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ABSTRACT 

This study focused mainly on the assessment of the mechanical performance and the failure 

mechanisms of tufted composites under divers loading conditions. Laminated plates and 

stiffened panels reinforced by tufting was manufactured with different tufting parameters to 

evaluate their effect in the properties of the composites. Multi-instrumented characterization 

carried out during the tests assisted the investigation. The tufted plates subjected to short-beam 

shear tests aided especially in the behavior analysis of tufting density and angle in mode II 

loading condition, while impact and compression after impact (CAI) tests on the damage 

tolerance. Open-hole fatigue tests were also performed to evaluate the tufts response, especially 

regarding their position to the center hole, to the strain concentration factor generated by the 

hole.  

The following part of this work consisted of the mechanical tests on omega stiffened panel 

reinforced by tufting. The procedure optimized the tufting parameters employed for reinforcing 

the structures from the previous batch of specimens until reaching an optimal point that the 

main properties, primarily found in pull-off tests, are equal or superior to those of the control 

specimens. This improvement also considered the modifications in the shape of the stiffeners. 

Furthermore, a novel approach based on the piezoresistive effect of carbon tufts under loading 

of the composite specimens is performed. This may support the monitoring of the health status 

on the tufted threads and therefore of the composite because of the structural nature of the tufts. 

The results showed that tufting reinforcements are capable of increasing the interlaminar 

fracture toughness and damage tolerance of the composites considerably owing mainly to their 

crack bridging phenomena. The tufting parameters are decisive factors for achieving the best 

mechanical properties. However, this work reported that tuft threads are also responsible for 

generating cracks due to the strain concentration and defects caused by their insertion and 

consequently, can decrease the strength of the composites. The investigation concludes that the 

random insertion of the tufts is not ideal for the performance of the material and thus must be 

avoided. The development of the tufting insertion in the omega stiffeners was supported by the 

multi-instrumented characterization that led to optimizing reinforcement in the structure. 

Although the study achieved the goal of obtaining mechanical properties significantly superior 

to the omega panels reinforced by tufting, it is noticeable that the procedure employed is not 

optimal. The present work also proposes a preliminary finite element model to overcome the 
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costly and time consuming of the experimental tests. It intends primarily optimizing the tufting 

parameters in the structure. The model developed was capable of predicting the same damage 

events as observed experimentally, but it still distant from the quantitative predictions of the 

results. The structural health monitoring of the tufted composite laminates by the carbon threads 

seems promising and could help in the future for supplying data about the tufts health status 

under loading that are not achieved by the conventional characterization methods employed in 

this work.  
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INTRODUCTION 

Composite materials have been increasingly applied to structural and semi-structural 

components in the aerospace, transportation, defense, energy and civil sectors. This is mainly 

due to their considerable strength and stiffness to weight ratios comparing to metallic alloys, 

which reduces the structure weight and increases the fuel efficiency in the most applications 

[1]. The composites present superior fatigue life which possibilities the reduction in the 

maintenance frequency and structure lifespan. They also allow manufacturing of complex 

shapes, reducing part counts and consequently saving weight by diminishing the number of 

fasteners. 

Conventional composite laminates are one of the most applied composite materials in the 

manufacturing of structural parts due to their capability to bear high in-plane loadings. They 

consist of multiple fabric layers stacked and embedded in a typically brittle matrix. A 2D 

arrangement of reinforcement fibers makes each layer free from the adjacent ply and 

consequently, causes the connection between the layers given by the matrix only. The 

interlaminar region (between fabric plies and matrix) is, therefore, subjected to damages due to 

the lower fracture toughness of the matrix. Delamination is one of the significant damages in 

conventional composite laminates which can considerably reduce the load-bearing capacity of 

a structure and may be induced by out-of-plane loading (static and impact loading) and typically 

combined with stress concentrations (related with structure geometry) or discontinuities such 

as manufacturing defects , ply drops or free edges [2]. 

Improving the resistance to crack initiation and propagation throughout fabric plies can enhance 

the interlaminar fracture toughness considerably. Therefore, several methods have been 

developed to counteract the susceptibility of the composite laminates to delamination and can 

be mainly classified into matrix toughening or 3D fiber architecture. 

Through-thickness reinforcement (TTR) seems to be promising to improve the out-of-plane 

properties with various works reporting its advantages in the literature. However, some results 

are controversial and indicate that transversal reinforcements can reduce the in-plane properties 

of the laminated composites. The reality is definitely between these two affirmations. The 

performance of the laminated composites reinforced through-thickness will necessarily depend 

on the type of structure, the loading condition, the nature of the 2D plies and the reinforcing 

threads, and others. Due to the various parameters necessary to adapt and control according to 
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the case of structure considered, it is not reasonable, for example, to create a complete 

reinforcement along the whole structure. This will only result in reducing its in-plane properties, 

and the out-of-plane contribution will be negligible. 

It is therefore essential to introduce the concept of "think stitching" or "think 3D reinforcement" 

by analogy with the "think composites" introduced at the beginning of the evolution of these 

materials. 

Transversal reinforcements should only be inserted in the zones of significant weakness. It must 

allow a local increase of through-thickness properties such as to mitigate any delamination, 

stress concentration, possible impacted area., and thus increase the scope of composite 

structures. For this reason, it is necessary to manage this technology in the whole process. It 

starts from the reinforcement process and its specificities, the understanding of the damage 

mechanisms in the structures reinforced by tufting, the development of means for in-situ 

inspection until the analytical and/or numerical models. This thesis does not claim to deal 

exhaustively with all of these points. However, in the study of some instances, it is necessary 

to investigate, as much as possible, the entire described chain.  

The present work aims to investigate the mechanical properties of laminated composites 

reinforced through-thickness by tufting. The manufacturing of various composite specimens 

molded by the VARTM process aided to evaluate the tufting parameters in the mechanical 

properties of the composites. They were subjected to different loading conditions (in and out-

of-plane loading) to understanding the function of the tufts in their interlaminar fracture 

toughness and damage tolerance, as well as on the in-plane properties. Multi-instrumented 

characterization employed under mechanical tests such as Digital Image Correlation (DIC), 

acoustic emission (AE) and in-situ microscopy aided the investigation of failure mechanisms 

in the tufted composites. Moreover, a new approach for monitoring structural health is proposed 

in this work by taking advantage of the piezoresistive behavior of the tufted carbon threads. 

This may be further employed complementary to others techniques to detect major damages in 

the composites under loading. This thesis also presents an initial development of a finite 

element model for the tufted composites. The data obtained during the mechanical tests will 

contribute to the numerical modeling and consequently optimizing the tufting parameters to 

enhance the mechanical performance of the structures.  
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The current manufacturing technologies investigated in the literature, some already employed 

in the industry, are reviewed in Chapter 1 as potential methods to improve the out-of-plane 

properties and damage tolerance of laminated composites. This chapter discusses the main 

methods, presenting significant advantages and drawbacks, with the focus mainly on the 3D 

textile preforming techniques.  

Chapter 2 gives a detailed summary of the materials and manufacturing process utilized in this 

work. It also describes the methodologies employed in the mechanical characterization of the 

composites. 

The in-plane and through-thickness mechanical properties of the tufted composite plates are 

investigated in Chapter 3. The mechanical tests performed with multi-instrumented techniques 

provided a better understanding of the damage scenario. Short beam shear tests allowed 

examining the behavior of the tufting angle in the interlaminar shear strength and stiffness of 

the carbon/epoxy laminates in the principal directions. Impact and CAI tests investigated the 

effect of the tufting parameters, angle and tufting density, in the damage tolerance of the 

composites. Moreover, open hole fatigue tests allowed studying the tufts role in the fatigue 

strength and their behavior in the strain concentration factor of the laminated composites. The 

in-plane properties were also evaluated and compared with the control specimens for the 

specimens subjected to compression tests and open hole fatigue tests. 

Chapter 4 concerns the investigation of omega stiffened composite panels reinforced by tufting. 

The multiple characterization techniques employed during pull-off tests contributed to 

establishing the damage scenario and consequently, enhancing the tufting position and 

specimen geometry for the next batch of specimens. 3-point bending tests subjected the 

structures to a complex loading, which is supposed to be more realistic, and provided 

supplementary comprehension of the tufts in the structure. 

The structural health monitoring of the composites by the piezoresistive effect of the tuft carbon 

threads is studied in Chapter 5. The manufacturing of different structures such as laminated and 

sandwich plates and, omega stiffeners as well as their characterization under various loading 

conditions permitted a better evaluation of this approach. Supplementary characterization 

techniques used during and after tests aided in the validation of this novel technique. 
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The thesis terminates with an overview of the main conclusions obtained for each covered 

subject and, the perspectives for the future works.
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CHAPTER 1 LITERATURE REVIEW ON INTERLAMINAR 

TOUGHENING TECHNIQUES FOR COMPOSITES 

 

1.1 Introduction 

The present section concerns the literature review of different techniques employed throughout 

the years for improving the interlaminar fracture toughness and damage tolerance of laminated 

composites. It consists of the studies carried out for the continuous fiber-reinforced polymeric 

composites and overviews the particularities of each method, emphasizing the 3D textile 

preforming techniques.  

1.2 Matrix toughening 

Composite laminates can be toughened by incorporation of rubbers [3]–[7], thermoplastic 

polymers [8]–[10], rigid particles [11]–[14] or hybrid insertion of elastomeric and inorganic 

fillers [15]–[17] into the polymeric matrix. Matrix-fiber interactions have a strong influence on 

the mechanical behavior of composite materials and play an essential role in delamination 

events. For this reason, different methods have been proposed to increase the interaction 

between the fiber/matrix. Although this technique seems interesting, it is not addressed in this 

thesis and therefore this chapter will not discuss the matter. 

Enhancing the toughness of epoxy resins by addition of a second polymer such as an 

elastomeric or a thermoplastic modifier has been widely reported in the last two decades [18]. 

It consists of dissolving the second polymer in the polymer matrix, which subsequently will 

separate phase during the cure cycle to form a toughened dispersed phase capable of shielding 

crack tip and therefore improve the fracture toughness [18], [19]. 

The epoxy resins modified with rubber has been reported since the 1960s. The primary 

toughening mechanisms involving rubber reinforcements are particle debonding/cavitation, 

localized shear banding of the matrix as well as rubber particle bridging [20]. The fracture 

toughness increases considerably with the insertion of rubber particles in composite laminates 

[6], [7], [21]–[23] and can achieve improvements up to 10 times about the control specimens 

in mode I [22]. The crack propagation is contained by adding rubber particles, which results in 

the smaller damaged area under impact loading [4] and may lead increase damage tolerance on 
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Compression After Impact (CAI) [7].  However, composite laminates toughened with rubber 

particles have been reported to decrease the glass transition temperature, failure strength and 

tensile modulus significantly [4], [5], [24]–[26].  

The insertion of thermoplastic particles as a toughening phase for epoxy resins may avoid the 

issues on the mechanical properties related to rubber modifiers. These new materials disclosed 

an outstanding advantage over the elastomeric modified systems [18]. The toughening of 

composites by thermoplastic particles has shown its efficiency on improving fracture toughness 

with insertion of polyamide(PA) [27], poly(bisphenol A-co-epichlorohydrin) (PBAE) [28], 

polyetherimide (PEI)[29], polysulfone(PSU) [30], poly (aryl ether ketone)(PAEK)[31], and 

polyhydroxy ether bisphenol A (phenoxy) [32] particles, and depends on different parameters 

such as particle morphology and compatibility with matrix. The composites with matrix 

reinforced by thermoplastic particles exhibited a considerable decrease in the damaged area 

under impact tests, which consequently improved CAI strength [30], [33], [34]. 

Rigid (inorganic) particles also became a solution to the drawbacks caused by the addition of 

rubber particles into thermoset polymers and can increase tensile modulus, hardness and failure 

strength [11], [35] when compared with the neat matrix. Diverse rigid fillers have been studied 

to reinforce the matrix, such as glass beads, silica, carbon nanotubes, and nanofillers, graphene, 

black carbon, calcium carbonate, and titania. However, significant improvement of the fracture 

toughness, as seen for rubber toughening, is not reported to the inorganic particles with the 

same volume fraction of fillers [36]. Further, toughening mechanisms of the epoxy resins 

reinforced by particles differ considerably according to aspect ratio and size as well material 

type, which difficult the understanding of damage mechanisms to optimize the filler insertion 

in the composite [14], [37]. 

Hybrid toughening has also been investigated to overcome the issues presented by soft particles, 

such as rubber, by incorporating with them rigid fillers, which consequently combine the best 

properties of each modifier. The specific toughening mechanisms related to each type of particle 

should interact positively so that for a given volume fraction of modifiers, the toughness of the 

hybrid composite would be higher than the additive contribution of the two modifiers [17]. The 

hybrid reinforcement with rubber and glass particles in the epoxy resin reported a considerable 

improvement on fracture toughness comparing with the neat specimens, where rigid glass 

particles increased the crack resistance mainly through a crack-pinning mechanism while the 

rubbery particles enhanced the extent of localized plastic shear deformations around the crack 
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tip [38]. The fatigue life was also improved up to ten times by a hybrid toughening with 

nanosilica/rubber microparticles in glass fiber reinforced polymer [15]. 

The methods above have difficulties in distributing the particles appropriately in the matrix 

which may lead to stress concentration. Furthermore, a significant number of particles is 

necessary to achieve significant toughness. This generally increases the resin viscosity, that is 

usually unacceptable for liquid composite molding (LCM) processes [39]. Interleaving method 

has been proposed in the literature to avoid this problem.  

Interleaving is an old concept used in the aircraft industry to enhance acoustic damping and 

interrupt fatigue crack propagation in metallic structures. The inclusion of discrete layers of a 

second material in the form of particles, film, and fibers between the plies can describe the 

interlayer toughening [40]. This approach has been used to improve the penetration resistance 

and damage tolerance of carbon/epoxy composites by increasing their fracture toughness [41]–

[47]. Different toughening mechanisms are involved, such as plastic deformation and crack 

bridging, depending on the interleaf form [48]. However, the toughened resin layers have 

relatively lower stiffness and strength, and therefore their application has to be limited in order 

not to alter the overall composite performance [49], [50].  Besides, this may cause a great weight 

penalty to the laminate and potentially decrease of glass transition (Tg) [42], [45], [46]. 

