber tows upon tensile straining.

Thus, the elastic moduli in both fill and warp directions was accurately predicted by an

isostrain model using the actual properties of the fiber tows within the composite.

Elastic deformation stopped abruptly when the applied strain reached ≈ 1.5% due to

the brittle failure of the carbon fiber tows. This first peak in the stress-strain curve could

be adequately predicted by the isostrain model and bending stresses (induced by the non-

symmetric laminate) did not influence the mechanical response. Nevertheless, fracture of

the carbon yarns did not lead to the laminate fracture because the laminate was held

together by the PE z-yarns while the glass fiber tows continued supporting the applied

load. This led to another peak in the stress-strain curve, which was controlled by the

fracture of the glass fiber tows. Whether or not the second peak was higher than the first

one depended on the volume fraction of carbon and glass fibers oriented in the loading

direction. It should be noted that the strain at which this second peak was attained (2-

3%) was significantly lower than the failure strain of the glass fiber tows (≈ 4%). This is

likely due to the combining effect of two factors: the development of bending stresses in

the damaged coupon and the stress concentration in the vicinity of failed tows.

It is also worth noting that the PE z-yarns will lead to through-thickness compression of

the laminate as it stretches along the the warp direction. This will enhance friction between

warp tows, improving the shear load transfer between tows and increasing the probability

that significant loads can be sustained by the warp tows even after some of them (primarily

carbon, but increasingly glass too as the strain increases) have failed. This enhanced friction

is a major potential source of damage tolerance and energy absorption McGlockton et al.

(2003). Thus, the full contribution of the glass fibers to the composite strength was not

employed but their presence increased the fracture strain and the energy dissipated during

fracture. Thus, hybridization of the 3D woven composite led to a notch-insensitive behavior

as demonstrated by open-hole tests.
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Chapter 4
Compressive Behavior

The in-plane compressive strength of composites is lower than the in-plane tensile

strength. This is particularly critical in 3D composites, in which stress concentration

near tabs, yarn crimping and 3D weaving may reduce the compressive strength, Cox et al.

(1994b), Kuo et al. (2007), Mahadik & Hallett (2011), Yudhanto et al. (2013), Edgren

et al. (2008). Thus compressive strength is a limiting design factor of structural compo-

nents manufactured with 3D composites, especially in the presence of notches or when the

material has been previously damaged.

This chapter is devoted to study the mechanical response in compression of unnotched

and notched specimens. To this end, an experimental campaign was carried out including

plain and open-hole tests. Damage was inspected in post-mortem specimens by means of

XCT and SEM to ascertain the deformation and damage mechanisms of the composite

and the role played by the z-yarns. Finally, the fracture toughness of the specimens was

estimated by means of two analytical models.

4.1 In-plane compressive properties of plain coupons

This section presents the compressive behavior of plain coupons of the hybrid 3D woven

composite.
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Figure 4.1: Compression test specimen.

4.1.1 Experimental techniques

Ten rectangular specimens of 140 × 25 × 4.1 mm3 were machined from the plate with

the longest dimension aligned in either the warp or fill direction. Glass fiber tabs of 65 mm

in length were glued to the specimens, leading to a free length of 10 mm (Figures 4.1 and

4.2). Such small distance prevents specimens from buckling, but may induce some stress

concentration. Specimens were tested in uniaxial compression in an electromechanical

universal testing machine (Instron 3384) following the recommendations of the ASTM

3410 (1995) and using the well-known IITRI fixture (Figure 4.3). Tests were carried out

under stroke control at 1.5 mm/min and the load was continuously monitored during the

test with a load cell of 150 KN. The longitudinal strain along the loading axis was measured

with two standard resistive strain gages (350 Ω) attached to both surfaces of the specimen.

Specimens loaded in the warp direction were inspected by XCT with a Nanotom 160NF

(Phoenix) at 90 KV and 110 mA using a W target. 1800 radiographs were acquired for

each tomogram with an exposure time of 750 ms. The reconstructed volumes presented a

resolution of 12.5 µm/voxel.

Scanning electron microscopy (EVO MA15, Zeiss) was used to inspect transverse sec-

tions of post-mortem samples loaded in the fill direction. Specimens were sputter-coated

with gold during 60s with a current of 20 mA (Quorum, Q150T ES).
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Figure 4.2: Schematic of compression specimen.

Figure 4.3: IITRI fixture (Instron). Plain compression set-up.
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Figure 4.4: Stress-strain curves in plain compression

Table 4.1: Experimental results of elastic modulus and the compressive strength of the
hybrid 3D woven composite in the fill and warp directions. The results obtained under
tension are also included for comparison.

orientation Et
11(GPa) Ec

11(GPa) X t (MPa) Xc (MPa)
Fill 38.4± 1.6 73.9± 6.1 531± 42 132± 11.0

Warp 24.6± 0.7 55.3± 2.9 395± 35 132± 4.3

4.1.2 Results and discussion

The in-plane compressive stress-strain curves obtained in the warp and fill directions are

plotted in Figure 4.4. The response in the warp direction was linear up to failure, whereas

coupons loaded in the fill direction underwent a non-linear attenuation at εlong ≈ 0.15%.

A closer examination of strain gage readings, Figures 4.5(a) and 4.5(b), revealed that the

onset of non-linearity coincides with the beginning of global buckling, which in turn reduces

the ultimate strength Xc
fill. In fact, despite of the higher volume fraction of carbon fibers

in the fill direction, the ultimate strength was almost identical in both directions (Table

4.1). It is worth noting that the ultimate strength was reached at very low strain levels

(ε ≈ 0.2%− 0.3%) in both cases.
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Figure 4.5: Compression tests of plain specimens. Comparison between readings of
strain gages at carbon and glass faces when loading in the (a) fill and (b) warp directions.

67



Figure 4.6: Crimping induced in the yarns due to the compressive force exerted by the
z-yarns along the through-thickness direction. From Cox et al. (1994b).

Damage and failure micromechanisms

Fleck (1997) reported 6 different failure modes of polymer matrix composite under lon-

gitudinal compression: elastic microbuckling, plastic microbuckling, fiber failure, splitting,

buckle delamination and shear band formation. The term microbuckling refers to the buck-

ling underwent by the fibers due to the lack of support caused by the existence of voids or

by the matrix non-linear behavior onset, which in turn can be due to either plastic yielding

(ductile matrices) or microcracking (brittle matrices), Jelf & Fleck (1992). Fiber failure

is related to the bending strength of fibers, whereas splitting refers to matrix cracking in

the longitudinal direction. Buckle delamination is the buckling experienced by a new sub-

laminate generated after delamination. Finally, transverse cracking may occur by matrix

yielding at a fracture angle α to the loading direction. XCT and SEM inspection of broken

specimens revealed the presence of most of these failure modes, namely microbuckling,

shear bands formation and buckle delamination.

The damage inspection of the broken specimens indicates that the different behavior

observed in the warp and fill directions should be attributed to the presence of the z-

yarn, which induces some waviness in the fill yarns (Figure 4.6) and switches the failure

mode from microbuckling to buckling delamination. Microbuckling takes place in the warp

direction due to matrix cracking in the transverse yarns and propagates across the thickness

of the laminate (Figure 4.7). In contrast, matrix cracking in the fill direction causes

delamination (Figure 4.8), giving rise to slender sublaminates that buckle earlier. This

explains the reduction of strain-to-failure in the fill direction observed in Figure 4.4.

68



Initial state (undamaged) Matrix cracking Fiber microbuckling

Damage evolution

warp

warp

warp

26º

(a) Kink band propagation through-the-thickness in a section parallel to the warp direction of
a plain compression specimen. The fracture plane is inclined at α ≈ 26◦ with respect to the
loading direction.

warp

(b) Crimping, fiber misalignment and kink band generation in glass yarns after loading in
compression in the direction of the longitudinal axis.

Figure 4.7: XCT images of specimens loaded in compression in warp direction after
failure. Kink bands are not only generated across the thickness of the laminate (a), but
also within the plane parallel to the midplane of the laminate (b).
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Figure 4.8: Debonding and transverse matrix cracking under in-plane compression
loading in a section parallel to the loading direction (fill). The fracture angle α is higher
than the angle of maximum shear stress (45◦) due to the pressure-sensitivity of the
epoxy-vinylester resin in compression.

In summary, it can be concluded that the response of plain specimens in compression

is matrix-dominated. Damage always initiates by matrix cracking, regardless of the failure

mode −fiber microbuckling or delamination− leading to a significant reduction 60% of the

compressive strength as compared with the tensile strength (Table 4.1).
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Figure 4.9: Schematic of open-hole specimen

4.2 In-plane compressive properties of open-hole

coupons

4.2.1 Experimental techniques

Ten rectangular specimens of 100 × 32 × 4.1 mm3 were machined from the plate with

the longest dimension aligned in either the warp or fill direction. A 6.25 mm diameter

hole was drilled at the center of the specimen. Glass fiber tabs of 34 mm in length were

glued to the specimens, leading to a free length of 32 mm (Figure 4.9). They were tested

in uniaxial compression in an electromechanical universal testing machine (Instron 3384)

following the recommendations of the AITM 1-0008 (2004). Tests were carried out under

stroke control at 1.0 mm/min and the load was continuously monitored during the test

with a load cell of 150 KN.

Specimens loaded in the warp direction were inspected by XCT with a Nanotom 160NF

(Phoenix) at 90 KV and 120 µA using a W target. 1800 radiographs were acquired for

each tomogram with an exposure time of 750 ms. The reconstructed volumes presented a

resolution of 15.8 µm/voxel.
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Figure 4.10: Stress-displacement curves of representative warp and fill open-hole spec-
imens loaded in compression.

4.2.2 Results and discussion

As shown in Figure 4.10, the stress-displacements curves in the warp and fill directions

were linear up to failure and the scatter was negligible. Despite of the higher carbon volume

fraction in the fill direction, the notched strength was slightly higher in the warp direction

(Table 4.2). This is likely due to the waviness induced by the z-yarns, which mainly affects

the fill yarns located at the outermost layers.

Table 4.2: Experimental results of elastic modulus and ultimate stress in compression
of the 3D hybrid woven composite in the fill and warp directions (open-hole specimen).

orientation Ultimate compressive stress (MPa)
Fill 95.5± 8.5

Warp 101.72± 8.0

The material exhibited a notch-insensitive behavior. This is clearly illustrated in Figure

4.11, where the values of the compressive strength are close to the straight line that stands

for notch-insensitivity.
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(a) (b)

Figure 4.12: Open-hole specimen compressed in warp direction. (a) Lateral and (b)
back views.

Damage and failure micromechanisms

Fiber microbuckling was clearly observed during open-hole compression tests (Figure

4.12). Further examination of broken specimens loaded in the warp direction by means

of X-Ray microCT revealed the presence of matrix cracking along the z-yarn-matrix and

the yarn-matrix interfaces of the carbon layer oriented in the fill direction, Figure 4.13.

The crack path is perpendicular to the loading direction and propagates from the hole

outwards. This is likely due to the stress concentration and the crimping induced in the

fill yarns by the z-yarns. Matrix cracking reduces the support of the fibers and gives rise to

fiber kinking of carbon tows oriented in the warp direction, Figure 4.14(a). Once kinking

is triggered, it propagates downwards leading to the specimen failure.

It is worth noting that kinking did not initiate at the hole, as stated by other authors,

but at certain distance from the hole. In fact, no evidence of stress concentration around

the hole were found in glass layers. The only failure mode found in glass layers was

microbuckling as a result of kink propagation from adjacent carbon layers, far away from

the hole, Figure 4.14(b).
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Figure 4.13: XCT image of a broken open-hole specimen loaded in compression in the
warp direction. Onset of cracking by z-yarn-resin debonding at the top of the laminate
(carbon layers) and subsequent propagation throughout the thickness.
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Figure 4.14: XCT images of a broken open-hole specimen loaded in compression in
the warp direction. Onset of cracking around the hole in the carbon layer (a). Fiber
microbuckling in the glass layer propagated from adjacent carbon layer (b).
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4.3 Modeling

4.3.1 Prediction of the compressive properties of the coupon

Numerous phenomenological models have been developed in the past to predict the

in-plane compressive properties of a composite laminate. It is commonly accepted that

the response in compression of these materials is mainly controlled by the development

of microbuckling and kinking. These phenomena are strongly dependent on the matrix

properties: while soft resins may cause microbuckling, stiff resins typically lead to the

formation of kink bands. Schultheisz & Waas (1996) state that microbuckling is expected

to be controlled by the matrix stiffness in shear for high fiber volume fraction composites.

Based on this idea, Rosen (1965) proposed one of the most widespread analytical models to

predict the compressive strength of unnotched composite laminates. The model accounts

for the resin properties, as well as for the characteristics of the fibers:

σcr =
Gm

1− Vf
+
π2Ef

3

(
df
λ

)2

Vf (4.1)

where Vf stands for the fiber volume fraction, Ef and Gm for the longitudinal and shear

stiffness of the fiber and matrix, respectively, df is the fiber diameter and λ is the buckling

wavelength. This model typically overestimates the critical load σcr, so more theories

have been suggested. Budiansky & Fleck (1993) proposed another model for conventional

laminates:

σ =
τy
√

1 +
σTy

τ2y
tan2 β

φ0 + φ
(4.2)

where τy and σTy are the in-plane shear and transverse tensile yield strength of a unidirec-

tional composite, respectively, φ0 the fibre misalignment in the kink band, φ the additional

fibre rotation in the kink band under a remote stress σ and β the band orientation angle,

Figure 4.15. This equation is deduced by imposing the condition of static equilibrium of

momentum between the moment generated by the misalignment of fibers and the moment

exerted by the supporting transverse normal and shear stresses.
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Figure 4.15: Fiber kinking schematic. While the load is aligned with the fiber direction,
buckling is impeded by the constrain of the matrix. However, imperfections (misalign-
ment, waviness, matrix cracking, plastic matrix, void), lead to fiber buckling. Then
microbuckle propagates to neighbour fibers leading to the formation of a kink band.

However, the model is very sensitive to variations of β, which is not constant, as revealed

by further examination of XCT images, so it is difficult to apply it to this case.