1.3 3D textile preforms 

3D preforms have been exhibiting a tremendous potential to improve the out-of-plane 

mechanical properties of the composite structures, such as damage tolerance and fracture 

toughness. A variety of techniques are used to interlace through-thickness fibers in dry and 

prepreg preforms as shown in Figure 1.1. Manufacturing techniques as 3D weaving, 3D 

knitting, or 3D braiding are known to be an integral process performing near-net-shape 3D 

preforms, while stitching, Z-pinning or Z-anchoring consists of an initial preform layup 

followed by insertion of Z-reinforcements. This chapter highlights the main process to 

manufacture 3D preforms, discussing their advantages, drawbacks and some industrial 

applications.  
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Figure 1.1 - 3D textile preform [51]. 

 

1.3.1 Weaving, braiding, and knitting 

3D woven composites were first performed by Avco Corporation in 1972 with C/C material in 

an attempt to replace high-temperature metal alloys on aircraft brakes. Specially designed 

automated looms which interlace three sets of fiber tows, in-plane orthogonal tows (warp and 

weft) with through-thickness tows (binder), in the weaving machine are responsible for 

manufacturing 3D woven preforms [51], [52]. This process allows obtaining near-net-shape 

preforms with a complicated geometry for a composite component. One of the main benefits of 

the 3D weaving process is the wide variety of fiber architectures that can be used to create 

different fabrics with a controlled amount of binder yarns [51]. Based on the typical fabric 

architectures, they are commonly subdivided into three main categories as 3D orthogonal 

weave, 3D layer-to-layer interlock weave, and 3D through-thickness angle interlock (as 

illustrated in Figure 1.2).  

 

Figure 1.2 - Examples of 3D woven architectures [53]. 

3D orthogonal weave 3D layer-to-layer interlock weave

3D through-thickness angle interlock

Filler tow

warp tow

binder tow

warp tow

Filler tow

binder tow

Filler tow

warp tow
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The literature reports improvements on fracture toughness for 3D woven composites in the main 

modes of loading condition (open and shear mode)[54]–[56] and impact resistance [57], [58], 

which are directly dependent of the preforming parameters, as z-binder density and angle. 

However, the preform architecture must optimize to diminish the in-plane fiber waviness 

created by the binder insertion that can consequently decrease the in-plane properties of the 

composite structure. This fact was reported by Brand et al. [55] which improved more than 

three times the compressive strength of 3D woven composites in comparison with 2D laminates. 

Some composites parts manufactured with 3D woven are present in Figure 1.3, which highlights 

the manufacturing ability to perform complex parts. 

 

Figure 1.3- a) complex 3D woven preform geometry and composite stiffener [59] and, b) 3D woven 

preform applied to manufacture LEAP fan blade (Safran Aircraft Engines - Safran Group) [60]. 

3D braiding was the first textile process employed to manufacture 3D preform for composite 

materials. The technique developed in the 1960s, produced C/C composites to save weight by 

replacing high-temperature metallic alloys used in the rocket motor components [52]. Figure 

1.4 exemplifies 3D braiding manufacturing and feasible preforms achieved with the technique. 

Unfortunately, there are little publications on literature about 3D braided composites, making 

it difficult to report general conclusions. 3D braiding technology is an extension of 2D braiding 

in which the fabric is constructed by intertwining or orthogonal interlacing of three or more 

yarns to form an integral structure through position displacement [61]. This process can be used 

to produce complex near net-shaped preforms. The manufacturing process is reported to be low 

cost and does not require an intensive workforce. However, large structures may be unfeasible 

due to the position of the yarn carriers [62]. 3D braided composites increase the interlaminar 

a)

b)
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fracture toughness and therefore improve delamination resistance considerably compared to 

laminate counterparts with the same fiber volume content [63]. This behavior provides more 

significant impact and notch resistance due to the interlaced strand of the preforms. T-stiffeners 

manufactured with 3D braided preforms presented lower stress concentration in the noodle 

region comparing with 2D tape laminate stiffener bonded onto a skin [64]. The capability of 

the braiding process in varying the interlaced pattern becomes the mechanical properties of 3D 

braided composites widely adaptable [65], [66]. Otherwise, in-plane properties of 3D braided 

composites are importantly decreased comparing to the 2D composite laminates due to the lack 

of straight yarns in the principal directions and also to the fiber crimp [65].   

 

Figure 1.4- a) Circular 3D Interlock Braiding Machine [67], b) Example of 3D braided preforms [68] . 

Little information is reported in the literature about mechanical properties and applications of 

3D knitted composites, making this technique the least investigated among those already 

mentioned in this topic. Three-dimensional knitted preforms present great drapability and 

consequently can produce complex shapes composites such as spheres, cones, ellipsoids and T-

pipe junctions with better formability. However, the major issues of this process such as the 

fiber breakages, lower fiber fraction and concentrated stress caused by the loops, reduce the in-

plane properties of composites considerably when compared with alternative techniques. 

Multilayer multiaxial warp-knitted (MMWK) is a class of knitted 3D preforms capable of 

overcoming these issues by employing together non-crimp fabrics (NCFs). The use of warp 

knitting techniques in conjunction with fiber placement concepts can produce multilayer fabrics 

containing the fibers straight and relatively uncrimped [69] (Figure 1.5). Multiaxial knitted 

composites have exhibited higher open mode fracture toughness [56], [70], superior impact and 

compression after impact strength [71], [72] and fatigue life [73] compared to conventional 

composite laminates. 

a) b)
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Figure 1.5 - Illustration of multiaxial warp-knitted fabric [74]. 

 

1.3.2 Through-Thickness Reinforcement (TTR) 

a) Z-pinning 

Z-pinning is the only practical technique capable of reinforcing through-thickness of prepreg 

preforms in large commercial quantities. Aztex Inc. (Waltham, USA) developed in the early 

1990s the Ultrasonic Assisted Z-FibreTM (UAZ(R)) technology which is the most common 

process utilized nowadays to reinforce large quantities. It consists of the insertion through a 

preform (as an uncured pre-impregnate, dry fabric or foam core) of short, thin pins (diameter 

range between 0.2-1.0 mm) made of high stiffness and strength material such as a metal wire 

(e.g., titanium alloy and steel) or pultruded composite using an ultrasonic hammer. Figure 1.6 

schematizes the UAZ manufacturing process. A foam sandwich is utilized as Z-pins carrier and 

discarded after the insertion process. The sandwich consists of two types of foam: a dense foam, 

such as 51IG Rohacell, used to locate the pins accurately, and a low-density polystyrene foam, 

which collapses down to almost zero thickness when the pins are inserted into the part to be 

reinforced [75]. The process consists on place the carrier under the prepreg preform on the 

desired region, and drives the pins from the foam into the plies by using an ultrasonic device, 

displaced manually or numerically controlled. The ultrasonic device generates high-frequency 

compressive waves (~20 kHz) which squash the carrier foam and thereby drive the Z-pins into 

the uncured composite [76]. Some pressure applied to the hammer and the heating created by 

the ultrasonic vibration in the device tip during the process also helps to insert the pins. The 

excess length of the pins comprised on the surface of the foam carrier is sheared away 
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subsequently to the complete inclusion of Z-pins into the uncured preform. Then, the reinforced 

preform is ready for curing methods. 

 

Figure 1.6 - Typical procedure for Z-pin insertions [77]. 

'Caul plate' insertion is also a Z-pinning technique used to reinforce prepreg laminates through 

their thickness. However, the literature provides little information about this process mainly 

due to its rare use. The process primarily consists of placing a carrier foam, which contains the 

Z-pins, onto a laid-up prepreg laminate. The system is vacuum bagged with a rigid caul plate 

placed on the top of the carrier and submitted to autoclave cure. During the cure cycle, the resin 

is softened by heating, which drives the Z-pins into the prepreg preform with the applied 

pressure [78]. Figure 1.7 exhibits a schema of the process. 
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Figure 1.7-Schema of the caul plate Z-pinning method [79]. 

EADS Innovation Works developed a new Z-pinning method recently. The manufacturing 

process uses a vibrating hollow needle from where composite pins made from twisted carbon 

fibers are inserted into a dry-preform[80]. Then, the material can be injected using a liquid 

composite molding process.  

Applications of Z-pinning technology concentrate mainly on high-performance segments of the 

automotive and aerospace industry, which are the largest markets for prepreg materials. This 

avoids the insertion of fasteners or rivets to join the stiffeners to the panel and consequently 

reduces stress concentration in the reinforced area as well as saves considerable weight. The 

front fuselage region of the Boeing-Sikorsky RAH-66 Comanche helicopter utilized the 

mentioned technology due to its superior damage tolerance over the previous honeycomb 

structure [81]. F/A-18E/F Super Hornet fighter aircraft has also used Z-pins to reinforce inlet 

duct skin panels and to fasten hat stiffeners to composite panels, saving 17 kg on the aircraft 

gross weight by replacing 4600 titanium fasteners and approximately US$ 83000 per aircraft 

[82], [83]. 

Several studies have reported a significant increase for Z-pinned laminates on the fracture 

toughness under mode I, mode II and mixed mode I/II loading conditions [84]–[87]. The 

considerable improvement of the interlaminar fracture toughness is mainly due to the crack 

bridging behavior provided by the Z-pins. The sequence of damage processes caused in the z-

pinned composites under mode I loading consist mainly of the elastic stretching, debonding 

from the surrounding zone, and frictional pull-out from host laminate [76]. The crack bridging 

effect is also reported under mode II loading. The effect of the crack passing through the rows 

of Z-pins submits them to increase bending and internal shear, resulting in the elastic shear 
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deformation, debonding, subbing, and pull-out of the pins [76], [86]. Mode I and II fracture 

toughness depend on the Z-pinning parameters as density and pin diameter. The increase on Z-

pin content improves the delamination toughness on both mode conditions [88]–[90] and has 

reported improvements up to 20 and 10 times in mode I and II fracture toughness respectively 

when compared to control laminates [89]. Cartié et al.[88] investigated the influence of Z-pin 

diameter on the laminate properties and found a significant increase in the mode I fracture 

toughness and a slight improvement on mode II loading condition with the reduction in the 

diameter. Z-pinned composite structures also proved effective in arresting crack growth when 

subjected to mixed mode loading [91]. Experimental tests with T-joints [92]–[94] and L-shaped 

joints [95], [96] has exhibited improvements in the ultimate strength of joint structures 

reinforced by Z-pins. 

Impact damage resistance and CAI strength report significant improvements for z-pinned 

laminates, especially when they are submitted to high impact energies [75], [85], [89], [90]. 

Impact damaged area is importantly reduced when inserting Z-pins and may achieve a decrease 

up to 64%, depending on the impact energy level and laminate thickness [97]–[100]. Despite 

the remarkable out-of-plane properties obtained by the Z-pinned laminates, the majority of the 

works in the literature have reported degradation of the in-plane properties [101]. These 

properties, such as elastic modulus and strength, reduce gradually with increasing the diameter 

of the pins as well as reinforcement density [97]. The reduction in the elastic properties is due 

to microstructural damage caused by z-pinning process, particularly in-plane fiber waviness, 

out-of-plane fiber crimp, and swelling that reduces the fiber volume content, while a decrease 

in the composite strength is attributed mainly to the fiber breakage during insertion of the Z-

pins [102]. Figure 1.8 presents the change in the microstructure caused by Z-pin insertion. A 

preliminary study should be done before reinforcement in order to optimize the parameters (e.g., 

pins diameter and volume content) and consequently diminish the issues related to the Z-pins 

insertion on the in-plane properties.   
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Figure 1.8 - Waviness and resin pocket zone at a Z-pin [99]. 

 

b) Z-anchoring 

Z-anchor® is a relatively through-thickness new method to reinforce dry preform, developed 

and patented by Mitsubishi Heavy Industries and Shikibo [103]. It consists of pushing a variable 

amount of continuous in-plane fibers through the preform thickness using a set of specially 

designed needles [104]. The deformed fibers typically form a conical shape (Figure 1.9), named 

as EFB (entangled fiber bundles), playing an essential role in the improvement of the 

interlaminar strength. 

 

Figure 1.9 - Schematic illustration of the Z-anchor process [104]. 
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Kusaka et al.[105] reported a continuing improvement of the mode I fracture toughness at 

increasing the Z-anchor density, achieving values up to 5-fold higher when compared to the 

control laminates. Kusaka et al. [106] also studied mode II fracture toughness, resulting in an 

almost linear improvement when increasing Z-anchor density, reaching up to 7-fold increase. 

The fatigue life of the Z-anchored specimens under mode I delamination propagation tests was 

investigated by Hojo et al. [107] which found fatigue threshold values 3.4-5.0 times higher than 

those without Z-anchor reinforcement. Compression after impact strength is also claimed to 

increase 35% with Z-anchor technology without reducing the in-plane properties significantly 

[108]. This method is expected to create significant damages in the fibers and therefore reducing 

considerably the in-plane properties. However, there is a lack of study available in the literature 

about the damage extent and its effect on the in-plane properties. 

c) Stitching 

Stitching process mainly consists of the through-thickness reinforcement of dry preforms via a 

needle which inserts thread materials of high tensile strength, such as aramid, kevlar, glass, and 

carbon. The stitching reinforcement of prepreg materials has also been investigated during the 

1980s in order to improve the damage tolerance and mechanical strength [108][109]. However, 

it presents significant issues considering the needle introduction into viscous prepreg layers 

[110].  

The development of the stitching machines occurred over the three past decades driven 

principally by the aerospace industry to improve the quality and reproducibility of composites 

structures. NASA and Boeing developed in the 1990s a 28-meter long stitching machine for 

reinforcing laminated composite wing, in order to reduce weight and costs when compared with 

an equivalent aluminum wing [111]. The computer numerically controlled stitching machine 

performed a stitch rate of 3200 stitches/minute and could reinforce panels up to 13 m by 2.5 m, 

and 35 mm thick [81]. 

Various stitching methods have been developed during the last decades to improve the 

interlaminar toughness of laminated composites. The most common are lock stitching, modified 

lock stitching and, chain stitching. Lock stitching consists of a needle on the upper side which 

inserts a thread through the dry-preform, caught by a rotation hook on the bottom side and then 

interlocked with the other thread feed by the bobbin (Figure 1.10a). This method enables 
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working with two different thread materials. However, the two threads interlocked in the 

laminate center (seen in Figure 1.10b-c) create stress concentration points [112]. 

 

Figure 1.10 - a) Lock stitching technique, b) schematic of the through-thickness stitched threads pattern 

and c) stitched laminate [113]. 

Modified lock stitching has been developed from the lock stitching method. This process 

involves interlocking the threads on the lower side by controlling the tension of the needle and 

bobbin threads (Figure 1.11). It reduces the issues concerning the knot formation in the center 

of the laminate as seen to the lock stitching technique, but instead, it can increase fiber crimping 

in the outer surface due to the knot [114]. 

 

Figure 1.11- Modified lock stitch pattern[115]. 

Chain stitching technique enables creating a through-thickness reinforcement with a single 

thread differently from the techniques above. It consists of the insertion of the thread through 

the dry-preform by a needle, subsequently caught on the bottom surface via a catcher (Figure 

1.12). The tension of sewing threads is relatively low which leads to reduced fiber spreading 

[116]. However, the fiber crimp created by the interlock knot on the bottom surface may also 

affect the in-plane properties [113].  

needle

bobbin

rotating
hook

a)

b) Upper thread 

bottom thread 

c)
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Figure 1.12- Chain stitching a) schematic of the stitching process b) stitch pattern [112]. 

Fracture toughness of stitched composite is described to increase up to 45 times [117] in mode 

I [56], [109], [117]–[123]  and up to 15 times [124] in mode II [110], [125]–[128] compared to 

unstitched laminates. The resistance to crack propagation improves at increasing on stitching 

density [110], [119], [124], [126], [129], mainly due to the rise on the number of stitches 

arresting its propagation. Thread diameter also improves the fracture toughness due to the 

enhancement on tensile strength and stiffness by the thicker threads by maintaining the same 

stitch pitch or stitch areal density [119], [124], [126]. Stitched composites has improved the 

impact resistance under low energy [115], [127], [130]–[132], high energy [133], [134] and 

ballistic [135]–[138]. As a result, compression after impact (CAI) strength is significantly 

increased [110], [137], [139], [140] until 400% [141] relatively to unstitched specimens. 

However, in-plane properties usually report a decrease in tensile strength [127], [142]–[144], 

achieving more than 80% [112]. The extent of damage during stitching reinforcement increases 

with the stitching density and the thread diameter, leading to reductions in tensile properties 

[144]. On the other hand, compressive strength can present slight improvement [139], not affect 

significantly the strength [108], [145] or be reduced [109], [128], [137], [146] up to 50% [137]. 

The laminate properties of stitched composites depend on several parameters, such as thread 

tension, fabric compaction by stitching tools and thread, type of needles (size and shape), thread 

type (size, stiffness and strength), preform fabric material, fiber orientation, stitching process 

speed, preform thickness, stitching density and stitching pattern [147]. These parameters can 

alter significantly the degree of defects and damages which lead mainly to a reduction in the in-

plane properties. 

The needle penetration into fabrics causes fiber breakage, and the extent of this damage is 

mainly related to needle diameter, thread diameter as well as fabric density. Stitching insertion 

a) b)
needle

presser 
foot

catcher
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also causes fiber misalignment around the reinforcement and consequently resin pocket zone 

(Figure 1.13a). Thread diameter is the primary parameter associated with these defects due to 

the increase in the fabric waviness. The stitching reinforcement generates fiber crimp on the 

surface of the preform mainly caused by the shear stress, and strain applied, as well as by 

pressing the reinforced preform in a pressurized mold during the molding process, which 

generates the local bending effect (Figure 1.13b-c). The adjusting of the tension applied to the 

stitched yarn can diminish this issue. Moreover, compaction may also create stitches crimp 

effect during a liquid composite molding process (Figure 1.13d). 

 

Figure 1.13- Schematic of the main stitching defects [114] a) in-plane fibers misalignment, b) through-

thickness fibers crimp, c) resin pocket created on the laminate surface between the stitched threads and d) 

stitched threads misalignment. 

 

d) Single-sided stitching techniques 

Single-sided stitching technologies are proposed for replacing the conventional stitching 

processes to overcome the drawbacks associated with the access on the dry preforms from the 

bottom side. Single-sided stitching that comprises two-needle ITA stitching, One Side 

Stitching®, blind stitching, and tufting are borrowed technologies from the textile industry and 

adapted for composite applications [81]. Different from the conventional techniques, these 

single-sided methods enable manufacturing large composite structures with complex 

geometries which can only be accessed by one side. In the last decades, single-sided stitching 

process has been developed in Germany [148], [149] to provide new ways of through-thickness 

a)

c)

b)

d)
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reinforcement using stitching heads mounted on a multi-axis robot. This increases the precision, 

flexibility, and agility for the manufacturing process of composite structures. 

Two-needle ITA 

The one-sided stitching technology developed by the Institute for textiles (ITA) of the 

university RWTH Aachen consists of two needles inclined by 45° on the top of the dry preform. 

Each needle introduces the thread through the preform, forming a loop on the underside when 

moving upward, which is subsequently caught by the other stitching needle and interlocked on 

the top of the preform (Figure 1.14). Due to both inclined stitching needle, this process is limited 

to preforms thickness up to 8 mm. A little information is found in the literature concerning this 

technique and the mechanical properties of the stitched composites, making any discussion 

impracticable. 

 

Figure 1.14- ITA stitching technique: a) needle configuration and stitch pattern[79], b) stitch pattern for 

upper and lower views adapted from [150]. 

 

One-side stitching (OSS®) 

The company Altin-Naehtechnik (Germany) developed the OSS® technique that is based on the 

single-side reinforcement using two needles disposed on the upper side of the dry preform 

[113]. The stitching architecture is similar to that presented by chain stitching method. The 

process uses two needles, one oriented vertical and other inclined by 45° (catcher needle), and 

free space under preform for the penetration of the needles must be considered to perform the 

reinforcement. The vertical needle inserts the thread through the preform thickness and achieves 

a) b)

Upper side

Lower side
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the bottom side, where it forms a thread loop after an upward motion of the needle. The inclined 

needle catches the loop and carries it to the top side of the preform, interlocking the loop with 

the previous stitched loop [151] (Figure 1.15). The composites reinforced with OSS® process 

may enhance the fracture toughness about 4 times in mode I and 76% in mode II loading 

condition [152]. The ultimate strength of the stitched composites was not significantly modified 

under open hole compression (OHC) and CAI tests when compared to the unstitched specimens 

[153]. The investigations of T-joints reinforced by OSS [151], [154] reported an increase in 

failure strength under pull-off tests by up to 25% [155].  

 

Figure 1.15- OSS® technique: a) needle configuration and stitch formation adapted from [79], b) stitch 

pattern views adapted from [150]. 

Latécoère developed a Type A aircraft door for the COMDOR project, applying OSS® 

technology to reinforce the composite through-thickness as well as maintaining the position of 

the dry-preforms during manufacturing. The stitched composite door (Figure 1.16) avoided the 

insertion of about 800 titanium fasteners, which may increase weight and cost in the structure, 

currently employed on Type A composite doors to attach the molded stringers, beams, and 

frame to the skin of the door [156]. 

Cross section stitching direction

Upper side

Lower side
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Figure 1.16- Aircraft door reinforced via OSS® technology (developed by Latécoère). 

 

Blind stitching 

In the blind stitching technique developed by Keilmann Sondermaschinenbau GmbH (KSL), 

dry preforms are reinforced through-thickness by a curved needle of 50 mm from its top side. 

The inserted single thread forms a curved trajectory which leaves from the same surface and is 

caught from the loop created at the end of the stitch by a separate hook. Then, it interlocks with 

the previous thread loop on the preform surface (Figure 1.17) [157]. This method is capable of 

improving the debonding resistance of skin-stringer, increasing the maximum load of about 

38% as well as the ductility under 3-point bending[157]. 

 

Figure 1.17– Blind stitching technique a) needle configuration and stitch formation [79] and b) stitch 

pattern views adapted from [150]. 
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Blind stitching technology has been already applied on an industrial scale to manufacture the 

rear pressure bulkhead of the Airbus A380 jet airliner. Six widths of carbon dry-preforms were 

stitched together to obtain the appropriate dimensions of the rear pressure bulkhead measuring 

5.5 m x 6.2 m (Figure 1.18) [158]. 

 

Figure 1.18- Dry-preforms joined together by blind stitching technique and laid on mold [159]. 

 

Tufting 

Tufting is a single thread method that differs from the other mentioned single-side techniques 

for not interlocking the threads during the process. A hollow needle pushes the thread into the 

dry-preform and during the upward motion to the top of the surface creates a loop due to the 

friction between the preform and thread. A presser foot maintains in place the already inserted 

tuft until the subsequent needle penetration (Figure 1.19a) [79]. The stitched loops typically 

become visible in the bottom of the preform, but tuft depth can be controlled to ending the loop 

inside of the material as a blind stitch (seen on step 2 in Figure 1.19a). The advantage of this 

process is the low tension introduced during the insertion of the thread [160]. It diminishes the 

stitching effect on the in-plane properties of composite laminates [161]. However, due to the 

non-interlocked stitches, tufted fabrics must be carefully handled until a liquid molding process 

to avoiding tuft loosening (Figure 1.19b). 
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Figure 1.19- Tufting technique a) different stitching steps [79], b) stitch pattern views. 

Tufting process allows a maximum variability of its parameters as stitch spacing, seam radius, 

insertion angle (45°-135°) and preform thickness thanks to its simple mechanism and compact 

tufting head design in comparison with the others single-sided stitching technologies [79]. 

Figure 1.20 presents manufacturing of a tail cone using the tufting process to reinforce the dry-

preforms [116].  

 

Figure 1.20 - Tail cone made of carbon composite reinforced by tufting technique [116]. 

Table 1.1 outlines the main characteristics of each single-sided stitching process. 
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Table 1.1 – Stitching methods and their main characteristics ( adapted from[150][79]). 

 ITA OSS Blind Tufting 

Speed (min-1) 2 x 700 500 500 500 

Max laminate 

thickness 

(mm) 

5 (-8) 20 10 40 

Stitch spacing 

(mm) 

3-7 2-10 5-10 ≥ 2 

Thread 

consumption 

-High fiber 

consumption 

-High fiber 

consumption 

-Large thread 

demand 

-Low efficiency 

-Very high 

efficiency with 

optimal 

placement in the 

laminate 

Handling -Easy handling 

due to the 

interlock of the 

threads 

-Easy handling 

due to the 

interlock of the 

threads 

-Possible 

stitching in a 

rigid tool 

-Lower layers 

are not stitched 

-No interlacing, 

thus no joining 

between the 

single layers 

-Possible 

stitching in a 

rigid tool 

Fiber 

disorientation 

-Material 

penetration 

with 2 needles: 

great 

misalignment 

 

-Material 

penetration 

with 2 needles 

-Different 

orientation of 

3D-

reinforcement 

 

-The stitching 

process does not 

influence lower 

single layers 

-Local thread 

concentration; 

therefore, high 

shear 

-Low thread 

tensioning 

-Thick needle 

necessary, thus 

misalignment and 

fiber breakage on 

fabric tows of the 

preform 

Compaction -High 

compaction due 

to the 

interlocking of 

the stitches 

- Seam width 

influences the 

material in a 

larger area 

-Compaction of 

the layers are 

adjustable 

-Due to the pre-

compaction 

slight deviation 

of needle 

possible 

-Thread strength 

(joining) 

insufficient for 

insertion of 

compaction 

-Low fiber 

material in the 

laminate 
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The following section focuses on the tufting technique and the mechanical properties of tufted 

composites. 

1.3.3 Mechanical properties of tufted composite laminates 

a) In-plane properties 

Through-thickness reinforcements can improve the out-of-plane mechanical properties of 

composite laminates while in-plane properties report a significant decrease [77], [144], [162]. 

Tufting reinforcements have shown controversial findings in the literature, with negative 

results[140], [161], [163]–[165], negligible[166], [167] as well as positive effect [161], [165], 

[168] on the in-plane stiffness and strength. The laminate layup and several tufting parameters 

such as density, the angle of insertion, thread type (e.g., material and diameter), needle 

diameter, speed, and pattern can alter the in-plane behavior as described in others stitching 

techniques [114], [144], [168]. As any other stitching technique, the tufting process may create 

defects in the dry preforms during insertion and consequently reduce the in-plane properties. 

Dhanapal et al. [161] reported a 30% decrease in the tensile strength of the unidirectional carbon 

composites reinforced by tufting in comparison with the control specimens. On the other hand, 

tufted composites with quasi-isotropic layup increased 3.5% the tensile strength. The same 

behavior was described by M. Colin de Verdiere et al. [164] when studying tufted NCF 

laminates with two different layups ([0/90]3S and [±45]3S) under tensile tests. NCF composites 

with [0/90]3S layup reduced 13% the tensile modulus and strength compared to untufted 

laminates. Otherwise, [±45]3S tufted laminates improved tensile modulus by 12% and kept the 

tensile strength very similar to the control specimens. Treiber et al. [169] investigated the tufting 

density (0, 0.5 and 2% of the areal density of the laminate) effect on the in-plane properties of 

carbon composite laminates, describing a decrease of the tensile strength by 19% with 0.5% of 

tufting density. However, when increasing the tufting density to 2.0%, the difference is no 

longer evidenced in comparison with the 0.5%. Carvelli et al. [166] also reported improvements 

in the tensile strength up to 22% at increasing tufting density of NCF laminate composites while 

tufting insertion did not affect the tensile modulus. 

b) Out-of-plane properties 

Tufting reinforcement has been shown to improve the fracture toughness under both loading 

modes I and II. In general, for mode I loading condition, the interlaminar tufting increases the 
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delamination resistance by reducing the crack opening displacement, while in mode II, it 

increases the delamination resistance by resisting crack sliding displacement [23]. Karuppannan 

et al. [161] compared unidirectional and quasi-isotropic tufted carbon fiber composites, 

obtaining values more than 16 times higher for the mode I fracture toughness when compared 

to control specimens. Plain et al. [170] investigated the mode I fracture toughness of tufted 

composite laminates reinforced at three different angles (0º,22.5º, and 45º) and, presented 

results 2.35 times superior to the 0º tufted laminates than to the control composites. A 2.5-fold 

increase on opening mode has also been reported to tufted composites against untufted samples 

by Lombetti et al. [116]. Pappas et al. [171] evaluated the mode I fracture toughness of tufted 

composites at different densities and tuft loops. The maximum value was six times higher, 

achieved for the higher tuft density of the composite laminates without tuft loops. However, 

there is a lack of works on the literature reporting the fracture behavior of tufted laminates under 

mode II loading. It should be related to difficult to apply pure mode II loading due to the opening 

mechanism acting in the delamination crack [172]. Bigaud [173] described a 5-fold increase of 

the total fracture toughness on shear loading for the tufted specimens. Verdiere et al.[174] 

studied the tufting effect on mode II fracture toughness of the carbon non-crimp fabric 

composites and found values two times higher than the untufted samples.  