4.3.2 Prediction of the notched response

This section compares two analytical models to estimate the fracture toughness of the

composite: the Finite Fracture Model described in Appendix B and already applied in

chapter 3 to predict the fracture toughness in tension, and a model suggested by Soutis

(2013) based on the crack cohesive zone initially suggested by Dugdale (1960). The former

can be applied not only to predict the fracture toughness of laminates in tension, but

also in compression, Erçin et al. (2013). The latter assumes that the stress distribution

along the crack decreases linearly with the separation δ between the two crack surfaces.

Accordingly, the area under the traction-separation σ− δ curve corresponds to the critical

energy release rate Gc (Figure 4.16). Fiber kinking, matrix cracking and plasticity, as well

as delamination are accounted for this model.
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Table 4.3: Estimation of the critical energy release rate and the critical stress intensity
factor of the hybrid 3D woven loaded in compression in the warp direction by using two
different analytical models.

Model Gc Kc E∗

(KJ/m2) (MPa
√

m) (GPa)
cohesive (Soutis) 21 23.8 27

finite fracture (Camanho) 7.3 13.5 27

Gc = 2

∫
σ(δ)dδ = σunδc = 21KJ/m2 (4.3)

where σun is the unnotched strength of the laminate and δc is the kink band width measured

experimentally1 (Figure 4.17).

Results from both models are compared in Table 4.3, showing that the cohesive model

predicts higher values of the fracture toughness than the Finite Fracture Mechanics model.

It should be noted that the conversion between Gc and Kc is established in terms of

the relationship

Gc =
K2
c

E∗

where

E∗ =

√
2EyEx√√

Ey

Ex
+ Ey

2Gxy
− νyx

being Ex, Ey, Gxy and νyx the effective properties of the laminate.

1Note that this value can be also obtained from the expression proposed by Soutis & Curtis (2000)
and using the exponent n = 0.37, as suggested by Edgren et al. (2008). This provides a very good
approximation to the measured values of the kink band:

w =
πdf

4

(
VfEf

2τy

)n

=
π · 6µm

4

(
0.5 · 230GPa

2 · 30MPa

)0.5

= 309µm (4.4)
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Figure 4.16: Basis of the cohesive model suggested by Soutis (2013). l is the length of
the equivalent crack, T stands for the traction vector acting on the free surfaces, ν is the
band width and σun is the unnotched strength.

2mm

Figure 4.17: Kink band propagation through-the-thickness in an open-hole specimen.
The kink band width was ≈ 320µm.
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4.4 Concluding remarks

The results presented above indicate that the hybrid 3D woven laminate exhibits a

notch-insensitive behavior in compression. This is likely due to the fact that the response

of both unnotched and notched coupons is controlled by one single failure mode: fiber

kinking. Fiber kinking is triggered by matrix cracking, which in turn might be affected

by the stress concentration around the hole. However, XCT inspection revealed that fiber

kinking does not start specifically at the hole edges, so the stress concentration around the

hole has only a limited influence on the fracture toughness.

Another important factor is the effect of the z-yarns, which increases the waviness of

the fill yarns, reducing the stability and the compressive strength.

A couple of analytical models have been used to predict the fracture toughness of the

composite. This is particularly useful for modelling purposes due to the complexity of

the experimental determination of the fracture toughness of 3D woven composites. As

expected, values found were significantly lower in compression than in tension.
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Chapter 5
Shear Behavior

This chapter is devoted to examine the in-plane and the interlaminar shear response of

the hybrid 3D woven composite. Shear stresses arise in the presence of riveted joints, at

the interface between layers with different stiffness or under in-service operation conditions

such as impact. So far, most of the authors have been concerned about the shear response

of unidirectional composites, Van Paepegem et al. (2006), Totry et al. (2008), but there is

a lack of information regarding other fiber architectures like 3D wovens. A comprehensive

study of the deformation and fracture mechanisms obtained from in-plane shear and three-

point bending tests is presented here to gain understanding in the shear response of 3D

composites. The analysis is supported by a detailed XCT inspection of the deformation

and failure mechanisms, as well as by a quantification of the fiber rotation.

5.1 In-plane shear behavior

The in-plane shear behavior of a unidirectional composite is typically non-linear. The

linear elastic region is followed by a plateau –where matrix cracking occurs– and then by

a strain hardening due to the fiber rotation towards the loading axis, Sket et al. (2014).

Failure occurs at very large strains (often > 15%). Likewise, Bogdanovich et al. (2013),

Gerlach et al. (2012), Tarnopol et al. (2000) Lomov et al. (2009) reported a non-linear

behavior of 3D woven composites. The lack of reinforcement in the non-principal directions

leads to weak shear planes whose behavior is controlled by the matrix properties which
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Figure 5.1: Schematic of in-plane shear test strategies. Two notches are machined in
the Iosipescu (left) and the V-notched rail shear (center) specimens. The preparation of
the Tensile Shear Test Method (right) is very simple and only requires a standard tensile
test with the layers oriented at [±45◦] to the loading axis.

could compromise the final performance of the material. Moreover, the role played by the

binder and hybridization in the in-plane shear response are not well understood, so a deep

analysis of the in-plane shear behavior and of the failure mechanisms of hybrid 3D woven

composites is presented here.

The characterization of the in-plane shear response of a composite is not an easy task,

particularly in highly anisotropic and heterogeneous laminates. The main problem is to

achieve an uniform shear stress state in the specimen. To this end, several methods have

been developed in the past, including the Iosipescu test (ASTM D5379 (2001)), the V-

notched rail shear test (ASTM D7078 (1995)) and the tensile shear test (ASTM D3518

(2001)), Figure 5.1. The first two methods provide a quasi-uniform stress state in a small

portion of the material at the ligament between two notches, but special fixtures are needed

to achieve the simple shear stress state. The Tensile Shear Test (TST) method is likely

the most commonly used in industry due to the simplicity (only requires a standard tensile

test), although it is more difficult to analyze. It is carried out by means of a tensile test of

a rectangular coupon until failure at a given velocity. To prevent damage from gripping,

tabs are used at the ends of the specimen. The most relevant properties obtained from this

test are the in-plane shear modulus G12 and the shear strength S. The method is typically

applied to symmetric and balanced laminates with unidirectional plies oriented at [±45◦].
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Unfortunately, the 3D woven composite studied in this thesis is not covered by any of

the standards mentioned above due to its non-symmetric structure and to the presence

of the binder. However, unlike other preforms (e.g. 3D braided), 3D woven orthogonal

composites do not include fibers inclined to the principal axes, so it can be assimilated to a

standard cross-ply laminate. Z-yarns are parallel to the warp bundles, so the shear response

of the material is still controlled by the matrix and the in-plane behavior of the material

will not be strongly affected by the through-thickness reinforcement. Furthermore, stresses

arising from coupling tension-bending due to the non-symmetric structure of the laminate

are negligible within the range of validity of the standard.

Based on the previous considerations, it was decided that a priori this composite is a

suitable candidate for the TST method, ASTM D3518 (2001).

5.1.1 Experimental techniques

Four specimens were machined for the tensile tests with an angle of ±45◦ between

fibers and the loading direction. Nominal dimensions were equal to those reported in

Chapter 3: 250 × 25 × 4.1mm3. Glass fiber tabs of 50 mm in length were glued to the

specimens, leading to a free length of 150 mm (Figure 5.2). They were tested in tension

at room temperature using an electromechanical universal testing machine (Instron 3384)

following the recommendations of the ASTM D3518 (2001), (Figure 5.3). Both resistive

extensometry and Digital Image Correlation (DIC) were used –each in one face of the

specimen– to measure the strain along the loading axis, whereas transversal strains were

only measured by DIC. This method provides the full displacement field in one of the faces

and, unlike strain gages, is not affected by fiber rotation or the roughness of the specimen.

Three specimens were covered with a speckle pattern in the glass face and another one on

the carbon face. Images obtained with the DIC system were captured every 5 seconds.

Unfortunately, transverse strains were not measured for strains > 14% in all specimens,

because the pattern was destroyed at such high deformation (Figure 5.3).

Tests were carried out under stroke control at 2 mm/min and the load was continu-

ously measured during the test with a load cell of 150 KN. The in-plane shear stress-strain
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Figure 5.2: Schematic of the ±45◦ specimen. Note the directions of the reinforcement
and of the z-yarn.

response was obtained following the procedure described in the ASTM D3518 (2001). Ac-

cording to the standard, the in-plane ply shear stress τ12 is given by

τ12 =
P

2BW
(5.1)

where P is the applied load and B and W the specimen thickness and width, respectively

(Figure 5.2). The corresponding shear strain γ12 is computed as

γ12 = |εlongitudinal|+ |εtransverse|

where εlongitudinal stands for the average longitudinal strain from the two faces of the speci-

men. The in-plane shear modulus G12 was computed as the slope of the stress-strain curve

between γ12 = 1.5 · 10−3 and γ12 = 6.0 · 10−3. The in-plane shear strength S was the stress

at a shear strain of 5%, as recommended by the standard.

It is worth noting that equation 5.1 is deduced from the Classical Laminate Theory.

Thus, the possible stresses induced by the unsymmetric lay-up configuration, the non-
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(a) γ12 = 0 (b) γ12 = 19% (c) γ12 = 43%, close to fi-
nal failure

Figure 5.3: Tensile test of a hybrid 3D woven composite laminate with the fibers
oriented at [±45◦] from the loading direction. Extensive cracking appeared during defor-
mation. Moreover, the shear bands along yarn directions are visible.
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32º

Figure 5.4: Angle between fibres measured after failure.

linear geometrical effects caused by fiber rotation, the net section reduction (necking)

observed in the specimens and the out-of-plane stresses induced by the z-yarn crimping

are not accounted for. While such effects are not relevant for small strains, they cannot be

neglected at large deformations.

The angle θ between yarns was measured by optical methods to evaluate the influence

of fiber rotation on the mechanical response. This was possible because fiber yarns became

visible to the naked eye after the resin was damaged, Figure 5.4.

Finally, a post-mortem specimen was examined by XCT to ascertain the damage and

failure micromechanisms. The region of interest was chosen near the failure section, at the

center of the specimen. Measurements were performed with a Nanotom 160NF (Phoenix)

at 110kV and 110 mA using a W target. 2300 radiographs were acquired for each tomogram

with an exposure time of 500 ms. The reconstructed volumes presented a resolution of 11

µm/voxel.

5.1.2 Results and discussion

The stress-strain τ12− γ12 curve of the hybrid 3D woven composite is plotted in Figure

5.5. The material exhibits a very ductile response enhanced by the cross-ply stacking

sequence and the large size of the resin pockets. Three regimes are clearly distinguished:
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Table 5.1: In-plane shear properties of the hybrid 3D woven composite

G12 (GPa) τ12 at γ = 5% (MPa) τ apparent
12 at γ = 32% (MPa)

3.4 ± 0.9 27.3± 2.0 43.8 ± 3.1

• region A-B . The composite initially exhibits a linear elastic response up to γ12 ≈
1.0%. The shear strength S and shear modulus G12 obtained within this regime are

presented in Table 5.1.

• region B-C . The material deforms with a low tangent shear modulus (30 MPa) up

to γ12 ≈ 30%. Such strain hardening is likely due to the non-linear geometrical effect

of fiber rotation, Wisnom (1995), Totry et al. (2010). As shown by DIC in Figure

5.5, shear bands develop in this regime.

• region C-D . A moderate stiffening occurs from γ12 ≈ 30% up to failure. The

tangent shear modulus increases from 30 MPa to 60 MPa. A first examination of

post-mortem specimens would suggest that this is only due to fiber rotation from 45◦

to 32◦. However, a more thorough analysis revealed that fiber orientation took place

at a constant rate (Figure 5.6) —kinematically imposed by the axial deformation—

and does not justify this abrupt change. A possible explanation may be the fiber

locking at ply level. As the composite is further stretched, yarns rotate until they

come into contact and are unable to slip, enhancing the in-plane shear stiffness of

the composite1, Carvelli et al. (2012). This idea is supported by the fact that the

insertion of the z-yarn between two consecutive warp yarns reduces the gap between

them and thus facilitates locking. Moreover, no evidence of fiber breakage was found

during the test.

Final failure occurs at γult
12 = 42% and τult

12 = 43 MPa. The finite strains achieved in

shear lead to a strain localization (necking) at the weakest section. At this point, small

pieces of resin detach from the composite in a brittle manner and the load is fully transferred

to a few dry bundles. This causes the immediate failure of the coupon. The failure section

of two specimens is depicted in Figure 5.7.

1Even though fiber locking is typically observed in dry fabrics during picture frame shear tests, the
high deformability and the large size of the yarns and the resin channels in this composite can justify this
hypothesis.
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(a) Carbon face

(b) Glass face

Figure 5.7: Fractured regions of two specimens tested in shear.
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Damage mechanisms

The XCT inspection of one specimen tested in shear revealed the presence of multiple

failure mechanisms at ply and laminate level:

• At ply level, the kinematic incompatibility between the fibers and the matrix gives

rise to in-plane shear stresses. As a result, this generates shear bands parallel to the

yarns and causes tow splitting and yarn-matrix debonding. As shown in Figures 5.8

and 5.9, these cracks run parallel to the yarns. These damage mechanisms would

explain the transition to the non-linear deformation regime observed at point B of

the shear stress-strain curve.

• At laminate level, fiber rotation in plies oriented at opposite angles gives rise to

the so-called scissoring effect in which the ±45◦ interface is subjected to in-plane

shear forces. As depicted in Figure 5.10, this rotation causes shear cracking at the

ligaments of resin located between two consecutive z-yarns as well as extensive yarn-

matrix debonding. In unidirectional composites this effect is only constrained by the

matrix between layers, typically leading to delamination and to a reduction in the

shear strength. However, in 3D composites, the rotation of the fill yarns is constrained

by the friction with the z-yarn. This causes a tightening of the z-yarn (Figure 5.11)

and therefore a stress concentration that leads to extensive z-yarn-matrix debonding

(Figures. 5.8 and 5.10).

Another interesting finding is the orientation of cracks within the fibre bundles. As

shown in Figure 5.12, the fracture plane generated by tow splitting is inclined at certain

angle α with respect to the vertical direction. This is likely due to the crimping induced

by the binder in the carbon fill yarns, which causes a non-uniform distribution of the

frictional forces acting over the yarn. This in turn leads to the generation of longitudinal

shear stresses within the yarns during yarn pull-out. This is illustrated in Figure 5.13.