Deconinck et al. [175] studied the behavior of high-velocity impact in tufted carbon fiber 

composites. The delamination area was decreased up to 24% in comparison to untufted 

specimens while increasing the tufting density. Dell'Anno et al. [163] investigated the CAI 

strength on carbon fiber composites reinforced by tufting with carbon and glass threads. The 

authors reported an increase of CAI strength by 25% and 27% for carbon and glass threads 

respectively. Scarponi et al. [140] also presented the improvements in CAI strength by 

employing tufted aramid fibers reinforcements. They studied the techniques of low and high 

tensioned lock stitch, tufting and z-pinning to reinforce trough-the-thickness carbon fiber 

preforms. The tufted laminates showed CAI strength superior to the others techniques and 

especially 16% higher than the control specimens. 

Table 1.2 summarizes some results reported in the literature for tufted composites under 

different loading conditions, emphasizing the higher and lower values when compared to the 

control specimens. The values presented consist of studies with different stacking sequence and 

preform material as well as tufting parameters (e.g., tuft density, thread material, tuft diameter 

and angle of insertion). 
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Table 1.2 - Tufted composites results in comparison to unstitched specimens under different loading 

conditions. 

 Higher value Lower value 

Compressive strength 15% [176] -19% [161] 

Compressive modulus 2% [79] -11% [176] 

Tensile strength 22% [166] -30% [161] 

Tensile modulus 2%[169] -13% [176] 

Interlaminar shear strength -17% [177] -38% [177] 

Mode I 16 times [161] 2.5 times [170] 

Mode II 5 times [173] 2 times [174] 

CAI 27% [163] 16% [140] 

 

The enhancements of out-of-plane properties are also reported for tufted sandwich structures. 

Lascoup et al. [178] obtained improvements of bending module (278%) and maximum stress 

(9 times greater) under 4-point bending tests in comparison to the untufted specimens. 

Moreover, a 14-fold increase of the stiffness and the ultimate stress 8 times superior were 

achieved under transversal flatwise compression tests. The impact resistance was also enhanced 

and described by different authors[179]–[182].In general, the stitched sandwich composites 

were capable of bearing greater impact loading, absorb more the impact energy, reduce the 

damaged area and penetration depth. Lascoup et al. [179] reported a 2.5-fold increase on the 

load of the first significant damage and a reduction of 30% in the maximum penetration under 

impact loading compared to untufted structures. They achieved the values when reducing the 

tufting density from 50 to 12.5 mm stitching space with a reinforcement inclined by 45°. Samlal 

et al.[180] studied sandwich plates reinforced by tuft threads at 45°, reporting considerable 

improvements on the load carrying capacity and ballistic limit. Taylor et al. [181] also 

investigated tufted sandwich structures and, observed an increase of the absorbed energy under 

impact loading at increasing the tufting density. Fan and Xiao-qing[182] described a decrease 

of the damaged width and penetration depth of the tufted structures impacted at 25J of 67% and 

4% respectively, for the core sandwich composites transversely tufted. 

In general, as reported above, tufting finds its full interest in laminated plates and specimens 

scale when subjected to out-of-plane loading. Thus, the discussion follows with the 

investigation of the contribution of this technique in structure scale and stiffened pieces reported 

in the open literature. 

Composites stiffened panels are widely in many parts of the aircraft to increase efficiency 

regarding stiffness, strength, and weight-optimization [1]. This type of structure is composed 
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of a thin-walled composite plate braced by a certain number of shaped stiffeners (e.g., Ω, I, T, 

L, C, Z, and J) in one direction [183]. Because their efficiency to carry loading when compared 

with unstiffened plates, they are widely adopted in aircraft wings, vertical/horizontal tails, and 

structural configuration for the fuselages [184], [185]. However, these parts, mostly 

manufactured by 2D laminated composites, exhibit low out-of-plane properties. This response 

can be due to a weak interaction in the junction between two-parts (skin/stiffener) assembled 

via bonding manufacturing, but mainly owing to the reduced mechanical properties of the 

polymers. Besides, a poor interface produced during the molding process can also reduce the 

out-of-plane properties. The mentioned issues can lead to the initiation and propagation of 

delamination, especially during the structure loading in the mentioned regions, which reduces 

the load-bearing capacity of the composites expressively.  

Tufting method has been used to reinforce the stiffeners in order to enhance their performance 

and damage tolerance. Cartié et al. [92] investigated composite T-joints reinforced with tufts 

(Figure 1.21a) under quasi-static and fatigue pull-off loading. The delamination between the 

skin and the stiffener stopped entirely and the samples failed in bending. It increased the load 

carrying capability and energy dissipation during quasi-static tests (Figure 1.21b) as well as the 

lifespan on fatigue loading by 12.5 times.  

 

Figure 1.21 - a)schematic of T-stiffener reinforced by tufting technique under pull-off tests and b) Typical 

load displacement plots for the tufted and control T-stiffeners under pull-off tests [92]. 

Kratz et al.[186] studied glass fiber T-stiffeners reinforced with carbon tufts. The specimens 

were submitted to 4-point bending, presenting an increase of the failure initiation load (up to 

16%), and slight improvement of the stiffness and absorbed energy (force times displacement) 

for the tufted structures in comparison with the control specimens. Clegg et al. [187] reported 

an improvement up to 39.5% of the absorbed energy under 4-point bending by varying the 

tufting position in the carbon fiber T-joints (Figure 1.22b). The considerable improvement 
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compared to Kratz et al.[186] is mainly due to the tufting reinforcement in the noodle region 

(Figure 1.22a).  

 

Figure 1.22 - a) Untufted specimen and specimens configurations based on the tufting position in the T-

stiffeners and, b) Typical load-displacement for the control and tufted variants submitted to bending tests  

Stickler et al. [188]–[190] utilized a different approach to manufacture T-joints stiffeners. It 

consists of linking vertical web and skin preforms using tufting reinforcements (Figure 1.23). 

A variety of mechanical tests were performed comparing a range of tufting density. However, 

an investigation between the tufted and control specimens are not possible, which leads only a 

discussion of the different tufting parameters and their mechanical behaviors. 

 

Figure 1.23 -  Illustration of the tufted T-stringer and its variations (dashed lines) investigated by Stickler 

et al. [189]. 

Mills et al. [191] investigated the tufting density and thread material effect on carbon fibers T-

stiffeners. The manufacturing of the structures utilized a pre-infused and cured web plate, 

positioned between the two flanges of dry-preforms. The flanges were tufted with the skin, and 

subsequently, the infusion process molded of the whole structure. Figure 1.24 presents the 
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molded T-stiffener plate with the two different regions reinforced by glass and carbon fiber 

threads. The pull-off tests carried out in the specimens showed a considerable enhancement of 

the absorbed energy, especially for the densest tufting specimens, 309% and 215% for carbon 

and glass fiber threads respectively. Maximum load was also improved up to 54% and 62%, for 

carbon and glass fiber threads respectively when compared to the control structures. 

 

Figure 1.24 - Carbon T-stiffener plate tufted on the flange region with carbon and glass fibers 

thread[191]. 

Omega stiffeners reinforced through-thickness with tufts were investigated by Préau et al.[192]. 

Pull-off (Figure 1.25) and 4-point bending loading tests aided to evaluate the effect of the tufting 

depth (partial and full insertion) in the laminated composites. Tufted specimens with partial 

insertion presented great improvements of the absorbed energy (10 times superior on 4-point 

bending) and maximum load (more than 45% on pull-off loading) to both loading conditions 

over untufted specimens. The stiffener and skin parts maintained connected due to the crack 

bridging properties of the tufts, differently from the control specimens that presented a sudden 

failure. Additionally, the partial insertion avoided the issues regarding the tufting reinforcement 

in the initiation failure threshold as seen in the fully tufted specimens. 

 

Figure 1.25 - Tufted omega stiffener submitted to pull-off test [192]. 
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1.4 Conclusions 

Several works have been reporting the improvements on the out-of-plane properties and damage 

tolerance under different loading conditions of laminate composites reinforced by tufting. The 

tufting process has shown advantages as a single side stitching method for controlling the 

reinforcement parameters such as tuft density and angle of insertion, mainly thanks to its single 

needle. These parameters contribute significantly to improve the interlaminar strength of 

laminated composites, as already reported in this chapter. However, tufted composites have 

reported a significant decrease of the in-plane properties due to the damages generated when 

inserting tufts into the preforms, and present the damage extent related to the tufting parameters 

(e.g., tuft density and thread diameter). 

Through this bibliographic review, the works that accurately describe the mechanisms of 

damage initiation and propagation in the presence of tufting are rare. They report only a 

quantitative evaluation of the composite performance without locally analyzing the effect of 

tufting. It is believed in this thesis that the understanding of the damage mechanisms is essential 

for optimizing the reinforcements in the structure as well as to perform upcoming models 

capable of simulating and then predicting the damage behavior of such structures. 

The traditional insertion of tufts in the entire laminated composite has to be avoided, because 

of the significant damage amount created. It is important to understand "why" and "how" the 

mechanisms involved in the presence of tufts behaves. This may help to enhance the insertion 

of tufts in order to diminish the mentioned issues.  

The analysis of the mechanical behavior of untufted composites submitted to various loading 

conditions and characterized by multi- instrumented techniques as well as by post-mortem 

analysis helps to design the tufts insertion in the structure and may decrease the negative impact 

of these reinforcement embedded in the laminated composites. The present work utilized the 

mentioned approach to improving the mechanical response of stiffened structures reinforced by 

tufting and also investigated the tufts parameters in the in-plane properties and damage 

tolerance of composite plates.  

Finally, this literature review did not find works regarding the health monitoring of the 

structures reinforced by tufting. However, if tufts can improve the strength of structures, they 

also become a key element in the composite and consequently, their state of health must be 
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constantly monitored. This thesis proposes a novel approach based on the inspection of the tufts 

that seems interesting and promising. 
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CHAPTER 2  MATERIALS AND METHODS 

 

2.1 Introduction 

The present chapter summarizes the materials and process (Section 2.2) employed for the 

manufacturing of the tufted and control composites, as well as the mechanical test methods 

(Section 2.3), used to investigate their mechanical behavior in this study. Essential information 

about the tufting process parameters and the infusion process are described in section 2.2.1 and 

2.2.2 respectively. The sections 2.2.3-2.2.5  present the manufacturing steps, from tufting 

reinforcement to composite molding, in order to obtain the laminate and sandwich plates, and 

omega-shaped stiffeners respectively. 

The study was divided into three main topics based on the specimen format, as laminated plates, 

sandwich plates, and omega stiffened composite panels as seen in Figure 2.1. Three main 

categories subdivided the different laminate panels (Panel I, II and III), distinguishing for their 

different fabric preforms and tufting parameters employed. Panel I aided in the investigation of 

the tufting parameters, tufting density an angle of insertion, under different loading conditions 

as shown in the flowchart. Plate II varied the material of the preform (carbon and glass fiber 

fabrics) as well the tuft threads to evaluate the feasibility of the tufted yarns in monitoring the 

damage evolution (generate by successive impact loadings). The fatigue tests were carried out 

using the Plate III, which were reinforced by tufting and drilled after the molding process.  

The sandwich plates were manufactured specifically to investigate the electrical resistance 

response of the tufted threads into the structures. This aimed to monitor the strain evolution in 

quasi-static and dynamic loading using the piezoresistive effect.  

The omega stiffeners presented three batches of specimens that correspond to the developments 

from the batch I until the batch III. Batch II concerns the improvements on the structure 

geometry as means for enhancing the mechanical properties after mechanical characterization 

of the Batch I. This set of specimens were manufactured on glass fiber fabrics to evaluate the 

new mold and also for the in-situ electrical measurements from the tufted yarns. The mechanical 

response under pull-off tests aided to design the tufting parameters of the last batch (Batch III). 

The following sections present more details about the materials and the manufacturing process. 
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Figure 2.1 - Flowchart of the different composites manufactured in this work and their associated 

mechanical tests. 

 

2.2 Materials and processing  

2.2.1 Tufting process 

The present thesis studied the mechanical behavior of laminated composites reinforced by the 

tufting process. This stitching method differs from the others due to the thread reinforcement 

inserted via a single needle which creates through-thickness reinforcement without interlocking 

the threads. The single needle allows great variation of the stitching density as well as the angle 

of insertion (Figure 2.2). Tufting areal density is composed of the stitch pitch in the tuft row 

direction (Sx) and the space between two adjacent rows (Sy). Tufting pattern uses mainly two 

basic configurations based on the alignment between two adjacent tufted rows that consist of 

the square and triangular pattern (Figure 2.3). This study employed only the square pattern to 

reinforce the composites. Tufting depth through the preform (Figure 2.2) is also controlled and 
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reported to change the mechanical behavior of the composites [192], [193]. The process can 

use foam under the dry-preform to hold the tuft loops when performing a complete insertion. 

 

Figure 2.2 - Tufting parameters. 

 

Figure 2.3 - Typical tuft patterns [79]. 

The tufting reinforcements carried out in this study utilized a tufting head (KSL RS 522) 

mounted on KUKA 6-axis robot arm (KR 100-2 HA 2000) as seen in Figure 2.4a. The software 

supplied by MasterCam® helped in the simulation of the tufting path reinforcements and the 

set-up of the tufting parameters (Figure 2.4b).  

sy

sx

Tuft depth
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Figure 2.4 - a) Tufting head mounted on 6-axis robot arm, b) Software of simulation employed to generate 

and evaluate the tufting path. 

The reinforcements used the same needle type (supplier KSL, model EP 11 Nm 230) for 

manufacturing the tufted dry-preforms. The presser feet applied in the tufting process were 

developed and made by a 3D printing method with a flat surface to avoid misalignments on 

fabric tows caused by locally-concentrated force. Figure 2.5a presents the former presser foot 

with curved surface utilized in the previous works. Additive manufacturing made the feet 

employed in the present work for transversal tufting (Figure 2.5b), inclined insertion of 60º 

(Figure 2.5c) and insertion in the corner of omega structures (Figure 2.5d).  

 

Figure 2.5 - a) The former presser foot used on previous tufting process and, the 3D printed presser feet 

with plane bottom surface used for b) general reinforcements, c) inclined insertion of 60° and d) corner 

reinforcements of the omega stiffeners. 

A unique thread type was mostly used to reinforce the composites in this research. The 

carbon/PBO thread (2K Tenax-J HTA 40 carbon thread wrapped by two PBO yarns) is reported 

by Bigaud in her Ph.D. thesis [173] to present additional resistance, mainly due to its protection 

with PBO yarns, to the friction caused during the thread path from the heel until the insertion 

into the preform. This material diminishes the issues with broken fibers, described to reduce 

a) b)

a) b) c) d)
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the thread strength, as well as improves the flexibility when forming the loops. The PBO yarns 

also enhance the attachment of the tufted yarns with the dry-preforms, reducing loosening of 

loops during the handle of the reinforced preform.  

2.2.2 Vacuum Assisted Resin Transfer Molding (VARTM) 

VARTM consists of a vacuum infusion process which utilizes a rigid mold to provide part 

geometry while a thin flexible membrane over the dry preform is responsible for compress the 

fabrics against the rigid mold by atmospheric pressure. The flexible membrane aided by tapes 

seals the whole system and places it under vacuum. Then, resin impregnates the dry preform 

due to a pressure gradient imposed by negative pressure on the flow front. Figure 2.6 shows a 

schematic of the VARTM process. Generally, the process employs consumable materials such 

as infusion mesh and peel ply to improve the process performance.  

 

Figure 2.6 - Typical VARTM process [194]. 

 

2.2.3 Manufacturing of the composite laminated plates 

a) Tufting reinforcement 

Plate I 

Woven carbon fabric/epoxy composites were manufactured using a 6K 5HS woven fabrics with 

364 g/m2 areal density. The tufting process utilized carbon/PBO threads to reinforce the 

laminates. Two laminates with a [0]12 layup were made according to the angle of the inserted 

tufts. The transversal tufting introduced reinforcements parallel to the normal plane of the 

preform with tuft rows in the same direction of the warp tows (Figure 2.7), while angular tufting 

inserted threads at ±30° to the normal plane with the rows perpendicular to the warp direction 

(Figure 2.8). The choice of the insertion at ±30° consisted of the maximum angle possible due 
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to the machine limits. The preforms were divided into zones for the control specimens 

(untufted) and, for the 5×5 mm and 10×10 mm tufting density.  

 

Figure 2.7 - Schematic of the transversal tufted specimens. 

 

Figure 2.8 - The insertion of inclined tufts of 30° and the schematic of the reinforced composites. 

Previous works developed in the laboratory concluded that the foam applied under the carbon 

fabrics was not sufficient to hold the tuft loops, which led to the insertion of a PA film between 

the foam and dry preform (Figure 2.9). This film aided to handle the material without loosening 

their loops, from the foam release until the molding process. 
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Figure 2.9 - The inclined tufts exhibited from the bottom surface with their loops maintained by the film. 

 

Open Hole specimens for the tensile and fatigue tests (Plate II) 

The samples utilized for the open hole tensile and fatigue tests used a 2x2 twill woven fabric 

with an areal density of 200 g/m2. Two specimen configurations with the same [0]16 layup based 

on the distance of the tuft rows from the center width (Δx), equal to 7mm and 10mm, as seen 

in Figure 2.10a. The tuft density of 5x5 mm was performed for both configurations of 

specimens and followed the 0° direction of the stacking direction. Figure 2.10 presents the 

reinforced dry preform with the two tuft configurations as well as the unreinforced zone at the 

top of the image, left for manufacturing the control specimens. 

 

Figure 2.10 - a) Schematic illustration of the tuft rows distance from the center of the specimens, b) Tufted 

preform with the upper side left intentionally unreinforced to produce the control specimens. 

 

tufts

Δx

a) b)
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Composite laminates for the feasibility tests of the electrical resistance (Plate III) 

It was manufactured two laminate composites with the same layup [0]6 in carbon and glass 

fibers 2x2 twill weave fabrics with an areal density of 200 g/m² and 280 g/m2 respectively. 

Tufting performed reinforcements with both carbon/PBO threads and neat carbon threads (two 

twisted carbon fiber strands made of Tenax-J HTA 40 F15 1K 67 TEX). The tuft rows followed 

the width direction of the dry preforms (size of 150x500 mm). The tuft loops were adjusted as 

small as possible to avoid their contact that could change the electrical measurements by 

percolation. 

Similarly, the tufting performed a square pattern reinforcement with 10x10 mm density to avoid 

this concern. Due to the short length of the loops, which could unfasten the tufting pattern 

during manipulation of the preform, PTFE film was used between the dry preform and PU foam 

to maintain the threads. The film releasing occured before the molding process. 

b) VARTM process 

VARTM process utilized an EPOLAM 5015 epoxy resin system to mold the composite plates. 

Figure 2.11a exhibits similar process employed in the manufacturing of the laminates for impact 

and fatigue tests, while Figure 2.11b presents the two dry preforms (glass fibers and carbon 

fibers) infused on the same vacuum bag. During the infusion process, the vacuum pressure was 

about -1000 mBar at room temperature. The cure cycle was carried out at room temperature for 

24 hours and post-cured at 80ºC for 16 hours.  

 
Figure 2.11 - The infusion procedure employed to manufacture a) the Plate I and III, and b) Plate II. 

 

a) b)
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c) Specimens preparation 

Specimens with dimensions of 100×150 mm were prepared for the impact and CAI tests 

according to ASTM D7136-15 [195], with the warp direction aligned along the longitudinal 

side. Table 2.1 presents their designations according to the tufting density and angle of insertion 

utilized in the manufacturing of each set of the specimen. 

Table 2.1 - Specimens designation for Plate I 

specimen Tufting angle Tufting density* (mm x mm) 

REF - - 

T10 transversal 10x10 

T5 transversal 5x5 

A10 Angular (±30°) 10x10 

A5 Angular (±30°) 5x5 

 

The drilling procedures of the laminated composites specimens for the open hole tensile and 

fatigue tests were made thanks to Redouane Zitoune at Université de Toulouse - Clement Ader 

Institute. It applied two types of drilling tools, three lips twist (Figure 2.12a) and core drill 

(Figure 2.12b), to bore a hole of 8 mm diameter in the center of the specimens. The primary 

goal consisted of comparing the drill effect in the mechanical behavior of the laminates. More 

information concerning the drilling process does not pertain to the subject of this thesis. Figure 

2.13 shows the schematic illustration of the specimens, regarding the tufts distance from the 

center, and their final dimensions. They are designated OH1_L, and OH1_C for the specimens 

tufted 7 mm from the central axis drilled by three lips twist and core drill respectively, while 

OH2_L and OH2_C correspond to the samples with tuft row 10 mm distant from the middle 

and bored hole by three lips twist and core drill respectively. Moreover, the identification of the 

control specimens consisted in CNT_L and CNT_C, based on to the holes performed by three 

lips and core drill in that order. 



Chapter 2 - Materials and methods 

Alan Martins 43 UTC 

 

Figure 2.12 - Drills utilized for boring the holes on the stitched specimens: a) Three lips twist drill and, b) 

core drill. 

 

Figure 2.13 - Schematic illustration of the tufted open-hole samples. 

 

2.2.4 Sandwich plates manufacturing 

The sandwich structures studied in the present work consisted of polystyrene foam,18 mm 

thick, and two parallel face sheets with a [0]8 layup for each face of glass 2/2 twill woven (280 

g/m2). Tufting process utilized carbon/PBO threads and tufting density of 10x10 mm and 15x15 

mm for the manufacturing of the composites subjected to flatwise compression and impact tests 

respectively. Additionally, the insertion employed a support foam to hold the tuft yarns as 

exhibited in Figure 2.14.  

a) b)

Ø 8 

14 20

48

OH1_*

tufts

OH2_*

280

* L: three lips twist drill

C: core drill



Chapter 2 - Materials and methods 

Alan Martins 44 UTC 

 

Figure 2.14- Tufting reinforcement in the sandwich preform. 

The molding of the sandwich preforms by infusion process utilized an EPOLAM 5015 epoxy 

resin at about -1 bar of vacuum pressure (Figure 2.15). Further, the cure cycle occurred for 24 

h at room temperature, followed by 16 h of post-cure at 80°C. The nominal final thickness of 

the sandwich plate was 22 mm. 

 

Figure 2.15 - Vacuum infusion process of the tufted sandwich preform. 

 

2.2.5 Manufacturing of the omega-shaped stiffeners  

The present section exhibits the manufacturing process to obtain the composite omega 

stiffeners. The mechanical behaviors analyzed in the first batch during and after mechanical 

tests permitted to develop the second and third batch of specimens based on the drawbacks 

found in the previous set. In order to manufacture the two later set of specimens, a new inner 

mold was developed with different dimensions to enhance the mechanical properties of the 

omega stiffened structures. The second batch of omega structures was fabricated especially to 

needle
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test the new mold and to improve the manufacturing procedures from the tufting to the molding 

process before pass by the carbon fiber structures (third set of specimens). This configuration 

aided in the evaluation of the electrical response of the carbon tufts during pull-off tests. 

Moreover, the investigation of this batch of specimens during tests help to improve 

mechanically the new set of samples, designated as Batch III, mainly by enhancing the tufting 

parameters. 

a) Batch I 

Tufting reinforcement 

The laminated composite structures were manufactured using 5-harness satin carbon fibers 

woven (5HS) with an areal density of 500 g/m2. The layup sequence was [0]8 to both parts of 

the panel (skin and omega stiffener). Figure 2.16 presents a schematic of the skin and stiffeners 

preforms employed for manufacturing the control and tufted omega stringers, as well as the 

process to obtain the reinforced structures by tufting. A single stiffened panel containing four 

stiffeners, two for control specimens and two for tufted specimens, was performed. The stiffener 

and skin fabrics for both control and tufted samples were tufted in their border to help the 

handling during the manufacturing process and consequently to avoid fabrics misalignment 

before the reinforce of both parts by tufting. Additionally, a PTFE film laid up on the foam 

aided to hold the tuft loops under tufting and the handling of the stitched fabrics. 

Figure 2.16 presents the manufacturing steps utilized to fabricate the two stringers reinforced 

with tuft carbon/PBO threads. The process initiates by maintaining the stiffener fabrics on the 

skin preforms with two frames supports to avoid misalignments during tufting. Three rows of 

tufts with a tufting density of 5x5 mm and following the 0° fabric direction joined the skin and 

stiffener preforms, both aligned parallel to the width (warp direction). A trimming removed the 

exceeding part of fabrics from the stiffener preform and subsequently, the metallic inner mold, 

covered with a release film, was placed between the main preforms. Thus, the metallic supports 

were applied to hold the preforms to avoid the misalignment of the fabrics. The tufting 

reinforcement utilized the same parameters as described to the other side of the stiffener and 

their excess trimmed off in sequence. 
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Figure 2.16 - Schematic of the manufacturing steps to produce the omega stiffeners. 

Figure 2.17 shows the through-thickness reinforcement of the carbon fabrics, detailing the 

frame supports used to maintain the fabrics in place during tufting as well as to the trimming 

procedure. The stitched fabrics were carefully released from the foam after the through-

thickness reinforcement, followed by the releasing of the PTFE film from the tuft loops (Figure 

2.18). 
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Figure 2.17 - The reinforcement between the stiffener and skin preforms for the manufacturing of the 

omega stringer. 

 

Figure 2.18 - The releasing of the stitched dry-preforms.  

 

VARTM process 

Adhesive tapes aided to keep in place the stiffener preforms employed for manufacturing the 

control specimens (Figure 2.19a). This configuration presented a considerable extent of 

loosening fiber tows from its fabrics as well as poor compaction of the preforms over the mold, 

differently from the tufted stringers. The fabrics were infused with EPOLAM 5015 epoxy resin 

system by VARTM process at room temperature (Figure 2.19b). The cure cycle was carried out 

at room temperature for 24 hours and post-cured at 80ºC for 16 hours. The inner molds were 

therefore released from the laminated stiffened panel as seen in Figure 2.20. 
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Figure 2.19 - a) The preparation of the preforms before the VARTM process and, b) infusion process. 

 

Figure 2.20 - Mold releasing and final stiffened plate with the tufted and control stringers. 

Figure 2.21a exhibits the geometry of the control and tufted specimens with their final 

dimensions described by the schema of the tufted structure (Figure 2.21b). It is observed better 

compaction on the radius zone of the stitched specimens when compared to the control 

specimens mainly due to the compression of the fabrics during tufting. 
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Figure 2.21 - a) Control and tufted omega stiffened composite stringers and, b) the dimensions of the 

specimens and tufts position into the structure. 

 

b) Batch II (Glass fiber composites) 

Tufting reinforcement 

Non-crimp fabrics (NCF) made with unidirectional layers of glass fiber tows (0/90), and areal 

density of 600 g/m2 were employed to manufacture the omega stringers. The structure layup 

consisted of [0]10 to the stiffener and [0]12 to the skin part. Tuft carbon/PBO threads reinforced 

the dry preforms. The primary goals to apply the carbon/PBO threads are due to the excellent 

electrical properties of the carbon fibers and especially to their protection by the PBO yarns as 

shown in Figure 2.22a. Furthermore, from the previous works in the laboratory, it is noticed 

that the PBO protect two parallel yarns to have contact (Figure 2.22). It means that after a tuft 

failure, PBO yarns avoid the percolation and consequently the misunderstanding of the 

electrical response and its relation to the damage events. 
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Figure 2.22 - SEM image of a carbon fiber/PBO yarn employed by the tufting process, b) Light 

microscope image of the tufted carbon/PBO yarn in the laminate composite. 