Nevertheless, recalling the results from tensile tests, cracks were oriented in either

vertical or horizontal directions. This suggests that other factors than crimping might also

affect the orientation of the fracture angle α during in-plane shear testing. A possible

explanation could be the presence of transverse compressive stresses σ22 developed during

the yarn rotation.

93



z-
ya

rn
1

s
d

v

d

t
z-

ya
rn

2

TAB

TAB

 ll yarn

 ll yarn

 ll yarn

 ll yarn

 ll yarn

 ll yarn

Figure 5.8: Section parallel to the outer surface of the laminate throughout the carbon
fill layer. Carbon fiber yarns and matrix appear light grey. The orientation of two
adjacent z-yarns (z-yarn1 and z-yarn2) is indicated with two parallel white lines. White
filled dots indicate the location of the corresponding z-yarn cross sections, which appear
dark grey. Arrows indicate the different damage mechanisms: d stands for debonding
of the fiber tows or the z-yarns, t tow splitting within the fiber tows and s is shear at
ligaments of resin constrained by two consecutive z-yarns. v indicates voids.
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Figure 5.9: Section parallel to the outer surface of the laminate containing the fill glass
layer. t stands for tow splitting.
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Figure 5.10: Section parallel to the outer surface of the laminate containing the carbon
warp layer and the resin at the two carbon layers interface. Carbon fiber yarns and the
matrix appear light grey. The orientation of two adjacent z-yarns (z-yarn1 and z-yarn2)
is indicated with two parallel yellow lines. Yellow filled dots indicate the location of the
corresponding z-yarn cross sections, which appear dark grey. Arrows indicate the different
damage mechanisms: d stands for delamination of the fiber tows or the z-yarns, s is shear
at ligaments of resin constrained by two consecutive z-yarns. Extensive shear cracking is
visible at the ligaments of resin located between z-yarns. Yarn-matrix debonding is also
clearly depicted.
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The lateral forces exerted by the fill yarns during fiber scissoring cause a tightening of
the z-yarn which in turn enhances the constrain on the bottom fill yarns.
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Figure 5.13: Influence of transverse compressive stresses on the orientation of the
fracture planes developed during yarn pull-out. Heterogeneous distribution of frictional
forces gives rise to different orientations of the fracture planes. Figures at the center
illustrate how the waviness of the yarns causes a non-uniform distribution of transverse
compressive stresses leading to an inclined crack. Note that the lateral confinement is
not constant and can be enhanced during fiber rotation.
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5.2 Interlaminar shear behavior

This section analyzes the influence of the 3D weaving and hybridization on the me-

chanical response of the hybrid 3D composite under interlaminar shear. To this end, short

beams with and without binder were tested and inspected by means of XCT. The influence

of hybridization was evaluated by indenting the laminate on the carbon and the glass faces.

This approach provides useful information (contact history, local deformations, inter-

laminar and out-of-plane shear stresses) for the analysis of impact on composite materials.

In fact, the contact stresses developed during this test are similar to the localized stresses

generated during impact, Walter et al. (2010).

5.2.1 Experimental techniques

Three-point bending tests on short beams with and without z-yarns were carried out

to study the effect of the z-yarn reinforcement. To this end, a fiber preform was vacuum

infused with an epoxy-vinylester resin (Derakane 8084) by vacuum assisted resin transfer

moulding technique (VARTM), Figure 5.14(a). VARTM is similar to RTM, except that it

uses a one-sided mold and vacuum is applied to the preform with a flexible bag to speed

up the resin infiltration. In selected cases, z-yarns were taken out from the dry fabric prior

to infusion, Figure 5.14(b). This was done very carefully by hand, removing the z-yarns

with tweezers, so that no damage was introduced.

Tests were carried out at room temperature according to the ASTM D2344/D2344M

(1999). Load was applied with an electromechanical universal testing machine (Instron

3384), under stroke control at 1 mm/min, through a roller at the midpoint of a short beam

supported by two rollers. Load was monitored with a load cell of 150 KN. The nominal

specimen size was 24.6 × 8.2 × 4.1mm3, whereas the diameter of the loading nose and of

the rolling supports were 4.00 mm and 2.94 mm, respectively. The loading span was 16

mm. A schematic of the test is depicted in Figures 5.15 and 5.16.

Four sets of tests of 4 specimens each were conducted to analyze the influence of the

z-yarn and the hybridization. Specimens were alternatively loaded on the carbon and the

glass faces in specimens with and without z-yarn, as illustrated in Figure 5.17.
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resin pot
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vacuum bag

vacuum line

(a) Processing set-up during infusion by VARTM.

(b) Dry fabric without z-yarns (dark zone)

Figure 5.14: Preparation of specimens without z-yarns.

Two specimens loaded in the carbon face (with and without z-yarns) were inspected

before testing and after failure by means of a Nanotom 160NF (Phoenix) at 90kV and 80

µA using a W target. 1800 radiographs were acquired for each tomogram with an exposure

time of 500 ms. The reconstructed volumes presented a resolution of 6.6 µm/voxel.
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Figure 5.15: Photograph of the Short Beam Three-point bend test set-up.
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Figure 5.16: Short Beam Three-point bend test set-up schematic.

Assuming a rectangular cross section, the short beam shear strength Ssbs was calculated

as

Ssbs = 0.75
P

DW
(5.2)

where P is the maximum load at the first peak of the load-displacement curve, W is the

specimen width and D the specimen depth.

It is worth noting that this test addresses fiber-reinforced composite materials in which

failure initiates at the midplane by shear. However, the presence of the z-yarns changes

the failure mode of 3D composites, so failure takes place by crushing under the loading
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nose. Consequently, Ssbs is only valid for comparative purposes and should be treated as

an apparent value of the strength.

5.2.2 Results and discussion

A representative load-displacement curve of each load case (see Figure 5.17) is plotted

in Figure 5.18. Significant differences were found depending upon the presence of the z-yarn

and the loading face. The specimens without z-yarns initially exhibit a linear response up to

the onset of failure (either by delamination at free edges or by out-of-plane shear cracking).

Afterwards, they fail in a quasi-brittle manner after a displacement δ ≈ 1− 2 mm. Scatter

was negligible during the elastic regime, but significant differences were found afterwards.

Regarding the specimens with z-yarns, they also initially exhibit a linear response, but this

is followed by a non-linear deformation in which the composite undergoes a continuous

hardening likely due to geometric non-linearities. These tests were ended before failure.

Results were quite repetitive along the whole curve.

Influence of the z-yarns

As shown in Table 5.2, the presence of the z-yarn reduced Ssbs by 31% and 27% with

respect to the materials without z-yarns when indenting in carbon and glass faces, respec-

tively. The damage tolerance was, however, significantly enhanced by the z-yarns, which

led to the development of a large variety of new energy dissipation mechanisms. Similar

results have been reported in the literature. Walter et al. (2010) compared the monotonic

and cyclic short beam test response of 3D and 2D composites, and concluded that 2D

composites were stronger but less damage tolerant.

Influence of hybridization

The effect of hybridization mainly affects the onset of matrix cracking, but not the

shape of the load-displacement curve. Ssbs was reduced when the load was applied on the

carbon face by ≈ 14.8% and 10.0% in specimens with and without z-yarns, respectively.
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Figure 5.18: Representative load-displacement curves of the three-point bend test of a
short beam under different conditions. See text for details.
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Table 5.2: Apparent short-beam strength Ssbs (MPa)

indented face z-yarn no z-yarn
carbon 13.8 ± 1.27 20.0 ± 1.42
glass 16.2 ± 0.97 22.2 ± 1.14

Damage inspection

The results reported above indicate that both hybridization and the presence of the

z-yarns affect the mechanical behavior of the 3D composite. As discussed below, these

differences are explained by the failure mechanisms involved in each loading case.

A sequence of snapshots were captured during the test2, revealing that failure of speci-

mens without z-yarns always initiates under the loading roller by transverse shear cracking.

Afterwards, as depicted in Figures 5.19(a) and 5.19(b), cracks propagate and induce de-

lamination at the midplane of the beam. XCT inspection of a tested specimen showed also

the presence of out-of-plane compressive stresses and the generation of a pine tree damage

pattern (Figure 5.20). It should be noted that transverse shear cracking was more evident

when the load was applied on the carbon face due to the higher brittleness of the carbon

fibers, which makes them more sensitive to contact stresses. This in turn might explain

the lower values found of F sbs
carbon.

XCT inspection of specimens with and without z-yarns revealed that the presence of

the z-yarns increases the ductility of the composite (Figures 5.19 and 5.21). Since layers

are held together by the z-yarns, specimens are forced to bend as a simply supported beam,

undergoing large deformations and giving rise to multiple failure mechanisms. As the load-

ing roller is progressively wrapped by the beam, the contact stress distribution changes

and shifts the maximum pressure from the center to the edge of the contact zone, Abrate

(1998). Compressive and tensile stresses caused by bending become more important than

shear stresses and govern the response of the composite. Tensile stresses at the bottom

layers give rise to z-yarn debonding (Figure 5.22(a)) or to transverse matrix cracking (Fig-

ure 5.22(b)), depending on the presence of the z-yarn on this specific section. Meanwhile,

bending compressive stresses cause fiber kinking at the upper layers, whereas interlaminar

shear stresses lead to delamination as well as tow splitting at intermediate layers.

2For sake of brevity only those obtained at δ ≈ 2− 2.5 mm are depicted in Figure 5.19.
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(a) Load applied on the glass face of a specimen without z-yarns.
Dashed line indicates the crack propagation path. Transverse shear
cracking initiates under the loading roller and induces delamination at
the interface between two orthogonal glass layers.

(b) Load applied on the carbon face of a specimen without z-yarns.
Transverse shear cracks initiates under the loading roller and propa-
gates across the thickness following a pine tree pattern. Compressive
bending stresses cause fiber kinking in carbon layers.

(c) Load applied on the glass face of a specimen with z-yarns. No
evidence of cracks were found at this deformation level.

(d) Load applied on the carbon face of a specimen with z-yarns. Trans-
verse shear cracking appears in glass layers in the region of influence
of the loading roller and propagates outwards at the interface between
two glass layers. Note that cracks remain closed because of the effect
of the z-yarn.

Figure 5.19: Optical micrographs of Three-point Bend test of a short beam at δ ≈ 2−2.5
mm.
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Figure 5.20: Delamination of a specimen without z-yarns loaded on the carbon face.
White arrows indicate transverse shear cracking and black arrows interlaminar shear
cracking.
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(a) With z-yarns

(b) Without z-yarns

Figure 5.21: Specimens loaded on the carbon face.
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(a) Cross section containing the z-yarns.

(b) Cross section not containing the z-yarns.

Figure 5.22: Cross sections parallel to the warp direction in a specimen with z-yarns
after the Short Beam test. The specimen deforms in a ductile manner. Tensile bending
stresses cause either (a) z-yarn debonding in sections containing the binder or (b) intra-
yarn transverse cracking in sections without the z-yarns.
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5.3 Concluding remarks

The in-plane shear behavior of the hybrid 3D woven was highly non-linear. The me-

chanical response is controlled by several phenomena, namely the onset of matrix cracking

(either as tow splitting or at the yarn-matrix interfaces), fiber rotation and fiber locking.

The presence of the z-yarns enhances the resistance of the composite to scissoring, but it

is a source of stress concentrations.

Transverse shear stresses developed under the loading roller play a critical role during

short beam tests, particularly when the load is applied on the carbon face due to the

higher brittleness of carbon fibers. The presence of the z-yarn clearly enhances the ductility

of the composite due to its ability to hold layers together and to generate other energy

dissipation mechanisms. Specimens with z-yarns are mainly affected by in-plane tensile

and compressive stresses generated during bending, rather than shear stresses.
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Chapter 6
Damage Tolerance

Low-velocity impact events caused by foreign objects, such as a tool drop during mainte-

nance operations, are particularly critical in composites. They may cause damage difficult

to be detected, reducing significantly the compressive strength. This is one of the most

limiting factors in the widespread use of composites in aerospace.

This chapter is devoted to study the damage tolerance of the hybrid 3D woven com-

posites after a low-velocity impact event. The test is separated into two parts: firstly, the

damage inflicted into a specimen by an out-of-plane concentrated dynamic load is mea-

sured by means of C-scan inspection. Afterwards, the impacted coupons are tested in

compression to obtain the residual compressive strength. The influence of hybridization

on the compressive residual strength is also discussed.

6.1 Experimental techniques

6.1.1 Drop-weight

Drop-weight impact tests were conducted according to the Standard ASTM D7136/D7136M

(1995). Sixteen rectangular specimens of 150 × 100 × 4.1 mm3 were machined from the

composite plate with the longest dimension aligned in either the warp or fill direction for

the mechanical tests. Specimens were alternatively impacted on the carbon and glass faces,
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Figure 6.1: Four sets of tests were conducted: impact on the carbon face with the plate
oriented in the warp and fill directions (top) and impact on the glass face with the plate
oriented in the warp and fill directions (bottom).

and the plate was alternatively positioned with the longest side parallel to either the warp

or the fill directions (Fig. 6.1).

Tests were carried out using an Instron Dynatup 8250 drop weight testing machine

(Fig. 6.2). The specimens were simply supported by the fixture and hold at the corners

with clamping tweezers, leading to a free impact area of 125× 75 mm2. Guiding pins were

used to center the specimen. This configuration minimizes the fixture interferences with

the impactor. Impacts events were performed by releasing the impactor with a selected

mass from a chosen height, which dropped freely. The impact mass was set to 4.98 Kg and

the drop height to 56 cm to achieve an impact energy of 27.47 J. A hemispherical-shaped

steel tup of 12.7 mm diameter was used as impactor. The tup was instrumented with an

accelerometer to measure the impact load, as well as the tup displacement and velocity.

6.1.2 Compression After Impact

The residual compressive strength after impact of the laminates was measured according

to the ASTM D7137/D7137M (2005). To this end, the impacted coupons were subjected to

in-plane compression to evaluate the residual compressive strength. Tests were carried out

using an electromechanical universal testing machine (Instron 3384), Fig. 6.3. The fixture

includes adjustable side plates to accommodate the thickness variations and to prevent

specimens from buckling. The specimens were simply supported at the four edges, and the

compressive load was applied directly to the top fixture plate by a platen installed in the
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Figure 6.2: Drop-weight set-up. Detail of the coupon and the clamping tweezers.
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(a) Front view (b) Top view

Figure 6.3: Compression after impact tool.

cross-head of the testing machine under displacement control at 1 mm/min. The load was

continuously measured during the test with a 150 KN load cell. The instrumentation of

the specimens included four back-to-back strain gages (350 Ω HBM) to detect any evidence

of specimen bending during the test. Strain gages were located at 25 mm from top and

lateral edges. The test starts with a pre-load of 450 N to ensure that all surfaces come in

contact and also to align the plates.

6.2 Results and discussion

6.2.1 Drop-weight

Force-time curves of the impact tests are plotted in Fig. 6.4(a). After some initial

oscillations –probably due to stress wave reflections– the behavior was linear up to the onset

of instabilities, which corresponds to matrix cracking and some fiber breakage, Schoeppner

& Abrate (2000). Such instabilities were more evident in specimens loaded on the glass

face. Once the peak load was reached, the remaining elastic energy was recovered, so that

the impactor rebounded with a residual velocity lower than the initial one (Fig. 6.4(b)).

The total contact duration was ≈ 8 ms. It should be noted that results were very repetitive.

114



0

1

2

3

4

5

6

7

8

0 2 4 6 8 10

impact on carbon face (warp)
impact on carbon face (fill)
impact on glass face (warp)
impact on glass face (fill)

F
o

rc
e

 [
K

N
]

time [ms]

onset of instabilities

stress wave reflection

Impact energy 27.5 J

(a) Force-time curves

-4

-3

-2

-1

0

1

2

3

4

0 2 4 6 8 10

impact on carbon face (fill)

impact on glass (fill)

impact on carbon face (warp)

impact on glass (warp)

Im
p

a
c
to

r 
v
e

lo
c
it
y
 [

m
/s

]

Impactor displacement [mm]

initial velocity

residual velocity

Impact energy 27.5 J

(b) Velocity-displacement curves

Figure 6.4: Results from the drop weight tests of rectangular specimens oriented either
on the warp or fill directions and loaded alternatively on the carbon and the glass faces
with an impact energy of 27.5J. (a) Force-time and (b) velocity-displacement curves.
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with an impact energy of 27.5J. Force-displacement curves.

Table 6.1: Stored elastic energy after drop weight impact of 27.5J on either the carbon
or the glass face of rectangular coupons oriented in the fill and warp directions.

Stored elastic energy (%) Carbon Glass
Fill 40.3 29.7

Warp 35.0 28.1

The energy absorbed was calculated as the area under the force-displacement curves

(Fig. 6.5). As shown in Table 6.1, approximately one third of the energy was stored as

elastic energy, whereas the other two thirds were dissipated through damage, plasticity and

plate vibrations. Comparison between curves plotted in Fig. 6.6 revealed that specimens

impacted on the carbon face stored more elastic energy than those impacted on the glass

face. Similarly, specimens oriented in the fill direction provided the best performance in

terms of the peak force and the stored elastic energy as a result of the higher volume

fraction of fibers oriented in this direction.
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Figure 6.6: Results from the drop weight tests of rectangular specimens oriented either
on the warp or fill directions and loaded alternatively on the carbon and the glass faces
with an impact energy of 27.5J. Energy-time curves.

Table 6.2: Damaged area over the total area after drop weight impact test of 27.5J in
several configurations.

Damaged area % Carbon Glass
Fill 5.7 6.4

Warp 12.8 16.2

C-scan inspection of impacted specimens revealed the presence of extensive damage

(Fig. 6.7). As shown in Table 6.2, the extension of damage was slightly higher when the

load was applied on the glass face and it was more spread when the plate was oriented in

the warp direction. This explains the lower peak loads and the lower absorption capability

of specimens oriented in the warp direction and impacted on the glass face.
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mens before (top) and after (bottom) drop weight impact of 27.5J. Contour plots show
the presence of matrix cracking. Damaged area was significantly higher when the speci-
mens were oriented in the warp direction (left) than in the fill (right). In contrast, minor
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6.2.2 Compression After Impact

Damaged coupons were tested in compression. As shown in Fig. 6.8, the initial response

was linear up to δ ≈ 1mm. Further examination of strain gages readings revealed that

bending takes place during this regime (Fig. 6.9). This was accompanied by a progressive

increase of damage1 until a plastic hinge developed at the center of the coupon (Fig. 6.10).

This effect, which was already reported by Potluri et al. (2012), determines the onset of

the non-linear behavior. Surprisingly, the laminate did not fail at this point. Instead, after

a short plateau the load increased linearly with the deformation. The tests were stopped

when the load reached 100 KN to prevent damage on the compression platens. This result

highlights the high ductility and damage tolerance of this laminate.

Comparison of curves in Figure 6.8 showed that the best performance was achieved when

the load was applied on the carbon face. This is readily explained by the lower damage

inflicted during drop weight impact. Likewise, specimens with the fill yarns oriented along

1Cracking was clearly heard during the test.
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Table 6.3: Experimental results of compressive strength after impact Scai of the hybrid
3D woven composite. Influence of impacted side (carbon or glass) and fiber orientation
(fill or warp)

Scai (MPa) Ecai( GPa)
orientation Carbon Glass Carbon Glass

Fill 103.0± 11.5 96.6± 4.6 80± 5.8 68± 5.6
Warp 88.1± 0.2 73.8± 13.5 53 57± 4.1
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Figure 6.11: Relationship between damaged area and Scai.

the longest side provided better damage tolerance than those oriented in the warp direction.

This can be explained not only for the lower damage inflicted, but also for the higher number

of layers oriented in the longitudinal direction. This is also reflected in the values of the

ultimate stress Scai presented in Table 6.3, which was calculated as:

Scai =
Pmax

A
(6.1)

where Pmax is the maximum load prior to failure and A is the initial cross sectional area.

Further analysis revealed that the size of the damaged area is inversely proportional to

Scai (Fig. 6.11).
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6.3 Modeling

6.3.1 Delamination threshold

The threshold force Pc of delamination is particularly relevant for aircraft design pur-

poses. Davies et al. (1994) formulated an analytical model based on fracture mechanics to

determine this critical load:

P 2
c = GIIc

8π2Et3

9(1− ν2)
(6.2)

where GIIc is the critical energy release rate in mode II, t is the laminate thickness, and E

and ν are the effective in-plane stiffness and Poisson’s ratio of the laminate, respectively.

Recalling that Pc can be readily deduced from the point of the drop weight load-time

curve at which the instabilities start, this model can be used to obtain GIIc, Irving &

Cartie (2002). This value is particularly useful for modelling purposes. Applying eq. 6.2

to specimens loaded on the carbon side and oriented in the warp direction and substituting

Pc ≈ 4900N, E = 27GPa, t = 4.1mm, ν = 0.4, then GIIc = 3800N/m. This value is five

times higher than that reported by Irving & Cartie (2002) for quasi-isotropic unidirectional

laminates.

6.3.2 Residual strength

The equivalent hole method suggested by Edgren et al. (2008) was applied to predict

the residual strength of the laminate. This approach assumes that the damaged area –

based on an equivalent overlapping delamination criterion– is equivalent to a hole, so that

the CAI coupon is considered as an open-hole specimen.

Adamaged ≈ π ×
D2

equivalent

4
⇒ Dequivalent ≈

√
4Adamaged

π
(6.3)

To study the notch-sensitivity of the material in compression, a comparison was estab-

lished between the strength of unnotched, open-hole and compression after impact coupons.

No relevant differences were found between the warp and fill directions, neither in the car-
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and CAI tests. The latter is calculated as an equivalent hole diameter obtained from
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bon and glass faces. Fig. 6.12 reveals that the equivalent hole model slightly overpredicts

the compressive residual strength of the hybrid 3D woven composite, as it was already

reported by Edgren et al. (2008) for the case of unidirectional tapes. This can be readily

explained by the fact that the damaged area was measured based on the matrix cracking

detected by the C-scan, which is less critical than the presence of a cut-out. Moreover, the

model does not account for geometrical effects that may trigger instabilities.

6.4 Concluding remarks

It can be concluded that the hybrid 3D woven laminate is highly damage-tolerant.

Despite of the early onset of global buckling, it was able to withstand further loading. The

through-thickness reinforcement seems to play a significant role, ensuring a load transfer

from damaged to undamaged layers and reducing the splitting of the laminate into slender

sublaminates.

Critical energy release rate in Mode II can be estimated from the threshold load of

matrix cracking during drop weight impact. The application of an equivalent open-hole
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model to predict the critical load provides also a reasonable estimation of the residual

strength, although slightly overestimated.

As expected, the residual compressive strength was inversely proportional to the size

of the damaged area. In that sense, hybridization can be used to improve the performance

of a composite subjected to impact loads. The performance is higher when the plate is

oriented in the fill direction and the load is applied on the carbon face. The latter is not in

agreement with the results obtained from short beam tests. This can be readily explained

by the different failure modes involved in the damage process.
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Chapter 7

Impact Behavior

Composite materials used as primary structures in aerospace applications can be sub-

jected to impact loading during in-service conditions. Damage in composites is not always

visually detectable, as oppose to metals, in which impact events typically leave noticeable

dents, Rhymer et al. (2012). Some examples of threats include hailstones, lightning strike,

Muñoz et al. (2014), bird ingestion, runway debris during take off and landing, as well as

tool drop during maintenance operations. Spacecraft, wind turbine and marine composite

structures are also subjected to impact during operation.

In other cases, composite materials are not part of the primary structure, but are

designed to protect critical components or the occupants of a vehicle against impacts, as it

is the case of crushing boxes in automotive industry Johnson & David (2010). Thus, a good

comprehension of the energy absorption capabilities and failure mechanisms of composite

materials under impact is needed.

The ability of a composite structure to withstand impacts relies not only on the features

of the plate itself (thickness, mass and material properties), but also on the mass, material

properties, shape and velocity of the projectile. The impact regime is particularly relevant,

so several attempts have been made to group impact regimes into a finite number of

categories. According to Abrate (1998), high velocity impacts are those in which the ratio

between the impact velocity and the through-thickness compressive wave velocity is larger
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than the strain to failure in that direction. Tool drop during maintenance operations and

take-off debris impact are, respectively, examples of low velocity and high velocity impacts.

This chapter analyzes the mechanical response and the energy absorption capability of

the hybrid 3D woven composite in the low velocity and high velocity regimes. The influence

of hybridization on the impact response is also discussed with the help of XCT images and

finite element simulations.

7.1 Low velocity impact

7.1.1 Experimental techniques

The composite panels were machined into 145 × 145 mm2 square plates and clamped

by their corners on a hollow square section of 127× 127 mm2, Figure 7.1.

Four coupons were impacted with energies of 94 J and 162 J to study the response of the

material under penetration and perforation, respectively1. The nominal impact velocity

was set to 4 m/s. Each panel was tested on either the carbon fiber or the glass fiber rich

faces (from now on, CF and GF, respectively) at the aforementioned impact energies. The

four load cases are summarized in Figure 7.2. Note that results from drop-weight tests

are typically very reproducible and exhibit very low scatter, as shown in Chapter 6 and

as reported by Enfedaque et al. (2010), Sevkat et al. (2013), González et al. (2011) and

Seltzer et al. (2013). In this case, the slope of the loading regime in the load-displacement

curve is very similar in all cases, regardless of the impact energy.

The low velocity impact tests were carried out at room temperature and humidity using

an Instron Dynatup 8250 drop-weight test rig equipped with a pair of rebound catchers

to prevent multiple impacts on the tested specimens. The tup was hemispherical with

a diameter of 12.7 mm and it was instrumented with an accelerometer. Force and time

were recorded in a data acquisition system, from which velocity and displacement can be

calculated by integrating the force history according to

1The term penetration refers to the case in which the projectile enters the target, whereas perforation
means complete penetration through the target. Eventually, embedment refers to a penetration case in
which the projectile remains attached to the target after the impact event, Anderson Jr. et al. (2003).
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Figure 7.1: Schematic drop-weight impact set-up (not-to-scale).
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v(t) = vi + gt−
∫ t

0

F (t)

Mi

dt (7.1)

wi(t) =

∫ t

0

v(t)dt = vit+
gt2

2
−
∫ t

0

(∫ t

0

F (t)

Mi

dt

)
dt (7.2)

where vi and wi are, respectively, the initial velocity and the displacement of the impactor,

g the acceleration of the gravity and Mi the mass of the impactor, González et al. (2011).

Two representative specimens were inspected after failure by means of a Nanotom 160

NF (Phoenix) XCT to obtain detailed information about the actual damage mechanisms

through the thickness. X-Ray parameters of the W target were 90 KV and 140 µA. 1500

radiographies were acquired during the 360◦ rotation of the sample with an exposure time

of 750 ms. The tomograms resolution was in the range 9-11 µm/voxel, depending on the

specimen width.
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Figure 7.3: Velocity of the impactor as a function of impactor displacement. At low
energy levels, the impactor rebounds with a residual velocity lower than the initial one
when the displacement is close to 15-20 mm. At high impact energies, the impactor is
able to perforate the plate and the velocity is always positive.

7.1.2 Results and discussion

Impact event

The impact event can be described in terms of the principle of energy conservation. As

the impactor comes into contact with the target, a fraction of the initial kinetic energy of

the impactor is gradually converted into elastic energy, Lopes et al. (2009b), whereas the

remaining energy is dissipated in the form of plate vibrations, friction and fracture. The 94

J impact energy was not sufficiently high to cause perforation, so the energy stored by the

plate was recovered and the impactor rebounded with a certain velocity, Figure 7.3. At 162

J, plate perforation occurred and all the elastic energy stored in the plate was dissipated.

The impactor velocity was always positive. In both cases, the residual velocity was lower

than the initial one due to energy spent during the impact.

Force histories of the 94 J and the 162 J impacts are plotted in Figure 7.4. The response

was similar at both energy levels up to the peak load. As the impactor came in contact

129



0

2

4

6

8

10

12

14

0 3 6 9 12 15

Impact on carbon face

Impact on glass face

 F
o

rc
e

 [
K

N
]

 Time [ms]

Impact energy of 94J

0

2

4

6

8

10

12

14

0 3 6 9 12 15

Impact on carbon face

Impact on glass face

 F
o

rc
e

 [
K

N
]

 Time [ms]

Impact energy of  162J

Figure 7.4: Force-time curves under low velocity impact without perforation (left) and
with perforation (right).

with the target, some initial oscillations were followed by a gradual increase of the reacting

force exerted by the plate. Once fibers started failing, the response became much more

unstable and important differences arose between the impact energies considered. At 162

J, fiber breakage occurred in all layers and the force dropped off abruptly as a result of the

perforation of the plate, while some fibers did not fail at 94 J, and the impactor was unable

to fully penetrate the laminate. The presence of undamaged fibers ensured a smoother

post-peak response at 94 J, so that the load decreased progressively until the impactor

and the plate were no longer in contact. The contact duration was approximately equal

to 12-15 ms at low energy levels and 6-7 ms at high energy levels. Further analysis also

revealed that hybridization had a significant influence on the maximum load, which was

higher when the impact was carried out on the carbon face.