The skin was tufted throughout the edge into the foam in order to avoid the fabrics 

misalignments. The fabrics were laid upon the new inner mold, and subsequently, a film placed 

over the whole system compacted the preforms against the mold/table when applied vacuum at 

the table. The reinforcements were inserted in the flange/skin contact along the width direction 

while maintaining the vacuum (Figure 2.23). The three set of tufted specimens manufactured 

in this study consisted of the combination of parameters such as the distance between the tuft 

rows, number of rows and tufting depth. The tufting reinforcement maintained the stitching step 

of 7 mm along the row for the three configurations. Table 2.2 presents the parameters employed 

for each set of specimens and their designation. 

Table 2.2 - Tufting parameters employed for each set of specimens. 

specimen Number of rows/stiffener 

side 

Tuft depth The distance between 

tuft rows (mm) 

VR Control specimen - - 

V2T 2 rows Partial 15 

V3TC 3 rows Partial 10 

V3TL 3 rows Complete 10 
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Figure 2.23 - a) Tufting reinforcement between stiffener and skin preforms under vacuum pressure and, 

b) a top view of the second stringer prepared to be stitched (left side) and the stitched preforms on the 

right side of the image. 

 

VARTM process 

The composite omega stiffeners were infused by VARTM using EPOLAM 5015 epoxy resin 

system at about -1 bar of vacuum pressure. Then, the cure cycle occurred for about 24 h at room 

temperature and post-cured at 80 °C for 16 h. The three set of specimens, as well as the 

dimensions of the latest mold used, are shown in Figure 2.24. The stiffener and skin thickness 

of the molded samples were approximately 5 and 6 mm respectively. 

 

Figure 2.24 - Schematic illustration of the three specimen configurations and the inner dimensions based 

on the mold. 
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c) Batch III (Carbon fiber composites) 

Tufting reinforcement 

Some enhancements were made to the tufting process for the manufacturing of this batch of 

omega stiffeners in comparison with the last procedures for Batch I and II. Figure 2.25 

schematically illustrates the new steps employed. This new batch of specimens applied the same 

materials utilized in the manufacturing of the Batch I. Both stiffener and skin had [0]8 symmetric 

layup with the warp direction along the plate width. The trimming of the stiffener preform was 

no longer performed, which led to the same dimensions for the control and tufted fabrics (Figure 

2.25-I). As seen in the manufacturing process of the Batch I, the fabrics plies were also tufted 

on the edge to avoid sliding between them. The preforms were laid up over the new inner molds 

and fixed by a support frame as better exhibited in Figure 2.26. Then, the insertion of partial 

tufts on both sides occurred without supports due to the short space left, and finally, the tufted 

preform was released from the foam support and molded on the infusion process. The two set 

of tufted specimens fabricated for the present batch are related to the number of tuft rows 

inserted along the panel width. The set of samples consisted of a single tuft row (TUF1) and 

two tuft rows (TUF2) on each side of the stiffener.  

 

Figure 2.25 - Manufacturing steps to produce the stiffened composite panels. 

 

Figure 2.26 - Support frame for maintaining the dry preforms during the tufting process. 
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VARTM process 

The same epoxy resin system and cure cycle were employed to mold this new set of specimens. 

The preforms for the control specimens were placed before infusion process and also presented 

loosen of the carbon fibers tows as seen especially in Batch I. Figure 2.27 shows the infusion 

process of the stiffened panel containing the three set of specimens (control, TUF2, and TUF1).  

 

Figure 2.27 - VARTM process of the stiffened panel (Batch III). 

The new inner mold, which is composed of two parts, presented remarkable easiness for 

releasing from the laminated parts (Figure 2.28a). Figure 2.28b shows the schema of the final 

dimensions obtained for the specimens exhibited in Figure 2.28c. 

 

Figure 2.28 - a) Mold releasing of the bi-parts mold from the specimens, b) final dimensions of the samples 

and, c) the laminated composites specimens. 
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2.3 Test methods 

2.3.1 Digital image correlation (DIC) 

DIC is a full-field image analysis method, which provides reliable measurements for 

characterizing complex mechanical response at various scales. It consists of compare digital 

photographs of a specimen surface at different stages of deformation. The digital pictures must 

have blocks of pixels randomly distributed on the specimen surface with significant contrast 

and intensity levels. This stochastic speckle pattern provides the grey scale necessary for 

generating a matrix of positions (pixels) from every image taken at different times. These 

speckles can be provided naturally from the texture of the specimen or applied on the surface 

to create a satisfactory pattern for obtaining a correlation with optimal resolution. The 

correlation is carried out by tracking the displacement of these patterns and consequently, 

allows the generation of 2D and 3D deformation vector fields and strain maps [196] (Figure 

2.29). The full-field measures can obtain significant information about local and global strain 

distribution, crack growth, and used for the determination of essential fracture mechanics 

parameters [197]. 

The 2D digital image correlation (2D-DIC) allows the measurements of the in-plane 

displacements/deformation fields. This technique is simple to apply due to the use of a single 

camera to capture the images (one for each specific time). The main issue concerns the need for 

a precise set-up between the camera and the specimen, which must be perpendicular in order to 

avoid problems in the correlation. The use of a telecentric lens may prevent this issue owed to 

its capability to increase the detection field while reducing the error in a tiny range.  

Stereo-digital image correlation (or 3D-DIC) is able for acquiring the out-of-plane 

displacement/deformation fields. Moreover, this technique allows obtaining precisely surface 

geometry information such as specimens shape as well as out-of-plane defects and damages, 

which may be related to the manufacturing process or former mechanical loading respectively. 

In-plane measurements can also be performed by this method which avoids the issues of proper 

alignment between the camera and specimen surface, seen in 2D-DIC. In the stereo-DIC 

method, a series of image pairs captured from two different views of the object are used to 

locate and track a given set of surface points during motion and/or deformation [198]. These 

images can be captured by a pair of "twin" cameras or acquired with a single camera and optical 

devices to generate both views. Calibrating the system is necessary in the 3D-DIC method to 
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obtain the intrinsic (e.g., effective focal length, principal point, and lens distortion coefficient) 

and extrinsic (3D position and orientation between the two cameras to a world coordinate 

system) parameters of the cameras by triangulating their positions. The accuracy of the 

correlated images depends heavily on the calibration parameters, which is consequently related 

to the calibration of the cameras. 

 

Figure 2.29 - Basic concept of Digital image correlation [199]. 

 

2.3.2 Acoustic emission (AE) 

It is a nondestructive testing method capable of detecting crack initiation and development. 

When subjected to stress by mechanical, pressure or thermal means, the structures may 

propagate cracks, resulting in a sudden release of energy which will convert partially to 

transient elastic waves. The piezoelectric transducers detect the elastic waves that propagate on 

the material surface and convert to electric signals that are subsequently magnified, processed 

and recorded. A typical AE system setup and the AE signal parameters are represented in Figure 

2.30a and Figure 2.30b respectively. 

 

Figure 2.30 - a) Basic principle of the acoustic emission technique and, b) Typical AE signal feature [200] 

a) b)
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This technique was firstly investigated on 1950's by Kaiser [201] and has been increasingly 

applied to investigate structures under loading, intending to characterize damage initiation and 

development, as well as their extent, nature, and position, for example. Several materials have 

been investigated by the acoustic emission method when subjected to mechanical tests. For the 

composite materials, the technique is applied to detect and differentiate the damage events, such 

as matrix cracking, fiber debonding, delamination and fiber breakage under different loading 

conditions [202]–[208]. The signal waves change their parameter characteristics (Figure 2.30b) 

from a type of damage mechanism to another and consequently allow to clustering in different 

classes these events occurred under loading tests. Figure 2.31 presents the typical AE wave 

signals for the primary damage mechanisms on laminated composites. 

 

Figure 2.31 - Typical wave signals of the primary damage mechanisms on laminated composites. 

This thesis employed the AE technique during mechanical tests by using wideband sensors 

(Micro80 - 200-900 kHz) to obtain the acoustic events. The acquired signals were preamplified 

with a selected gain of 40 dB and bandwidth from 20 kHz to 1.2 MHz. The data acquisition 

was carried out with the channel supplied by Mistras Group and controlled by AEwin® software. 

Figure 2.31 lists the signal threshold and timing parameters values used in the data acquisition. 

Table 2.3 - Parameter values employed on AE acquisition. 

Threshold (dB) PDT (μs) HDT(μs) HLT(μs) 

40 30 150 300 

 

Matrix cracking Fiber-matrix debonding

Delamination Fiber breaking
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2.3.3 Ultrasonic C-scan 

Ultrasonic is nondestructive testing widely used in engineering applications for detecting and 

evaluating flaw, dimensional measurements, and material characterization (e.g., cracks, voids, 

porosity, and other internal discontinuities). It consists of pulsing very short ultrasonic waves 

with high frequencies that typically vary between 0.1-15 MHz and can occasionally achieve up 

to 50MHz, throughout the material. The mechanical waves travel through the material with 

some loss of energy and deflect at interfaces and/or defects [209]. In general, the analysis of 

materials utilizes mostly two ultrasonic approaches. Through-transmission method consists of 

using two transducers, one on each side of the material, for its characterization. The main issue 

of this approach concerns the difficult at some testing to access both sides of the structures. For 

this reason, the use of both-transducers positioned on the same side or a single transmitter-

receiver transducer to acquire the data by the pulse-echo method may avoid the mentioned issue 

(Figure 2.32).  

 

Figure 2.32 - Basic concept of ultrasonic testing. 

C-Scan is a two-dimensional representation of the scanned structure displayed as a top or planar 

view. The colors shown in the images represent the gated signal amplitude or signal depth at 

each point of the mapped piece [210]. This approach has been widely applied to check 

laminated composites after the molding process, intended to characterize the distribution, size, 

and shape of voids [211]–[213]. Additionally, the C-Scan characterization of laminated 
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composites subjected previously to mechanical tests enables measuring the extent of damage 

from the scanned area [176], such as those submitted to impact loading [98], [214]–[216].  

The present work characterized the specimens by C-Scan mapping merged in a water tank to 

provide ultrasonic coupling (Figure 2.33). The transducer coordinates are tracked via 

mechanical scanner with encoders based on the desired index resolution. The measurements by 

the pulse-echo technique employed a 10 MHz focused transducer with a diameter of 12.7 mm 

and a focal distance of 63.5 mm. 

 

Figure 2.33 - The ultrasonic pulse-echo immersion technique. 

 

2.3.4 Electrical measurements 

The electrical measurements carried out in this thesis intended to evaluate the piezoresistive 

response of the tufts in the laminates. This approach based on Ohm's law for monitoring 

electrical resistance values either under or before/after mechanical tests. The measuring of the 

corresponding voltage response to an injected current (or the opposite) enables to determine the 

resistance by using the relation (1). 

 𝑅 =
ΔU

ΔI
 (1) 

 

Where R is the electrical resistance (Ω), U the voltage (V) and I the current (A). The electrical 

resistance of a uniform conductor can be given by the following equation (2) regarding 

resistivity. 

x

y
z
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 𝑅 = 𝜌
L

𝐴
 (2) 

 

where L is the length of the conductor (m), A is the cross-sectional area of the conductor (m²), 

and ρ is the electrical resistivity of the material (Ω.m).  

Two types of approach can be employed to perform the electrical measurements. The two-wire 

method is the most straightforward technique and consists of the difference in electric potential 

energy acquired by a voltmeter that injects an electrical current according to the resistance 

range. This procedure may present significant error values, especially under 100Ω due to the 

total lead resistance added to the measurements. On the other hand, the four-wire method offers 

a solution more stable, especially at lower resistance range. This method consists of the current 

injection by the two external contact points and the measuring of the difference in electric 

potential by the two internal wires. This procedure enables controlling the current applied to 

the system and consequently diminishes the problems related with the total lead current.  

The electrical measurements carried out in this work utilized both measurements methods. The 

in-situ monitoring of the specimens under mechanical tests employed mainly the two-wire 

method, due to the issues concerning the insertion of additional probes which consequently 

precluded the four-wire analysis. The analyses before and after tests used the four-wire 

technique for the measurements. Both methods acquired the results via a precision 

source/measure unit Keysight B2901A from electrical cables soldered at a same tufted row. The 

contact between the wires and tufted yarns was improved by polishing the resin around the 

reinforcements, applying a thin conductive silver paint and welding with tin-lead solder. 

2.3.5 Infrared thermography (IRT) 

An infrared camera detects radiation in the infrared range emitted from the surface of an object, 

converts it on temperature and consequently generates an image of the temperature distribution. 

The temperature is directly related to the extent of radiation emitted by an object, which means 

that temperature increase when increasing the radiation. This technique can measure the 

temperatures without contact with the object and has been exploited for quality assurance of 

manufacturing process and non-destructive evaluation of the structures under service. IRT can 

use passive and active approaches to the investigation of structural monitoring and damage 

evaluation. A passive method is the most straightforward technique that captures the radiation 

emitted directly from the physical event in the structure. Otherwise, the active approach uses 

https://en.wikipedia.org/wiki/Electrical_resistivity%22%20%5Ct%20%22Electrical%20resistivity
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an external source to excite the specimen (e.g., impulse thermal-wave or ultrasonic thermal-

wave). In case of the presence of defects in the structure, IRT can distinguish them using the 

thermal conductivity difference between the defect and the material transmitted at the specimen 

surface. Infrared thermography has been used to evaluate bonded repair in laminated 

composites [217]–[219] as well as monitoring damages under fatigue tests [218], [220]–[222], 

impact loading [223], [224] and static tests [225], [226]. 

The investigation in this thesis employed an IR camera produced by FLIR model 320, which 

detects a temperature range of -20°C to 120°C with ± 0.05 °C of accuracy, resolution of 

320×240 pixels and data capture rate of 50Hz. 