It should be noted that some minor instabilities were also observed in coupons impacted

on the glass face at ≈ 7 KN, regardless of the impact energy. This effect has been attributed

to the onset of delamination in unidirectional composites, González et al. (2011). In the

case of the hybrid 3D woven composite, it is likely due to matrix cracking, which had very

limited influence on the mechanical behavior.
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Table 7.1: Absorbed energy during low velocity impact tests.

stored elastic energy dissipated energy
(% of 94 J) (no perforation) (% of 162 J) (perforation)

carbon face 30 79
glass face 3 65

Energy absorption and damage mechanisms

The quality of a bumper can be determined by the ability to absorb the kinetic energy

of the impactor with the minimum damage or, if perforated, by the ability to absorb the

maximum amount of energy. While the former can be evaluated by the elastic energy

stored, the latter is measured by the energy dissipated, which corresponds to the area

under the load-displacement curve. Note that the terms absorbed energy and dissipated

energy are only equivalent when perforation occurs.

Figure 7.5 shows that coupons impacted on the CF absorbed more energy than those

impacted on the GF, regardless of the impact energy. CF laminate stored more elastic

energy than GF at 94 J, whereas CF laminate dissipated more energy than GF at 162 J.

Quantitative results are found in Table 7.1.

The large energy absorption capability of 3D woven composites has already been re-

ported by Seltzer et al. (2013) and is likely due to the presence of the z-yarns and the

multiple failure mechanisms involved during impact, which facilitate the dissipation of en-

ergy. The large displacements reached by the impactor also revealed that the hybrid 3D

composite was very ductile as compared with conventional CFRP laminates.

XCT inspection of coupons impacted on the glass face at 94 J showed that the defor-

mation of the upper layers of the laminate (glass) was constrained by the presence of the

carbon layers at the bottom, which have a lower failure strain. Once the carbon layers

failed, the shear plug generated beneath the impactor was pushed outwards, Figure 7.6.

This mechanism explains the sudden drop observed in the load-displacement curve of the

GF 94 J case at a displacement of 17 mm, Figure 7.5. In contrast, upper layers are free to

deform and the laminate bends smoothly when the ductile layers are located at the bot-

tom (CF configuration), Figure 7.7. As the plate bends, the bottom layers of the laminate

are subjected to membrane stresses, absorbing a higher amount of energy. This behavior

explains the higher energy absorption capability of the CF configuration.
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Figure 7.5: (a) and (b) Stored elastic energy and dissipated energy at 94 J. (c) dissipated
energy at 162 J. Note that the GF configuration was almost perforated, so the amount
of elastic energy stored was minimum.
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The impact event was accompanied by multiple failure mechanisms common to both

configurations: contact stresses under the impactor caused matrix crushing and shear

cracking; yarns were dragged by the impactor, giving rise to tow splitting and also to some

delamination at the cross-over sites; z-yarns readily debonded due to the poor adhesion of

the polyethylene and, eventually, fiber kinking was also observed in the upper layers as a

result of the in-plane compressive stresses developed while bending. More details about

the influence of the fibre type and fibre architectures on the failure mechanisms of 3D

composites can be found in Seltzer et al. (2013).
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Figure 7.6: XCT cross-sections of the imprints left on the 3D hybrid GF configuration
after impact at 94 J. The location of each tomogram is specified at the top. GF are in
white, while CF, Dyneema and resin are grey. Impact caused large deformations at the
center of the coupon, leading to extensive matrix cracking and fiber breakage at the warp
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7.2 High velocity impact

7.2.1 Experimental techniques

Twenty square plates of 100 × 100 mm2 were impacted on either the carbon or glass

face with spherical2 steel projectiles of 5.5 mm diameter (caliber 0.22”) and 0.706 g. The

projectiles were embedded in a sabot to fit on a 7.62 mm barrel and impelled at velocities

ranging from 250 m/s up to 550 m/s (100J). To this end, a pneumatic launcher (SABRE

A1 +) gas gun was used either with air or helium compressed up to 150 bars. Specimens

were placed into the impact chamber and held with rubber strips to ensure that boundary

conditions did not interfere with the results. The experimental set-up is depicted in Figure

7.8.

The energy absorption capability of the laminate was calculated as the difference be-

tween the initial and the residual kinetic energies of the projectile3. The initial Vi and

residual velocities Vr were measured with a Phantom V12 high-speed video camera (Figure

7.8(a)). Images were recorded at a rate of 40,000 frames per second, with a resolution of

512× 256 pixels and an exposure time of 23.45 µs.

Damage was inspected in all specimens before and after impact with ultrasounds (Tec-

niTest TRITON 1500). Measurements were carried out at 30 mm/s, using a Sonatest SLG

5-102 transducer of 10 mm diameter with a central frequency of 5 MHz. The interval

between levels was 1 dB and the resolution was set to 1 mm. The commercial software

Visual Scan V-1.0 was used to visualize the results.

XCT inspection was conducted with the same equipment and procedure described in

Section 7.1.1. X-ray voltage and intensity were set to 100 KV and 130 µA, respectively,

whereas the exposure time was 1000 ms. The resolution of the tomographs was 9-11

µm/voxel.

2The spherical shape was selected to avoid effects of orientation.
3The kinetic energy of the ejected material was neglected. Total mass loss of each specimen was

≈ 0.1− 0.3 g.
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(a) High-speed camera
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Figure 7.8: High velocity impact experimental set-up
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Table 7.2: Ballistic limit V50 of the hybrid 3D woven composite.

V50 (m/s)
Impact on carbon face 359
Impact on glass face 326

7.2.2 Results and discussion

Ballistic limit and energy absorption

The ballistic limit V50 is the projectile velocity at which there is a 50% probability that

the projectile is stopped by the plate, Rao et al. (2009). It was obtained as the average

of the critical velocities V0, which in turn were determined by applying the Jonas-Lambert

expression for each shot:

V0 = (V n
i − V n

r )
1
n (7.3)

V50 =
k∑
i=1

(V0)i/k (7.4)

where Vi and Vr are, respectively, the initial and the residual velocities of the projectile, k

is the number of shots and n = 2 for composite materials impacted by spherical projectiles,

Reid & Zhou (2000). As depicted in Figure 7.9, this expression correlates well with the

experimental results, showing that V50 was a 10% higher in the specimens impacted on the

carbon face (Table 7.5).

Further analysis also indicates that the hybrid 3D woven composite absorbed more

energy when it was impacted on the carbon face. The absorbed energy is plotted in Figure

7.10 as a function of the initial kinetic energy. It shows that the energy absorbed is almost

independent of the initial kinetic energy above a certain threshold.

Interestingly, the comparison between ballistic and drop-weight impacts revealed that,

at the same energy level, the energy absorption of the composite decreases with the impact

velocity. An impact of 94 J at 4 m/s was completely absorbed by the composite, whereas

an impact of 92 J at 510 m/s fully penetrated the plate.
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Figure 7.9: Experimental ballistic curves of the hybrid 3D woven composite.
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composite.
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(a) t=0 ps (b) t=23 ps (c) t=48 ps (d) t=73 ps (e) t=585 ps

Figure 7.11: Sequence of events during a high velocity impact on the CF configuration.

Failure mechanisms

The impact event was similar in all cases. The plate was first indented and then per-

forated when the kinetic energy was sufficiently high. Otherwise, the projectile rebounded

or it was embedded within the target. The impact event was very short and the main

eigenmodes of the plate –global bending and twisting– were not excited until the projectile

exited the target. In fact, boundary conditions did not affect the response of the plate.

Figure 7.11 illustrates an example of an impact event. The projectile comes from the left

side at 360 m/s and hits the carbon face. After some local deflection, the fiber strength is

exceeded in all layers and the laminate is perforated, spreading out fragments of the mate-

rial. Eventually, the projectile exits with a residual velocity Vr=12.5 m/s. The mechanical

response was very localized. This is different from drop-weight tests, where global plate

bending played a significant role.

Damage on the target was first caused by indentation. As the projectile comes in

contact with the target, contact stresses develop under the impactor, giving rise to matrix

cracking, z-yarn breakage and, more importantly, fiber tearing of some warp and weft yarns.

The latter defines the perforation path and is caused by the transverse shear stresses. It

should noted that fiber breakage was localized in few bundles, whereas matrix cracking was

spread over a larger area. This is illustrated in Figure 7.12.

Indentation also led to extensive damage at the back face of the laminate due to the

reflection of the compressive stress waves generated under the projectile as tensile stress

waves. This phenomenon is called spallation and is due to the mismatch in mechanical

impedances of the back layer and the air. Evidences of spallation were found in the hybrid

3D composite. Tensile out-of-plane stresses caused matrix cracking and the failure of a
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Figure 7.12: Tomogram of a coupon impacted on the glass face at Vi = 299.3 m/s and
non-perforated (front view). Glass fibers are light grey, while carbon fibers, Dyneema
and resin are dark grey. Indentation causes matrix cracking, fiber breakage of z-yarns
and fiber tearing of glass yarns.
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Figure 7.13: Tomogram of the back face of a coupon impacted at Vi = 299.3 on the
glass face and non-perforated. Glass fibers are white, while carbon fibers, Dyneema and
resin appear grey.

z-yarn at the back face of the laminate (Figure 7.13), but did not affect the fill yarns.

Interestingly, the remaining z-yarns avoided the delamination commonly observed at the

bottom layers of unidirectional tapes.
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Figure 7.14: Tomogram of a coupon impacted on the carbon face and perforated
(Vi = 379.3 m/s, Vr = 121.10 m/s). Glass fibers appear in white, while carbon fibers,
Dyneema and resin are grey. Damage is localized in a small region and decreases rapidly
from the center outwards. Crimping of the fill yarns is clearly induced by the binder.

Damage was localized in a small region around the impactor during ballistic impacts.

This makes a significant difference with drop-weight tests, where damage was spread over

a larger region. XCT inspection of a perforated specimen showed that matrix cracking

and fiber breakage are more evident as the section is closer to the hole generated by the

spherical projectile, Figure 7.14. Despite of the severity of the impact, intrayarn cracking

only affects three or four yarns in each direction. The image also shows the crimping

induced by the z-yarns on the outermost fill yarns.
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Figure 7.15: Tomograms of the damaged sections of two coupons impacted on the
carbon face: perforated (Vi=360 m/s, Vr=12 m/s) (top) and non-perforated (Vi=341.5
m/s, Vr=0) (bottom). Sections are parallel to the warp direction. Glass fibers are white,
while carbon fibers, Dyneema and resin are grey. The projectile induces transverse shear
stresses giving rise to failure of the warp yarns. Note that even the warp yarns of the
non-perforated coupon are also broken. Other minor failure modes are also depicted,
namely matrix cracking, fiber kinking, crushing and delamination.

The failure mechanisms observed in perforated and non-perforated specimens were sim-

ilar. As depicted in Figure 7.15, fiber tearing due to the out-of-plane shear stresses induced

by the projectile is the most important failure mechanism. There is also extensive ma-

trix cracking at the top and back faces as a result of indentation and spallation stresses,

respectively. As the projectile drags the warp yarns, it leads to tow splitting and some de-

lamination, whereas local bending observed in some glass yarns gives rise to fiber kinking.
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The z-yarns played an important role in the response of the composite. As illustrated in

Figure 7.16, damage by crushing and spalling is more evident on the fill yarns not wrapped

by the z-yarn. Moreover, the more damaged fill yarns are those where z-yarn breakage

occurs. As expected, z-yarns hold layers together, significantly reducing the delamination.
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Figure 7.17: C-scan ultrasound inspection of specimens impacted on the carbon face
(top) and on the glass face (bottom). Contour plots show the level of attenuation.
Damage pattern has an approximately elliptical shape with the major axis oriented per-
pendicularly to the z-yarn direction.

C-scan inspection did not show significant differences between coupons impacted on the

carbon and the glass faces. The size and shape of the damage patterns were similar and can

be roughly approximated by an ellipse in which the major axis is oriented perpendicularly

to the z-yarn, Figure 7.17.
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Since C-scan inspection did not clarify the higher energy absorption capability and the

higher ballistic limit measured on the CF configuration, several specimens impacted on the

glass and carbon faces were further inspected by means of XCT. It was found that the

fill yarns located at the top and intermediate layers failed in shear, whereas those located

at the bottom failed in tension as a result of the membrane stresses (Figure 7.18). Since

the energy dissipated during fiber failure is much higher in tension than in shear (tensile
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strength and stiffness of yarns are usually much higher than the out-of-plane shear strength

and stiffness for a similar failure strain), this suggests that bottom layers can absorb more

energy than top layers during impact.

Whether a yarn fails in shear or in tension will depend on the deformability of the

neighbor layers. As the confinement increases, the layer is more prone to fail by shear. For

instance, the lowest ply of a laminate is never constrained by the neighbour layers, so it

will be subjected to membrane stresses4.

Figure 7.18 also showed that bending in the CF configuration was spread over a larger

area than in the GF due to the higher failure strain of the glass fibers. This ensures

not only a higher amount of fibers contributing to dissipate energy, Tabiei & Nilakantan

(2008), but also a higher number of yarns which will fail in tension rather than in shear

and, consequently, a higher energy absorption capability.

7.3 Numerical modeling

Drop-weight and high velocity experimental tests reported in this chapter were sim-

ulated by using a mesomechanical approach based on the finite element method. This

allowed to study the failure mechanisms and the influence of the mechanical properties on

the impact response of the composite.

7.3.1 Low velocity

Finite element model

The size of the laminate was 145 × 145 mm2, whereas the test rig was modeled as a

hollow square plate of 127 × 127 mm2. The test rig was modeled as a rigid surface and

the projectile was defined as a rigid body. The laminate was split into seven plies of the

same thickness (0.586 mm). The shape of the impactor was hemispherical of 12.7 mm of

diameter and 18.75 mm of height (Figure 7.19).

Each ply was modeled with linear solid elements (with either 6 or 8 nodes and reduced

integration). Plies were connected each other by using conforming meshes. The mesh

4Note that the outermost layers of 3D woven composites are always oriented in the fill direction.
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Figure 7.19: Drop-weight finite element model.

was refined at the impact region to capture stress gradients, leading to approximately

750 000 elements. A non-structured meshing strategy was followed to reduce the damage

localization problems commonly observed in materials with softening Bažant (1998). This

mesh also showed a lower hourglassing effect compared with a structured mesh.

The plies behaved as orthotropic solids in which the response is linear elastic up to

the onset of the intralaminar damage by matrix or fiber failure. A continuum damage

model based on the LaRCO4 failure criteria Dávila et al. (2005), Pinho et al. (2005),

was implemented as a user subroutine VUMAT in Abaqus Explicit, Figure 7.20. The

input parameters of the constitutive model are the elastic constants (E1, E2, E3, ν12, ν13,

ν23, G12, G13, G23), the strengths (XT , XC , YT , YC , SL, ZC) and the fracture energies

corresponding to each failure mode (G1+, G1−, G2+, G2−, G6 and G3−). More details of

the constitutive model are provided in Appendix C.

The elastic constants were already determined in Appendix A by applying the microme-

chanical equations of C.C.Chamis (1984), except the stiffness in the through-thickness di-

rection, which was defined arbitrarily as E3 = 7.5 GPa. Chamis’ equations were also

applied to calculate the ply strengths (Table 7.3) from the fiber and matrix strengths pro-

vided by the manufacturers, except the through-thickness strength, which was also defined

arbitrarily as Zc = 400 MPa.
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Figure 7.20: Parameters of the intraply damage constitutive model, Lopes et al.
(2009a).

Table 7.3: Ply strength (MPa) estimated from the Chamis’ model, C.C.Chamis (1984)).

XT XC YT YC SL ZC
Glass layers 2201 1980 68 109 40 400

Carbon layers 2206 1800 69 111 42 400
Hybrid layer 2237 1833 69 110 42 400

Table 7.4: Ply fracture toughness (N/mm) estimated from the elastic energy stored by
each failure mode.

G1+ G1− G2+ G2− G6 G3−
Glass layers 343 596 1 9 2 142

Carbon layers 127 94 1 8 1 153
Hybrid layer 207 280 1 8 1 149

The fracture energies GM were first estimated as four times the elastic energy stored in

each failure mode and then arbitrarily modified to fit the load-displacement curve of one

impact, Table 7.4. These values were then used for the rest of the models. Note that these

fracture energies were sufficiently high to avoid snap-back5 of the elements, Maimı́ et al.

(2007b).

5Snap-back occurs in brittle failures when the control of the load is lost, leading to an unstable solution
that will dissipate more energy than it should, Bažant (1998), Carrara et al. (2011).
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Regarding the boundary conditions, the laminate was simply supported on the test rig,

so a normal contact was defined between them to avoid penetration. The test rig was

completely constrained, so it was unable to translate or rotate. The impactor was modeled

as a rigid body and enforced to move along vertical direction with a mass point of 11.72

kg (94 J) and 22.4 Kg (162 J) attached to it. Initial velocity of the impactor varied from

3.8 to 4.0 m/s. Since some elements may be removed during perforation, contact surfaces

were defined in all layers.

Impacts were simulated with the explicit finite element code Abaqus Explicit. The

explicit solver integrates the equations of motion by using an explicit central difference

integration rule which satisfies the dynamic equilibrium at the beginning of an increment

and calculates the kinematic state at the increment i + 1, Ridruejo et al. (2011). Unlike

backward-Euler integration methods used in implicit codes, explicit integration leads to

a conditionally stable problem in which the stability limit ∆t depends on the size of the

element and the sound speed of the material c =
√

E
ρ

, Courant et al. (1967):

∆t = min

[
l

c

]
(7.5)

where l is the characteristic length of an element. This implies that the computational cost

increases with small elements of high stiffness and low density.

Accordingly, the use of small elements ensures a stable solution, but increases the

computational cost. In particular, simulations took 100 hours running with 22 processors

in double precision and parallelized using the domain decomposition method. The onset

of damage clearly penalizes the critical stable time ∆t and increases the computational

cost. Although mass scaling can be used to increase ∆t, this approach was disregarded as

it affects the energy balance and distorts the results. Other numerical issues available in

Abaqus Explicit like distortion control, which prevents solid elements from inverting, were

not applied due to the non-negligible artificial energy introduced in the model.

Penetration modeling of continuum solids using finite element analysis requires an ele-

ment erosion criteria to remove damaged elements with excessive deformation. The removal

of an element generates traction-free surfaces and allows the penetrator to progress through

the material, Gama & Gillespie (2011), and influences the response of the composite. In

this case, elements were deleted after full degradation in tension in the fiber direction or
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in compression in the out-of-plane direction. Fiber breakage and crushing are controlled

by the damage variables d1+ and d3−, as explained in Appendix C. Actually, to avoid the

distortion of elements and to reduce the computational cost of the simulations without

affecting the results, failure cut-offs were defined at d1 = 0.7 and d3 = 0.9, before com-

plete degradation occurs. Fiber breakage releases a large amount of energy during failure,

whereas crushing is especially critical in high velocity impacts, where indentation and shear

plugging play a critical role.

Numerical results

A good agreement was found between experiments and simulations. As shown in the

load-displacement curves depicted in Figure 7.21, the finite element simulations were able

to capture the differences between the CF and the GF configurations, as well as the energy

required to perforate the laminate. Correlation was better in specimens impacted on the

carbon face. The stiffness of the GF configuration was overestimated, probably due to the

modeling strategy, which does not account for delamination. In contrast, peak loads, which

are mainly controlled by the fiber strength, were well estimated.

Once the model was validated, it was used to examine the stress fields at intermediate

stages. Results showed that the impact event was sufficiently slow to allow global plate

bending. Perforation was controlled not only by the out-of-plane stresses generated at the

top layers, but also by the in-plane tensile stresses arising at the bottom layers as the plate

bends. The higher failure strain of the glass fibers located at the bottom ensures higher

energy absorption during bending, and explains the differences between the GF and CF

configurations.

Examination of the in-plane transverse and shear stress fields also revealed significant

differences between specimens. Figures 7.22 and 7.23 compare the evolution of matrix

cracking on both faces during a 94 J impact at t1 = 2.9 ms and t2 = 6.3 ms, revealing that

matrix cracking was more extensive in the GF configuration. Note that some elements of

the bottom layer of GF were deleted because the fiber tensile strength was exceeded during

bending, whereas elements at the top were deleted because of crushing. The model perfectly

captures that GF was almost perforated at t2, which is in agreement with experimental

results.
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Figure 7.21: Load-displacement curves corresponding to low velocity impacts without
penetration (top) and with penetration (bottom). Comparison between numerical and
experimental results.
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Figure 7.22: Simulation of dropweight impact of 94 J on carbon (top) and glass (bot-
tom) faces at time t1 = 2.9 ms. Contour plots indicate the damage level for matrix
cracking.
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Figure 7.23: Simulation of drop-weight impact of 94 J on carbon (top) and glass (bot-
tom) faces at time t2 = 6.3 ms. Contour plots indicate the damage level corresponding
to matrix cracking.
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Likewise, in-plane shear stress fields were different in the CF and GF configurations.

As shown in Figure 7.24, in-plane shear cracking of specimens impacted at 94 J in the GF

configuration affected the whole thickness. The contour plot of the impacted layer was

more uniform in the GF configuration due to the higher deformability of the glass fibers.

Finally, Figure 7.25 shows that the 162 J impact energy caused perforation, regardless

of the the orientation of the laminate. This in agreement with experimental results. The

vertical displacement of the impactor was higher on the GF configuration (Figures 7.21

and 7.25). Perforation was accompanied by considerable matrix cracking, particularly in

the GF configuration.

It is worth noting that the influence of the erosion criteria on the mechanical response

of the laminate is remarkable. For instance, when the eroding criteria was defined in terms

of the damage variables d1 (fiber breakage) and either d2 (transverse matrix cracking)

or d6 (in-plane shear cracking), the response became excessively compliant. This can

be explained by the ability of the composites to withstand further loading after matrix

cracking. Likewise, when d1 is the only damage variable included in the erosion criteria,

the response becomes too stiff and the impactor was unable to penetrate the laminate,

which ends up failing only by bending.

156



impact on carbon face (94J)
shear matrix cracking

impact on glass face (94J)

top view top view

detail cross-section detail cross-section

Figure 7.24: Simulation of drop-weight impact of 94 J on carbon (left) and glass (right)
faces. Contour plots indicate the damage level corresponding to in-plane shear cracking
at t1 = 2.9 ms. Details of the impacted region are shown at the bottom.
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t2 = 6.35 ms.
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Figure 7.26: High velocity finite element model

7.3.2 High velocity: 2D approach

High velocity impact tests were simulated using a similar approach to the one described

above. Only the following differences apply:

• The size of the target was smaller (100 × 100 mm2) to replicate the size of the real

coupon (Figure 7.26).

• Ballistic impacts are not influenced by the boundary conditions, so the target was

not supported nor constrained in any direction.

• The projectile was not modeled as a rigid body, but as an elastic steel sphere dis-

cretized with solid elements with reduced integration (C3D8R). The elastic properties

of the steel were E = 210 GPa and ν = 0.3. This allows to account for possible stress

wave interactions while not increasing significantly the computational cost.

• The number of elements of the model was approximately 270 000, and the duration of

the simulations was t=0.08 ms. Computational cost was more than 100 times lower

than that of drop-weight test simulations.
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Table 7.5: Ballistic limits of the hybrid 3D woven composite measured as an average of
the critical velocities V0. Comparison between experimental and numerical results with
two crushing strengths Zc.

Ballistic limit (m/s) Experimental FEM
Zc=400 MPa Zc=600 MPa

Impact on carbon face 359 352 409
Impact on glass face 326 343 413

Numerical results

The residual velocity of the projectile was computed for each impact velocity. Critical

velocities V0 and the ballistic limit V50 were determined from the simulations according

to the procedure described in section 7.2.2. Results revealed the ability of the numerical

model to reproduce the residual velocities measured experimentally, as well as to capture

the experimental differences between the CF and the GF configurations in terms of the

ballistic limit for the baseline configuration (crushing strength Zc = 400 MPa). As shown

in Figure 7.27, the ballistic limit was slightly underestimated by the numerical model in

the GF configuration and overestimated in the CF configuration, but correlation was good

in both cases.

The influence of the crushing strength on the ballistic limit was determined by compar-

ing the response of the baseline material (Zc = 400 MPa) with another material in which

the crushing strength was increased up to Zc = 600 MPa. Results revealed that the role

played by crushing on the fem model is critical (Table 7.5). As Zc increases, the ballistic

limit clearly increases (Figure 7.28).

Further examination of the stress fields around the impact region revealed that local

bending was not properly captured by the numerical model (Figure 7.29). The mechanical

response was mainly controlled by crushing in the simulations. This is not in agreement

with experimental observations, where local bending of the rear layers played an important

role (Figures 7.11 and 7.18). Moreover, the model was unable to account for the effect of

the z-yarns, so another modeling strategy was suggested.
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Figure 7.27: Comparison between experimental and numerical ballistic curves of the
hybrid 3D woven composite. Impact on the carbon face (top) and impact on the glass
face (bottom). Zc=400 MPa.
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Figure 7.28: Comparison between experimental and numerical ballistic curves of the
hybrid 3D woven composite modeled using a 2D approach. Impact on the carbon face
(top) and impact on the glass face (bottom). Zc=600 MPa.
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Figure 7.29: Cross section of the numerical model for the high velocity impact tests.
Contour plots indicate the damage level corresponding to matrix cracking. Vi=341 m/s
on the CF face (top) and Vi=414 m/s on the glass face (bottom).
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7.3.3 High velocity: 2.5D approach

Embedded element technique

The finite element models described so far provide a good estimation of the low velocity

and high velocity global impact response of 3D woven composites at a reasonably low

computational cost. However, such models are unable to account for the influence of the z-

yarns nor to capture local bending effects under ballistic impacts, so a new model strategy

is presented here.

The modelization of composites with complex geometries has been traditionally af-

forded by creating unit cells and defining simple loading states in which periodic bound-

ary conditions are applicable, Melro et al. (2012), Barbero et al. (2005a), Barbero et al.

(2005b), Buchanan et al. (2010), Pankow et al. (2012). However, composites subjected to

impact loading undergo complex stress states, which invalid the assumption of periodicity.

Moreover, the tortuosity of the geometry requires very fine meshes at the resin pockets,

increasing the computational cost. To overcome this problem, several mesh superposition

techniques in which the components can be meshed separately have been suggested. Ex-

amples include the Binary Model, Cox et al. (1994a) and McGlockton et al. (2003), the

Domain Superposition Technique suggested by Jiang (2013) or the multi-element digital

chain technique proposed by Mahadik & Hallett (2010). Some of these techniques have

been applied to model textiles with 3D reinforcement, giving an accurate account of the

global stiffness, but these approaches usually require in-house codes or complex models,

which limits their widespread use in industry.

More recently, Tabatabaei et al. (2014) has successfully applied the embedded element

technique to predict the elastic properties and the damage patterns in a wide range of

composites, such as 5-harness satin composites. The technique consists on superimposing

two independent meshes, from now on embedded and host, and establishing a kinematic

relationship between them. When a node of an embedded element lies within a host

element, the translational degrees of freedom of the embedded node are constrained to the

interpolated values of the corresponding degrees of freedom of the host element, Simulia

(2010). Whether an embedded node lies within a host element or not depends on the

size of the region of influence defined by the user. The process is illustrated in Figure

7.30. The main advantage of this technique is that nodes from the host and the embedded
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Host element 

(solid or cohesive)

transla�onal d.o.f of

the embedded element

are constrained

a) b) c)

nodes are detected

within the tolerance distance

Embedded element 

(z-yarn)

Figure 7.30: Schematic of the embedded element technique. a) Z-yarns are embedded
within the solid element. b) A region of influence is defined around the embedded node.
c) If a node belonging to the host element is detected, degrees of freedom of the embedded
node are automatically constrained.

elements are not necessarily coincident, so it is possible to use non-conforming meshes.