2.3.6 Test methods for the laminated plates (Plate I) 

a) Short beam shear test 

The dimensions of the samples followed the ASTM D2344-16 [227] standard with the specimen 

length of 6 and width of 2 times the thickness respectively. Three specimens in the longitudinal 

as well as in the transversal direction of the laminate layup were prepared from the specimens 

REF, A5, and T5. The crosshead speed was 1 mm/ min. The span length was 20 mm and, 

support cylinder and loading nose diameter of 3 mm and 6 mm respectively. A DIC camera 

placed in one side captured the images during tests, subsequently correlated with VIC2D®, 

while the video microscopy monitored the opposite side. 

b) Impact test 

Three specimens of each configuration were submitted to impact energies of 25 J and 60 J on 

the Instron Dynatup 9250HV drop-weight impact machine, using a hemispherical indentor of 

50.8 mm diameter and weight impactor adjusted to 14.2 kg. Preliminary tests validated the 

capability of the low-velocity impact of 25 J for creating barely visible impact damage (BVID) 

in the composites. Differently, the medium velocity impact of 60J is meant to create visible 

damages in the specimens. The primary goal was to evaluate the tufted composites behavior in 

the two classes of impact velocity (low and medium) which are intended to create different 

damages levels, under impact and compression after impact. The control of the impact energy 

consisted of varying the velocity while maintaining the same mass in the tests. Also, a laser 

sensor installed on the bottom side of the samples, from the middle of the laminate, measured 

the out-of-plane displacement during impact loading.  
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Ultrasound C-Scan method using a pulse-echo immersion mode with a 10 MHz focal transducer 

characterized the damaged area generated under impact tests. The area of scanning was of 

80x80 mm from the center of the impacted surface. The images of the damaged area were built 

with the ultrasound wave that rebound from the back surface. The ImageJ software aided in the 

measure of damage extent by calculating the damaged area after conversion on binary images. 

c) Compression before impact 

Compression Before Impact (CBI) tests employed three samples of each one of the REF, A5, 

and T5 configurations. The tests followed the standard test method ASTM D6641/D6641M-01 

[228]. 

d) Compression After Impact test 

Compression After Impact (CAI) tests employed a support frame according to the specified in 

ASTM D7137-12 [229] to avoid buckling. Digital Image Correlation (DIC) monitored a single 

side surface (impacted surface) taking a series of digital photographs from a stereo-system with 

two cameras (camera CC-0003 by ALLIED Vision Technologies) throughout the loading 

history. It mainly consisted of the investigation of the out-of-plane displacements (w) from the 

images correlated by the software VIC 3D® of the specimens subjected to compressive loading. 

The parameters of the subset and step size used for the correlation were 29 and 7 respectively. 

The area chosen to analyze the mean out-of-plane displacement (w) was 30x30 mm centralized 

in the impacted zone. Moreover, a characterization by stereo-DIC from both surfaces for some 

specimen configurations (REF, A5, and T5) allowed the investigation of the out-of-plane 

behavior from the two sides. The acquisition and correlation parameters were kept the same as 

already described to the one side stereo-DIC during CAI tests.  

Also, the dent depth generated during impact tests was compared among the sample 

configurations by analysis of DIC image acquired before CAI tests (Figure 2.34). The dent 

depth measured by DIC has been used by different authors [230]–[232]. This method allows 

measuring with precision, especially the small dent depth that is frequently formed by low-

velocity impacts. 
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Figure 2.34- The contour plot and the corresponding 3D image of the impacted specimen on the Z field. 

Additionally, two wideband sensors (Micro80 - 200-900 kHz) were longitudinally placed 45 

mm from the center of the sample, one on each side of the transversal axis, for the AE 

monitoring. Figure 2.35a exhibits the multi-instrumented CAI test with DIC cameras and AE 

sensors after sample failure. The two couples of stereo-DIC cameras mounted for CAI tests on 

the specific configuration of specimens, as mentioned, are presented in Figure 2.35b.   

 

Figure 2.35 - a) Multi-instrumented CAI test with AE sensors and DIC cameras and, b) stereo-DIC 

cameras mounted on both sides of the specimens. 

 

2.3.7 Test methods for the laminated plates (Plate II) 

Chapter 5 details the testing methods utilized for the characterization of this batch of specimens. 
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2.3.8 Test methods for the laminated plates (Plate III) 

a) Fatigue test 

The fatigue tests consisted of three main blocks as seen in Figure 2.36. The specimens were 

first submitted to the load/unload tensile tests by incrementing the load of 10,20,30,35,40,45,50 

and 55 kN. Subsequently, tensile fatigue tests were carried out under constant stress amplitude, 

a sinusoidal waveform with a frequency of 2 Hz and stress ratio R=0.1. The selection of the 

maximum force (55 kN) considered the results obtained from preliminary fatigue tests as well 

as the ultimate tensile strength. The third block consisted of subjecting the specimens previously 

tested at 1x106 cycles on fatigue to tensile tests until their failure. This part aided in the 

evaluation of the stiffness and strength of the specimens in comparison with the previous blocks 

of tests. 

 

Figure 2.36 - Schematic illustration of the testing procedure consisted of loading/unloading cycles, fatigue 

(1x106 cycles) and tensile loading until specimen failure 

The tests were carried out on a servo-hydraulic fatigue testing machine (Instron 1343) with a 

crosshead speed of 1 mm/min and the distance between the jaws of 190 mm. Two cameras 

(camera CC-0003 by ALLIED Vision Technologies) utilized the stereo-DIC method to perform 

the acquisition of images throughout the three blocks of the mechanical tests and consequently 

correlate them by VIC 3D®. The cameras acquired one image at every 1x105 cycles in the 

maximum stress point during the fatigue tests. The correlation applied the subset and step size 

values of 21 and 3 respectively. The tests also counted with two wideband AE sensors (Micro80 

- 200-900 kHz), each one at 40 mm from the specimen centerline, and an extensometer with a 

gauge length of 10 mm located 50 mm from the specimen centerline. Figure 2.37 presents the 

instruments employed for characterization of the composites. 

[…]

fatigueLoad/unload cycles Tensile
Force

Time



Chapter 2 - Materials and methods 

Alan Martins 64 UTC 

 

Figure 2.37 - Experimental test apparatus used for investigation of the opened hole specimens behavior 

under fatigue testing. 

 

2.3.9 Test methods for the sandwich plates  

Chapter 5 details the testing methods utilized for the characterization of these specimens. 

2.3.10 Test methods for the omega stiffeners  

a) Pull-off tests (Batch I) 

The pull-off tests executed in this thesis intended especially for creating failure by opening 

mode (mode I fracture). The quasi-static tests were carried out at a constant cross-head speed 

of 1 mm/min. Two lower fixed rollers (5 mm diameter) were 70 mm equidistant from the center, 

and the middle roller (10 mm diameter) was responsible for loading the structure from the 

stiffener part (Figure 2.38). They were monitored by DIC to evaluate the in-plane strain fields 

from a single side of the sample, focusing mainly on the critical zone of the omega structure 

(intersection of the stiffener and the skin). The series of digital photographs (camera CC-0003 

by ALLIED Vision Technologies) were taken throughout the loading history and correlated 

with the software VIC 2D®. The parameters of the subset and step size were 25 and 5 

respectively. Video microscope was settled up in the opposite face of the DIC camera for 

investigating the damage development during tests. The AE analysis monitored the acoustic 

activity during tests through of two wideband sensors (Micro80 - 200-900 kHz) longitudinally 

placed on the bottom side of the skin from 45 mm to the center, one on each side of the 

transversal axis. 

Front view Back view
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Figure 2.38- Pull-off test apparatus. 

 

b) Pull-off tests (Batch II) 

Chapter 5 details the testing methods utilized for the characterization of this batch of specimens. 

c) Pull-off tests (Batch III) 

The carbon fiber panels stiffened with omega stringers employed the same test parameters as 

utilized for the glass fiber specimens (Batch II of samples), however with no electrical 

measurements. Video microscope was also added to a single side of the sample. 

d) 4-point bending test (Batch I) 

4-point bending tests evaluated the behavior of the samples (Batch I) by generating localized 

shearing in the stiffener/skin contact. The support and the load nose rolls measured 20 mm and 

12 mm of diameter respectively. The lower span (support) was 120 mm, the upper span (load 

nose) was 53 mm, and the crosshead speed was 1 mm/min. The instruments employed in the 

present tests were adjusted in the same manner as described for the pull-off tests of the Batch 

I, with two AE sensors placed 73.5 mm longitudinally from the middle of the specimens. 

e) 3-point bending test (Structure) 

The three batches of omega structures manufactured for this work were subjected to 3-Point 

bending tests to evaluate their behavior in mixed loading conditions. It differentiates from the 

pull-off and 4-point bending tests that envisaged mainly to assess the interface region, between 
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stiffener flange and skin, in mode I and mode II loading conditions respectively. The present 

testing method seems more realistic to investigate the tufting behavior by loading the composite 

panels. The test apparatus consists of two parallel supports with a diameter of 20 mm and 

loading noses of 25 mm located in both transverse sides of the stiffener. Figure 2.39 shows the 

longitudinal and transverse view of the test setup. As seen in the transverse view, the joining of 

tabs to the surface of the structure intended to flatten the surface and consequently better 

distribute the loading. Two wideband acoustic emission sensors (Micro80 - 200-900 kHz) and 

an LVDT extensometer were utilized to characterize the structures during tests as seen in Figure 

2.39. 

 

Figure 2.39 - 3-point bending test setup. 

The support span (X) and the distance between the loading noses (Y), as exhibited in Figure 

2.40, were adjusted according to the batch of the structure. It was carried out because of the 

difference of the stiffener width from Batch I to Batch II and III as well as the length of the 

specimens. Moreover, the distance between the AE sensors was according to each batch of the 

structure. Table 2.4 presents the parameters. 

 

Figure 2.40 - Schematic of the 3-point bending test setup for omega stiffeners. 

Longitudinal view Transverse view

AE sensors LVDT
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Table 2.4 - Parameters employed for the test apparatus according to the specimens batch 

 Support span (X) Distance between 

loading noses (Y) 

Distance between 

AE sensors 

Batch I 144 mm 78 mm 80 mm 

Batch II 240 mm 105 mm 160 mm 

Batch III 240 mm 105 mm 160 mm 

 

Besides the acoustic emission and LVDT measurements, electrical resistance was obtained for 

Batch II stiffeners during tests. Chapter 5 details the testing methods utilized for the 

characterization of this batch of specimens under 3-point bending tests. 
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CHAPTER 3 INVESTIGATION OF THE MECHANICAL BEHAVIOR 

OF LAMINATED COMPOSITE PLATES REINFORCED BY TUFTING 

 

3.1 Introduction 

This chapter investigates the in-plane and out-of-plane mechanical properties as well as the 

damage tolerance of the laminated composites reinforced by tufting. The first part consists of 

the study of the specimens submitted to short beam shear tests. They were multi-instrumented 

with a 2D-DIC camera and in-situ microscope to better understanding the damage development 

and the contribution of the tuft threads in the out-of-plane properties. Afterward, drop-weight 

impact tests were carried out to investigate the damage tolerance of the tufted composites and 

their behavior in comparison with the control specimens. Compression before and after impact 

tests (CBI and CAI respectively) aided to obtain the residual strength of the samples and 

evaluate the different set of specimens according to the tufting parameters (density and angle 

of tufting). Finally, the last part of the present chapter regards to the mechanical behavior of the 

open-hole specimens subjected to tensile fatigue tests. It reported the investigations concerning 

the effect of the type of drill, utilized for performing the holes, and the tuft rows position in the 

mechanical properties of the composites. The approach consisted of the load-unload cycles, 

fatigue loading, and quasi-static tests until failure. Further, an investigation of the strain 

concentration factor was executed using the strain fields acquired by DIC during the mentioned 

tests.   

3.2 Results 

3.2.1 Laminate composite plates (Plate I) 

The present section concerns the results for the tufted composites subjected to different 

mechanical tests. The details about the manufacturing process of the specimens are described 

in section 2.2.3. Table 3.1 reminds the designations of the samples investigated. 
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Table 3.1– Specimens description 

specimen Description Tufting density (mm x mm) 

REF Control specimens ---- 

T10 Transversal tufting 10x10 

T5 Transversal tufting 5x5 

A10 Angular tufting (±30°) 10x10 

A5 Angular tufting (±30°) 5x5 

 

a) Short beam shear test 

The investigations of tufting behavior on the shear loading condition utilized specimens 

prepared from the transversal (weft) and longitudinal (warp) direction to the [0]8 layup for the 

configurations REF, T5, and A5. The tuft rows are aligned along the longitudinal direction of 

the specimens. Figure 3.1 exhibits a schematic of the samples obtained from the plate I and the 

axis direction employed in this study. 

 

Figure 3.1 - Schematic illustration of the specimens obtained about its laminate direction. 

The results can help the understanding of the damage mechanisms and are comparable to the 

specimens subjected to low-velocity impact loading in the next section, once that loading 

conditions on low-velocity impact consist mainly of the mode II shear loading. The short-beam 

shear tests followed the standard ASTM D2344-16 [227] to the test methods and specimens 

preparation. The interlaminar shear strength (τxz) of the composites consists of the maximum 

shear stress that occurs at the neutral axis, as reported in the standard mentioned above and 

described in equation (3):  

1

3

2
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 𝜏𝑥𝑧 = 0.75 
𝑃

𝑏. ℎ
 (3) 

           

where P is the load (N), b and h the width and thickness of the specimen respectively. 

Figure 3.2 shows the maximum shear stress obtained for the control, A5 and T5 specimens in 

both longitudinal (τ13max) and transversal (τ23max) direction. The results evidence that tufting 

reinforcements do not increase the shear strength and moreover, the transversal tufted 

specimens presented lower values than untufted composites. However, in comparison to the 

decrease range of 17-38% reported in the literature [177], tufting effect seems negligible in the 

longitudinal direction and presents a slight decrease of 8% and 10 %  transversal specimens T5 

and A5 respectively. One of the main reasons to the tufted specimens does not enhance 

interlaminar shear strength is due to the layer created on the surface of the specimen owed to 

the tuft loops. It increases the specimen thickness when compared to control specimens, which 

consequently reduces the strength. However, this thickness growth does not bring anyone 

mechanical benefit to the composite, because it contains in the majority polymeric resin. A 

future study may be performed in specimens with a partial insertion of tufts or with the surface 

machined to diminish the effect related to the increase of thickness that is generated by the 

loops. This procedure could lead to a better investigation of the interlaminar shear strength of 

the tufted composites. 
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Figure 3.2 - Interlaminar shear strength for the samples longitudinal and transversal from REF, T5, and 

A5. 