Furthermore, the technique is simple and is available in the commercial finite element code

Abaqus Explicit.

To the author’s knowledge, the embedded element technique has not been applied

to impact problems. Hence, a 2.5D modeling approach based on the embedded element

technique was developed to simulate the high velocity impact response of the hybrid 3D

woven composite.

The host mesh is composed by solid and cohesive elements. Each ply is discretized with

solid elements according to the same strategy followed in 7.3.2, whereas three-dimensional

cohesive elements (COH3D8) are inserted between plies to account for delamination. The

solid and the cohesive elements share the nodes. The thickness of the cohesive elements

(8.75 µm) is considered to be representative of the resin rich region between adjacent

plies. In addition, z-yarns are modeled as truss linear elements6 (T3D2) running in zig-zag

configuration. Truss elements are embedded within the host mesh by using the embedded

element technique, so nodes of the host and the embedded elements are not necessarily

6Truss elements can only transmit axial forces.
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Table 7.6: Interply properties in the hybrid 3D woven fem model

Parameter Value
Normal interface Strength, N (MPa) 53
Shear interface Strength, S (MPa) 104
Mode I fracture toughness, GIc (KJ/m2) 0.3
Mode II fracture toughness, GIIc (KJ/m2) 0.8
Benzeggah-Kenane parameter, η 1.75

Table 7.7: Z-yarn properties in the model

Parameter Value
Density (Kg/m3) 1500
Elastic Modulus (GPa) 47
Poisson’s ratio 0.275
Fracture stress (GPa) 0.55
Normal fracture (GPa) 0
Strain 0.04
Shear retention factor 1
Shear fracture strain 0.002

coincident, Figure 7.31. The section of the z-yarns corresponds to the values measured

experimentally (Sz−yarn = 1.028 mm2). A python script was written to automatically

generate the mesh.

The constitutive model of the solid elements is the same as in the 2D approach. Cohesive

elements follow a traction-separation in which damage initiation is controlled by a quadratic

strength-based damage criteria and damage evolves according to the fracture energy as

detailed in Appendix C. The material behavior of the z-yarns was brittle in tension followed

by a softening law and linear elastic in compression. This constitutive model is designated

as brittle cracking in Abaqus/Explicit and is aimed to applications in which the behavior

is dominated by tensile cracking. All the constitutive models are detailed in Appendix C.

The properties of the cohesive elements and the z-yarns are presented in Tables 7.6 and

7.7.

166



PLY

PLY

PLY

solid
 elements

cohesive elements
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Figure 7.31: Finite element model of the high velocity impact test. The 2.5D modeling
approach includes z-yarns (top) embedded in solid plies containing cohesive elements
(bottom).
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Table 7.8: Ballistic limits of the hybrid 3D woven composite measured as an average
of the critical velocities V0. Comparison between experimental and numerical results
obtained from the 2.5D modeling approach.

Ballistic limit (m/s) Experimental FEM
Impact on carbon face 359 373
Impact on glass face 326 358

Numerical results

The presence of the cohesive elements reduced the ballistic limit of the numerical model,

so this was compensated by increasing the crushing strength Zc from 400 MPa to 600

MPa. This modification led to a good correlation between the experimental and numerical

ballistic curves, especially in the case of the CF configuration, Figure 7.32. As shown in

Table 7.8, the model was able to capture the differences between the ballistic limits of the

CF and the GF configurations with an error below 10%.

Regarding the failure modes, this approach provided a more realistic insight in the

damage patterns than the 2D approach. Crushing in the first layers was accompanied

by local bending, which gives rise to membrane stresses at the bottom layers. When the

velocity of the projectile is sufficiently high, the tensile strength of the layer is exceeded

and the projectile perforates the hybrid 3D woven composite, Figure 7.33; otherwise, the

projectile rebounds, Figure 7.34.

One of the main advantages of this modeling strategy is that the influence of the z-

yarn can be also evaluated. A set of numerical models was generated without z-yarns. As

shown in Figure 7.35, z-yarns arrest the propagation of delamination mainly at the bottom

layers. This is also depicted in the Figure 7.36, which indicates that the area delaminated

is smaller in the presence of the z-yarns.

The main disadvantage of the insertion of cohesive elements is the significant increase

in the computational cost. The cohesive elements not only increase the total number of

elements, but more importantly, reduce the stable time ∆t. This can be mitigated by

increasing the density of the cohesive elements, which in turn reduces the sound speed of

the material, but only in those cases in which the kinetic energy is not heavily influenced.
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Figure 7.32: Comparison between experimental and numerical ballistic curves of the
hybrid 3D woven composite obtained with a 2.5D modeling approach. Impact on the
carbon face (top) and impact on the glass face (bottom).
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(a) t=0.004 ms

(b) t=0.01 ms

(c) t=0.02 ms

(d) t=0.04 ms

Figure 7.33: Sequence of impact events during a high velocity impact on the carbon face
at Vi=341 m/s. The numerical model includes z-yarns and cohesive elements. Contour
plots indicate the damage level corresponding to matrix cracking.
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(a) t=0.004 ms

(b) t=0.01 ms

(c) t=0.02 ms

(d) t=0.04 ms

Figure 7.34: Sequence of impact events during a high velocity impact on the glass face
at Vi=414 m/s. The numerical model includes z-yarns and cohesive elements. Contour
plots indicate the evolution of the damage variable corresponding to matrix cracking.
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z-yarns

Figure 7.35: High velocity impact models at Vi=510 m/s without z-yarns (left) and
with z-yarns (right).

(a) (b)

Figure 7.36: Total projected delaminated area in specimens impacted on the carbon
face at 360 m/s (a) without z-yarns and with z-yarns (b).
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7.4 Concluding remarks

The hybrid 3D woven composite exhibited higher energy absorption capability when

damage was less localized and bending had a greater influence on the response of the

laminate. This explains not only the effect of hybridization, but also the higher energy

absorption capability of the material at low velocity. Bending implies tensile failure rather

than shear, which releases more energy and involves a higher number of fibers contributing

to dissipate energy.

Low velocity and high velocity impacts can be successfully simulated by using a me-

somechanical approach in which each ply is modeled with solid elements. However, this

approach does not properly capture the local bending that takes place during ballistic

impacts. This problem can be overcome by adding truss and cohesive elements within

the framework of an embedded element technique, which enables also to account for the

influence of the z-yarns.
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Chapter 8
Conclusions and Future work

8.1 Conclusions

The purpose of this dissertation was to analyze the role of hybridization and the presence

of the z-yarns on the mechanical response of FRPs under quasi-static and impact loading.

To this end, experimental tests, numerical simulations, analytical models and an extensive

damage inspection campaign were carried out. The main conclusions can be summarized

as follows:

• Hybrid 3D woven composites exhibit a very ductile behavior, high energy absorption

capability, notch-insensitiveness as well as an outstanding damage tolerance compared

to conventional unidirectional laminates. This is due to the complex architecture of

the material, which enhances energy dissipation during deformation by means of the

activation of multiple failure mechanisms.

• The in-plane tensile and compressive properties of the composite are poorer than

those of unidirectional laminates, due to the crimping and the stress concentrations

induced by the z-yarns.

• Z-yarns enhance the load-bearing capability after the peak load because they hold

layers together and ensure a load transfer between broken and unbroken yarns.

175



• The impact response of the hybrid 3D woven composite depends upon the orientation;

the composite presents a higher energy absorption capability and ballistic limit when

the load is applied on the carbon face and glass fibers are located at the rear surface.

This is due to the higher failure strain of the glass fibers.

• Damage inspection and numerical simulations revealed that bending is a major source

of energy absorption during impact. Global bending and local bending were observed

in low velocity and high velocity impact tests, respectively.

• Despite of the complexity of the 3D preform and the multiple failure mechanisms

involved during the damage process, the mechanical response of the 3D orthogonal

woven composites can be modeled using the same strategy used for unidirectional

laminates, by accounting for the knock-down factors in the in-plane properties and

considering a higher fracture toughness. The mechanical response of the material is

still controlled by the stiffness, the strength and the fracture toughness of the plies.

• A new modeling strategy has been developed to simulate the mechanical response of

3D woven orthogonal composites. Intraply damage is formulated within the frame-

work of continuum damage mechanics, whereas cohesive elements are combined with

the embedded element technique to account for the interply damage. The proce-

dure is relatively simple, computationally efficient and reproduces reasonably well

the impact tests, though it is quite sensitive to the eroding criteria.

8.2 Future work

• This thesis studies the mechanical behavior of a hybrid 3D woven composite under

multiple loading cases. However, intraply and interlaminar fracture toughness could

not be measured experimentally. These material properties would provide critical

information to feed numerical and analytical models.

• The role played by the z-yarns on the mechanical behavior of this composite material

was mainly inferred from the analysis of the failure mechanisms. A direct comparison

between specimens with and without z-yarns was only established in the case of short-

beam tests. This comparison could be further extended to those cases in which the

z-yarns are particularly critical, such as impact or compression after impact tests.
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• The strain-rate effects were neglected in the numerical models. However, the me-

chanical response of the material during ballistic impacts can be rate-dependent, so

simulations would be more realistic if this effect was included in the constitutive

model.

• Numerical tools are particulary useful for design purposes. Since the numerical model

of the hybrid 3D woven composite has already been validated, it can be used to

optimize other parameters, such as layer thickness, stacking sequence, fiber properties

and fiber content.
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Appendix A
Laminate Properties

The elastic constants of the carbon and the glass plies can be estimated from the elastic

constants and the volume fractions of the constituents according to C.C.Chamis (1984):

E1 = VfEf1 + (1− Vf )Em

E2 =
Em

1−
√
Vf (1− Em/Ef2)

G12 =
Gm

1−
√
Vf (1−Gm/Gf )

ν12 = Vfνf + (1− Vf )νm

(A.1)

where E and G stand for the elastic and the shear moduli, respectively, and ν for the

Poisson’s ratio. The subindexes f and m refer to fiber and matrix, whereas 1 and 2 refer

to the longitudinal and transverse directions with respect to the fiber axis, respectively

(Figure A.1). The elastic constants of the constituents (Table A.1) were obtained from

multiple sources, namely AS4C Hextow and Agy S2-glass data sheets, Tsai & Daniel (1999),

Bogdanovich et al. (2009) and Gay et al. (2003), whereas the global volume fraction (Vf =

0.47) was calculated from the areal density of the dry preform and the corresponding

composite. The properties of the hybrid layer were calculated by weighting the properties

of the glass and carbon fibers based on the carbon / glass ratio (63 /37).
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Figure A.1: Schematic ply and laminate orientation. θ = 0◦ for the warp yarns and
θ = 90◦ for the fill yarns.

Table A.1: Fiber and matrix properties.

Elastic Moduli Shear Modulus Poisson’s ratio
Ef1(GPa) Ef2(GPa) Gf1, Gm(GPa) νf1, νm

Glass fiber 86.9 86.9 17.0 0.25
Carbon fiber 231.0 8.0 27.3 0.30

Matrix 2.9 2.9 1.1 0.35

Table A.2: Ply elastic properties (Chamis’ rule, C.C.Chamis (1984))

Elastic Moduli (GPa) Poisson’s ratio Shear Moduli (GPa)
E1 E2 E3 ν12 ν13 = ν23 G12 G13 = G23

Glass layers 42.3 8.6 7.5 0.31 0.41 3.8 1.91
Carbon layers 110.1 5.2 7.5 0.32 0.42 4.2 1.95
Hybrid layer 85.1 6.4 7.5 0.32 0.42 4.1 1.93
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The resulting elastic constants of the ply constants are presented in Table A.2. These

values can be used with the thickness of each ply (Table 2.1) to compute each ply stiffness

matrix, as well as the A (extensional), B (coupling) and D (bending) matrices of the

laminate by using the classical laminate theory.

Fill Warp

Qglass
layer1(GPa) =


8.76 2.65 0

2.65 43.20 0

0 0 1.91

 Qglass
layer2(GPa) =


43.20 2.65 0

2.65 8.76 0

0 0 1.91



Qglass
layer3(GPa) =


8.76 2.65 0

2.65 43.20 0

0 0 1.91

 Qglass
layer4(GPa) =


43.20 2.65 0

2.65 8.76 0

0 0 1.91



Q
carbon/glass
layer5 (GPa) =


6.48 2.06 0

2.06 85.74 0

0 0 1.94

 Qcarbon
layer6 (GPa) =


110.70 1.69 0

1.69 5.18 0

0 0 1.95



Qcarbon
layer7 (GPa) =


5.18 1.69 0

1.69 110.70 0

0 0 1.95


Laminate matrices

A(Pa ·m) =


1.24108 9.28106 0

9.28106 1.75108 0

0 0 7.74107

 B(Pa ·m2) =


28563 −1746 0

−1746 87373 0

0 0 70.67



D(Pa ·m3) =


141.631 11.826 0

11.826 304.169 0

0 0 10.418
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Appendix B
Finite Fracture Mechanics Model

This appendix describes the procedure for calculating the critical stress intensity factor

KIc as well as the critical energy release rate Gc of the laminate from the ply properties,

and notched and unnotched strengths. More details can be found in Camanho et al. (2012).

The application of the Finite Fracture Model requires solving the following set of equa-

tions:

1
l

∫ R+l

R
σy(x, 0)dx = XL

T

1
l

∫ R+l

R
K2
I(a)da = K2

Ic

(B.1)

where the stress intensity factor KI can be expressed as a function of the length of the

crack a, the remote stress σ∞ and two geometrical factors Fh and Fw, according to:

KI = σ∞FhFw
√
πa (B.2)

with

Fh =

√
1− R

d
fn, Fw =

√
sec

(
πR

W

)
sec
(πa
W

)
(B.3)

and
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fn = 1 + 0.358λ+ 1.425λ2 − 1.578λ3 + 2.156λ4 and λ =
R

a
(B.4)

The stress distribution along the x-axis at the center of the plate σy(x, 0) can be ex-

pressed as a function of the remote stress σ∞ and the stress concentration factor of an

infinite plate K∞T , which in turn depends on the components Aij of the extension matrix

of the laminate. A geometrical correction factor Rk has to be included in the case of finite

width plates. Thus

σy(x, 0) = Rk
σ∞

2
[2 + ξ2 + 3ξ4 − (K∞T − 3)(5ξ6 − 7ξ8)] (B.5)

where

Rk =
KT

K∞T
=

{
3(1− 2R/W )

2 + (1− 2R/W )3
+

1

2

(
M

2R

W

)6

(K∞T − 3)

[
1−

(
1−M 2R

W

)2
]}−1

(B.6)

and

M2 =

√
1− 8[ 3(1−2R/W )

2+(1−2R/W )3
− 1]− 1

2(2R/W )2
being ξ =

R

x
(B.7)

Mathematical computations lead to the following non-linear equation, which can be

solved numerically in l:

4lπ
∫ R+l

R
(FhFw)2ada

R2
k

{∫ R+l

R
[2 + ξ2 + 3ξ4 − (K∞T − 3)(5ξ6 − 7ξ8)]dx]

} =

(
KIc
XL
T

)2

(B.8)

KIc can be readily determined by substituting l in eq. B.1, since σ∞ was obtained

from the experiments. Once the critical stress intensity factor of the laminate is known,

the FFM model can be applied again to estimate the notched strength for different hole

diameters.

Finally, for modelling purposes, it is useful to calculate the critical energy release rate Gc

from the critical stress intensity factor making use of the Linear Elastic Fracture Mechanics:
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Gc =
K2
Ic

E∗
(B.9)

where E∗ is a function of the effective properties of the laminate, Erçin et al. (2013):

E∗ =

√
2EyEx√√

Ey

Ex
+ Ey

2Gxy
− νxy

(B.10)
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Appendix C
Constitutive Models

C.1 Intraply damage

C.1.1 Fundamentals of continuum damage mechanics

The constitutive model of each ply in the finite element model is formulated within the

framework of Continuum Damage Mechanics (CDM) for anisotropic solids. CDM is a local

approach to fracture, Doghri (2000), in which the deterioration of the material properties

due to the progressive damage is introduced into the constitutive equations by an internal

damage variable d

d =
A− Ā
A

(C.1)

where Ā is the actual area contributing to the load carrying capacity of the material after

the onset of damage and A is the nominal area.

Continuum damage models do not account for individual cracks, but smear their effect

over a region of the material by degrading the stiffness and strength of the cracked material,

Canal et al. (2012b).

In the case of a linear and isotropic solid, the mechanical response can be expressed

mathematically as a function of the scalar d as
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Figure IV.1: a) Stress-strain curve of a material under uniaxial loadings according to 
Continuum Damage Mechanics. g is the volumetric fracture energy (energy per unite 
volume) associated to the area under the σ−ε curve. b) Evolution of the damage variable 
d with strain. 
 
The extrapolation of the elastic and isotropic behavior described previously 
(equation (2)) to general anisotropic materials is straightforward.  It will be 
assumed that the behavior of the composite is described as a linear elastic 
orthotropic material and the compliance matrix –relation between stress and 
strain tensor- is given in Nye’s notation as: 
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where 231312231312321 G,G,G,ν,ν,ν,E,E,E  are nine elastic constants which 
determine the behavior of the undamaged orthotropic material in the local axis 
material orientation, Figure IV.2. 654321 d,d,d,d,d,d  are six damage variables 
which control the evolution of damage during the loading path.  
 
 
 

Figure C.1: a) Stress-strain curve of a material under uniaxial loading according to
Continuum Damage Mechanics. g is the volumetric fracture energy (energy per unite
volume) which is equal to the area under the σ–ε curve. b) Evolution of the damage
variable d with strain.

σ = [1− d(ε)]Eε (C.2)

where E is the elastic modulus of the undamaged material. The response of the material

is initially elastic up to a strain ε0(d = 0) at which damage starts and complete fracture

occurs at εf (d = 1), Fig. C.1. The damage variable controls the evolution of damage and

may depend on any internal variable (such as stress, strain, elastic energy, etc.), Llorca

et al. (2011). The area under the stress-strain curve g is the energy spent during failure

per unit of volume and can be computed by integrating the stress-strain curve along the

loading path as

g =

∫ εf

0

σ(ε)dε (C.3)

This approach has been applied to simulate the intraply damage of unidirectional com-

posites, Maimı́ et al. (2007a). Damage is introduced into the constitutive equations by

modifying the elastic compliance matrix of the composite material with the damage tensor

d1, d2, d3, d4, d5, d6
1, which controls the evolution of damage during an arbitrary loading

path, eq. C.4.

1Note that in the case of isotropic materials, the damage variable d was a scalar.
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Figure C.2: Local axis (1-2-3) in the material orientation.
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0
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σ1

σ2

σ3

τ13

τ23

τ12


(C.4)

The terms E1, E2, E3, ν12, ν13, ν23, G12, G13, G23 are the nine independent elastic constants

which determine the behavior of the undamaged orthotropic material in the local axis

material orientation, figure C.2.

C.1.2 Computational implementation

Intralaminar damage was modeled by means of a continuum damage model based on

a simple maximum stress criterion. It was implemented into Abaqus Explicit via mate-

rial subroutine (VUMAT) according to the procedure described by Maimı́ et al. (2007b).

The compliance matrix of the orthotropic material is modified with the damage variables

d1, d2, d3, d4, d5 and d6, which control the evolution of damage during an arbitrary loading

path. In this case, only four of them, d1, d2, d3 and d6, are considered active in the model.
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Damage initiation

The maximum stress failure criterion was selected to trigger and control the damage

evolution variables. Six failure functions, φ1+, φ1−, φ2+, φ2−, φ6 and φ3− are defined:

longitudinal tension: F1+ = φ1+ − r1+ =
E1

XT

ε1 − r1+ (C.5a)

longitudinal compression: F1+ = φ1+ − r1+ =
E1

XC

ε1 − r1− (C.5b)

transverse tension: F1− = φ1− − r1− =
E1

XC

ε1 − r1− (C.5c)

transverse compression: F2− = φ2− − r2− =
E2

YC
ε2 − r2− (C.5d)

in-plane shear : F6 = φ6 − r6 =
|S12|
SL
− r6 (C.5e)

out-of-plane compression: F3− = φ3− − r3− =
|E3|
ZC

ε3 − r3− (C.5f)

where XT is the longitudinal tensile strength; XC the longitudinal compressive strength;

YT the transverse tensile strength; YC the in-plane transverse compressive strength; ZC the

out-of-plane compressive strength and SL the in-plane shear strength, Fig. C.3.

Damage evolution

The damage thresholds r1+, r1−, r2+, r2−, r6 and r3− are the internal variables which

define the level of elastic strains that can be attained before the accumulation of additional

damage, Maimı́ et al. (2008). They dictate the evolution of the damage surfaces φ1+, φ1−,

φ2+, φ2− ,φ6 and φ3− and can be determined at any material point through the consistency

condition:

ḞM = φ̇M − ṙM = 0 (C.6)

Equation C.6 means that if damage occurs during a time interval, the solution should

always remain on the damaged surface during all the time, Doghri (2000). The algorithm
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Figure C.3: Stress-strain curves in the (a) longitudinal direction, (b) transverse di-
rection, (c) in-plane shear and (d) out-of-plane directions. The stiffness, strength and
fracture energy is indicated for each case.
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Figure IV.5: Determination of the damage evolution. Points a, b and c represent the initial 
zero load point, the initial failure of the composite and one possible damaged state 
respectively. a) The load is increased up to the initial failure at the point b. Additional 
strain increments lead to larger nominal stresses (computed using the undamaged state).  
b) The increments of the damage thresholds are computed from the equations (5), (6), (7), 
(8) and (9). c) Increments of the damage thresholds are used to compute the damage 
variables from equations (10) and (11). Finally, updated damage variables are used to 
compute effective stresses according to the constitutive equation in the damaged state (4). 
 
 
IV.3. Numerical implementation 
 
Simulations were been carried out using the general purpose non-linear finite 
element code, Abaqus v6.7 Explicit [9] (Dassault Systemes 2007). Abaqus 
Explicit is an explicit finite element solver which computes the solution for a 
problem using a forward integration of the equation of motion over the time in 
very small time increments without solving any coupled system equations (no 
stiffness matrix is formed at all). The simulations of the plain tension test were 
carried out under the general framework of a quasi-static test where the kinetic 
energy of the system is small as compared with the elastic energy. No strain rate 
sensitivity (influence of the loading rate on the mechanical properties of the 
materials) was included in the analysis. 
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Figure C.4: Determination of the damage evolution. Points a, b and c represent the
initial zero load point, the onset of failure and one damaged state, respectively. a) The
load increases up to the onset of failure at the point b. Additional strain increments
lead to larger nominal stresses (computed using the undamaged state). b) Increments of
the damage thresholds are computed from equations C.5. c) Increments of the damage
thresholds are used to compute the damage variables from equations C.8. Finally, the
updated damage variables are used to compute the effective stresses according to the
constitutive equation in the damaged state, equation C.4.

is illustrated in Fig. C.4. Mathematically, the evolution of the threshold values rM is

expressed by the Kuhn-Tucker conditions to ensure that damage variables increase mono-

tonically, Maimı́ et al. (2007a):

ṙM ≥ 0, FM ≤ 0, ṙMFM = 0 (C.7)

The damage thresholds rM are set to 1 when no damage is present in the material.
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Crack band model

The maximum values of the damage thresholds of the failure functions under tensile

and compressive loads are stored to be used in tensile modes to take into account the

effect of previous damage in compression. Then, the damage variables can be computed

as functions of the damage thresholds:

dM = 1− 1

rM
exp [AM (1− rM)] (C.8)

where M represents the damage mechanisms (1+, 1-, 2+, 2-, 6 and 3-). The coefficients

A1+, A1−, A2+, A2−, A6 and A3− are softening parameters used to ensure mesh objectivity

of the model. This method, known as the crack band model, allows the regularization of

the finite element problem and the alleviation of mesh dependency problems commonly

observed in continuum models with softening, Bažant & Oh (1983). They are obtained

from the definition of the volumetric fracture energy gM and the fracture toughness of the

composite material GM under the different failure modes according to

gM =
GM

lch
(C.9)

AM =
2lchX

2
M

2EMGM − lchX2
M

where lch is the characteristic length of the finite element used in the simulations.

C.2 Interply damage

The progressive interface fracture upon loading can be taken into account through the

cohesive crack model at the interface between dissimilar materials (Figure C.5), Segurado

& LLorca (2004). This approach assumes a cohesive constitutive equation based on a

traction-separation law for the interface damage which relates the displacement jump δ

across the interface with the traction vector t acting on it:
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Figure C.5: Schematic laminate with cohesive elements inserted between plies.

ti = Kδi, i = n, s, t (C.10)

where n stands for the normal direction and s, t for the two shear directions. K is the

penalty stiffness, which should be large enough to ensure a stiff connection between two

neighboring layers before delamination initiation, Turon et al. (2007), but not excessively

high to avoid numerical problems. In this case, K was calculated according to the procedure

suggested by Turon et al. (2007) as

K1 =
E2

ecohesive

, and K2 = K3 =
G12

ecohesive

(C.11)

A stress based damage initiation is considered, following a quadratic interaction criteria

between normal and shear stresses acting on the interface:

(
tn
N

)2

+

(
ts
S

)2

+

(
tt
S

)2

= 1 (C.12)

where tn, ts and tt are the normal and shear elastic stresses acting on the interface, and N

and S the normal and shear strengths.

The interface strength parameters have been set to N = YT and S = S12 as reasonable

values in the absence of more detailed measurements. This approach sets the strength of
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Figure C.6: Cohesive constitutive law

the interface at the same level of the strength of the ply material and can be considered

an upper bound of the interface resistance. Once the stress failure criterion is fulfilled, the

damage evolves depending on the mix mode ratio and the fracture energy of the interface

according to expression suggested by Benzeggagh & Kenane (1996):

GIc + (GIIc −GIc)

{
GIIc

GI +GII

}η
= GC (C.13)

where GI and GII are the energy release rates in modes I and II, respectively; GIc and GIIc

the interface toughnesses, and η corresponds to the BK parameter controlling the interface

mix mode behaviour, Table 7.6. This parameter should be fitted to experimental data of

fracture toughness measurements under different mixed mode ratios, but typical values for

carbon/epoxy composites range from 1.5 to 2.3 depending on the ductility of the matrix,

Benzeggagh & Kenane (1996). It should be noticed that in this cohesive model, the energy

necessary to create new free surfaces corresponds to the area under the traction-separation

curve, Figure C.6.
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C.3 Z-yarns

The mechanical behavior of the z-yarns was simulated using a constitutive model avail-

able in Abaqus Explicit. The model, named Brittle Cracking, is aimed to applications in

which the behavior is dominated by tensile cracking and captures the effect of cracking

and damage on stresses and stiffness. A length scale, typically in the form of a character-

istic length, is introduced to regularize the smeared continuum models and attenuate the

sensitivity of the results to mesh density, Simulia (2010).

The initial response of the undamaged material is modeled as isotropic and linear elastic

up to the onset of cracking, which takes place when the maximum principal stress exceeds

the material tensile strength. The damaged material becomes orthotropic, with cracks

normal to the maximum principal stress, and follows a softening law.

The model is mathematically formulated by a set of equations expressed in rate form

in which the total mechanical strain rate dε is decomposed into an elastic component

corresponding to the undamaged state dεel, and the cracking strain rate dεck:

dε = dεel + dεck (C.14)

The global strain vector εi is written in a local coordinate system aligned with the crack

directions by using the transformation matrix T :

{ε} = [T ]{e}

where ei is the local strain vector.

Likewise, the transformation between local t and global σ stresses reads

{t} = [T ]T{σ}

The relation between the local stresses and the cracking strains at the crack interfaces

is written as

dt = Dckdeck
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where Dck is a cracking matrix that depends on the state of the existing cracks.

The rate of stress in global coordinates can be expressed as a function of the total strain

and the cracking strain as

dσ = Del(dε− Tdeck)

where Del is the isotropic linear elasticity matrix.

Operating, the cracking strain deck expressed in local coordinates reads

deck = (Dck + T TDelT )−1T TDeldε

Finally, the rate constitutive equations are expressed as

dσ = [Del −DelT (Dck + T TDelT )−1T TDel]dε

where σ and ε are the stress and strain expressed in global coordinates; Del and Dck stand

for the isotropic linear elasticity matrix and the cracking matrix that depends on the state

of the existing cracks.

The postcracked behavior is calculated from the tensile stress and the corresponding

crack opening displacement:

GI
f =

∫
σIt dun
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