Considering that short-beam tests generate principally mode II loading, DIC performed during 

tests were utilized to calculate the mean shear strain (γxz) and consecutively the interlaminar 
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shear modulus (Gxz). It is assumed that shear stress presents parabolic distribution through beam 

thickness and reaches its maximum on the neutral plane as seen in Figure 3.3a. A small zone 

was selected (red dashed rectangle in Figure 3.3b) centered in the neutral plane (Z=0) to obtain 

the shear strain values. Moreover, the longitudinal position based especially on finding a region 

that exhibits negligible principal strains (εxx and εzz ≈0) and less affected by the strain 

concentration due to the rolls loading. This approach has shown its efficiency to achieve the 

interlaminar shear strain as reported by Song [233]. In this research work, the author divided 

the transversal area of the DIC images on small parts to study the strain fields acquired during 

short-beam shear tests. The primary goal was locating a zone which presents negligible mean 

principal strains by virtual strain gage via DIC method and associating with the maximum shear 

stress location. 

 

Figure 3.3 - a) Schematic of the shear stress distribution through-thickness of a specimen under short 

beam strength tests and, b) Virtual gage applied on DIC strain field to calculate the mean strain 

The position of the virtual gage was not the same to every specimen. Song [233] reported in her 

thesis that the mean shear strain found in tufted specimens differs significantly from a region 

containing tuft thread to another not including. Thus, the choice of a gage position including 

tufting thread and fabric preform is fundamental to homogenize the properties of the structure. 

Figure 3.4 and Figure 3.5 presents a typical response of the shear stress in function of the out-

of-plane strain (εzz), longitudinal strain (εxx) and interlaminar shear strain (εxz), obtained by DIC 

analysis for the longitudinal and transversal specimens respectively.  

z
x

y

a) b)
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Figure 3.4 - Mean strains (xx, zz, and xz) obtained by DIC images from REF, T5 and A5 longitudinal 

specimens. 

 

Figure 3.5 - Mean strains (xx, zz, and xz) obtained by DIC images from REF, T5 and A5 transversal 

specimens. 

Figure 3.6 shows the interlaminar shear moduli for the longitudinal (G13) and transversal (G23) 

samples obtained from the interlaminar shear stress-strain curves in the linear response. 

Compared to the untufted composites, G13 presented a 3.37-fold and 1.9-fold increase for T5 

and A5 respectively, while G23 presented enhancements of 13% and 38% for T5 and A5 

respectively. In general, the tuft threads create a through-thickness interlocking which difficult 

shearing between the fabric plies. Furthermore, the significant difference of the G13 values 

found for T5, and A5 specimens are supposed to be related to the significant distance into two 

pairs of crossed threads left in A5 when comparing to T5, which can enable the shearing 

between the plies. Otherwise, the higher values of G23 obtained for the A5 specimens against 

T5 are mainly due to the complex geometry of the tufted threads that increase the reinforcement 

amount in this direction and reduce the interlaminar shearing process.  

The results presented for the untufted specimens in both directions are different from expected 

to an orthogonal stacking sequence of fabrics. Despite orthogonal woven fabrics as plain weave, 

twill weave and satin weave are assumed to have the same mechanical properties on warp and 

weft direction; the mechanical properties may change regarding the principal directions in the 
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composites. This behavior can be related to the weaving manufacturing mode and composite 

layup as reported to different authors [234], [235]. According to Alif et al. [234], the 

delamination resistance and the difference in fracture toughness between the warp and weft 

directions increase with increasing the weave index. They described that for the twill and satin 

weaves, crack propagation in the 90° direction, i.e., along with the weft yarns, requires 

significantly larger loads than propagation in the 0° direction. These researches corroborate 

with the results found in the present work for the control composites, where the transversal and 

longitudinal direction is aligned with weft and warp directions of the fabrics respectively. 

However, this behavior is no longer significant for the tufted composites owed to the 

considerable contribution of the tufts to the mechanical response of the composites. 
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Figure 3.6-. Interlaminar shear modulus (Gxz) for REF, T5, and A5 specimens. 

Figure 3.7a and b exhibit the typical behavior of the specimens from the longitudinal and 

transversal direction respectively subjected to the short beam shear tests. The events i and ii 

marked in the curves are presented in Figure 3.8 and Figure 3.9 by the DIC shear strain fields 

(εxz) before and after a significant load drop correspondingly. 
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Figure 3.7 - Typical load-displacement curves for REF, A5 and T5 in a) longitudinal and, b) transversal 

direction. 

 

Figure 3.8 – DIC strain field for the longitudinal specimens before and after the sudden load drop due to 

crack growth. 

 

Figure 3.9 - DIC strain field for the transversal specimens before and after the sudden load drop due to 

crack growth. 

The region between the tufts presents a considerable concentration of shear strain before the 

initiation of delamination and, after the load drop, the same tuft threads contain the development 

of delamination. However, when analyzing the video micrographics (Figure 3.10 and Figure 

3.11), it is visible that cracks initiate from tuft threads and propagate into the plies due to the 

strain concentrated around the threads. This behavior may be responsible for the inferior shear 

strength of the tufted specimens and counteracts the improvements on shear strain resistance. 
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On the other hand, once that cracks initiate and propagate as delamination, they are arrested by 

the next tuft row disposed longitudinally to the specimens. It avoids sudden failure and 

enhances the mode II interlaminar fracture toughness of the laminated composites.  

 

Figure 3.10 - Micrograph acquired after crack initiation by video microscope under tests for a) control, b) 

T5 and c) A5 longitudinal specimens. 

 

Figure 3.11 – Micrograph acquired after crack initiation by video microscope under tests for a) control, b) 

T5 and c) A5 transversal specimens. 

Table 3.2 summarizes the values obtained for interlaminar shear strength (τxzmax) and shear 

modulus (Gxz) in the principal directions. 
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Table 3.2 - Mean values of shear strength and shear modulus for the specimens tested in the principal 

directions under short beam shear tests. 

specimen 
τxzmax (MPa) Gxz (GPa) 

τ13 τ23 G13 G23 

REF 45.5 ± 1.6 47.4 ± 0,7 1334 ± 87 2569 ± 163 

A5 45.0 ± 1.0 43.0 ± 0,4 2595 ± 205 2900 ± 46 

T5 44,9 ± 0,5 43.7 ± 0,6 4467 ± 56 3462 ± 24 

 

b) Impact tests 

The present section consists of the results obtained from the compression before impact, drop-

weight impact, and compression after impact tests, respectively. 

Compression before impact (CBI) 

CBI tests were mainly performed to evaluate the residual strength with the composites 

submitted to compression after impact tests. The results of CBI strength were also compared to 

investigate the tufting effect on the in-plane properties. The compressive tests followed the 

ASTM D6641−14 standard [228], instead of using the same specimens dimensions employed 

on CAI tests, due to issues on achieving the material failure in the preliminary tests. Three 

samples of the sets REF, A5 and T5 were subjected to CBI loading, and their ultimate strength 

results exhibited in Table 3.3. The values of the tufted composites are significantly decreased 

when compared to the control specimens (REF) and validate the drawbacks already reported in 

the literature for the through-thickness reinforcements. Fiber rupture of the fabrics and 

misalignments are one of the issues that decrease the in-plane properties of the laminate 

composites. Moreover, the rise of thickness caused by a thin layer formed on the specimens 

surface of the tufted composites may make difficult this evaluation, once that the deposited 

layer is mainly composed of resin and tuft loops, which is not seen to improve the in-plane 

properties but increases the material cross-section and consequently, reduces the sample 

strength. 

Table 3.3 - Ultimate strength for REF, A5, and T5 obtained on CBI tests. 

specimen Ultimate strength (MPa) 

REF 453,1 ± 40,9 

T5 323,9 ± 28,9 

A5 271,9 ± 19.7 
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Figure 3.12 shows the micrographs of the post-mortem specimens. The control specimens 

(Figure 3.12a) presents significant catastrophic failure in comparison to the tufted specimens. 

The compressive loading induces the out-of-plane swelling of the untufted laminates due to 

their poor interlaminar fracture toughness, which consequently generates delamination. 

Otherwise, interlaminar failure is less perceptible for the tufted laminates thanks to the 

enhancement of the out-of-plane properties, opposing the through-thickness opening force 

generated during compressive tests. However, it is supposed from the images for T5 and A5 

specimens, Figure 3.12b, and c respectively, that failure is initiated on the surface of the tufted 

region. This behavior can also be related to the decrease in the ultimate strength of the tufted 

composites. 

 

Figure 3.12 - Post-mortem micrographs of a) REF, b) T5 and, c) A5 specimens subjected to CBI tests. 

The behavior of specimens under short beam shear tests shows that tufting improves shear 

stiffness, but degrades the ultimate shear stress. This degradation lies in the over-thickness of 

resin, due to the tufting process, which causes the stress to decrease without a significant 

mechanical contribution.  

The damage scenario presents that the damage takes place around the tufts, but the tufts allow 

arresting the crack development during the ruin procedure. These observations and 

understanding of the specimens at a local level provides a basis for further tests, including 

impact tests upon which the major damage mechanism consists of successive delamination due 

to the shearing through the plies. 

Drop-weight Impact 

The curves load vs. deflection were plotted in Figure 3.13 and Figure 3.14 to the 25 and 60 J 

impact energies respectively. The tuft rows are aligned along and perpendicular to the 

longitudinal direction of the specimens for the transversal and angular tufting (see section 

2.2.3a). Initially, they show a linear part followed by a first load drop. Then, a stiffness loss 

before the maximum load characterizes the second part. The general behavior under tests 

a) b) c)
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confirmed the enhancement of composite toughness by the tufting reinforcements, showing a 

maximum deflection to the untufted (REF) when compared to the tufted specimens. 
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Figure 3.13 - Typical load-deflection curves during impact at 25 J. 
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Figure 3.14 - Typical load-deflection curves during impact at 60 J. 

The force needed for the delamination onset (Ponset) was higher in the angular tufting samples 

than in the transversal for both impact energies, especially to the densest samples as 

summarized in Table 3.4. This point concerns the first significant damages which result in 

stiffness loss. It means that the inclined tufts increase the delamination resistance by resisting 

crack sliding displacement. Moreover, for all set of specimens, the Ponset is not considerably 

changed by tufting reinforcements from 25J to 60J tests, except in the case of the angular 

configuration where a significant increase is found. This indicates a greater capacity of this 

configuration to absorb impact loading. 
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The deflection on the bottom side of the samples was measured during impact tests by a laser 

system. Table 3.4 compares the results of maximum deflection for both impact energies. 

Transversal tufts presented a little improvement in comparison to angular reinforcement for 

resisting the transversal deflection. This response can be attributed to the tuft carbon threads 

aligned in the transversal direction which enhance the through-thickness stiffness. Also, as 

expected, the maximum deflection was inversely proportional to the tufting density as a result 

of the enhancement of the transversal stiffness. These results corroborate with the analysis of 

the interlaminar shear moduli obtained from the short beam shear tests, which found an increase 

of the shear modulus for the tufted specimens in comparison to the control and especially, a 

significant response for the T5 configuration.   

Table 3.4 - Ponset values and maximum deflection at both impacted energies. 

specimen 
Ponset (N±SD) Max. deflection (mm±SD) 

25J 60J 25J 60J 

REF 6,31 ± 0,08 6,52 ± 0,08 4,78 ± 0.24 7,03 ± 0,15 
T10 7,00 ± 0,07 7,15 ± 0,01 

 

3,66 ± 0.06 6,39 ± 0,22 

T5 7,98 ± 0,09 8,99 ± 0,01 3,47 ± 0,16 5,59 ± 0,11 

A10 6,85 ± 0,62 6,71 ± 0,22 

 

3,84 ± 0,13 6,61 ± 0,14 
A5 8,18 ± 0,74 11,30 ± 0,01 

 

3,33 ± 0,13 6,02 ± 0,07 

 

Figure 3.15 shows the typical damaged area of the different sample configurations concerning 

the two impact energies studied. The images obtained by the ultrasonic C-Scan method from a 

scanned zone of 80x80 mm were processed and analyzed on software ImageJ. The results 

evidence that tufting reinforcements change the damaged area, which behavior depends directly 

to the tufting parameters (angle and density). 

 

Figure 3.15 - C-Scan images from the impacted samples analyzed on ImageJ. 

Figure 3.16 presents the percentage of the damaged area for each specimen set. The results 

describe that the damaged area is inversely proportional to the tufting density. The transversal 

REF T10 T5 A10 A5

25J

60J

Damaged area
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tufted samples impacted at 25J were the most efficient to arrest the delamination progress. 

However, the T10 configuration had larger damaged area than A10 for the samples impacted at 

60J, which did not follow the behavior as in the lower energy. Additionally, the inclined tufts 

become more efficient to restrain fissures development at 60J, which is reported by the lower 

increase in the damaged area from 25 to 60J when compared to transversal tufted specimens. It 

can be concluded that tufting reinforcement reduces the delamination by concentrating the 

damage in a small area and, the angular tufting is not seen to alter the damaged area response 

significantly in comparison to the transversal specimens. 

It is noticeable that the damaged area is directly proportional to the deflection when comparing 

the maximum deflection at the bottom side of the impact (Table 3.4) with the damaged area 

(Figure 3.16). For example, the control specimen deflects the most among the configurations 

under impact loading because of their lower out-of-plane toughness, which generates and 

propagates more the delamination when compared to the other sample configurations. Further, 

the T10 and, A10 configurations decrease the deflection under impact in comparison to the 

control specimens, causing the reduction in the damaged area consequently. Based on this 

analysis, the densest tufted specimens achieved the optimal results. 
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Figure 3.16 - Average of damaged area for REF; T10; T5; A10 and A5 samples at 25 J and 60 J. 

Figure 3.17a-c shows optical micrographs from REF, T5 and A5 specimens impacted at 25 J, 

respectively with their significant cracks highlighted in the figures. Figure 3.17a presents the 

through-thickness crack evolution for the untufted sample. The cracks propagate in the matrix 

at approximately 45º, due to transverse shear stress, and develop until reaching the fabric 

interface where they continue as delamination. The damages on the bottom layer are due to high 
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tensile stress induced by the bending on impact loading. The sample behaves as reported in the 

literature for laminated composites subject to drop-weight impact.  

Figure 3.17b shows the crack development for the laminate reinforced transversally, T5. 

Differently, from the behavior seen in the untufted specimen, delamination is no longer evident, 

and the cracks are in the majority in the matrix at 45º. The tuft threads inhibit the crack 

development by displacing the crack tips to along them, therefore decreasing the damage 

energy. Also, improving the through-thickness stiffness means lower tensile stress response 

owed to the bending caused by the impact loading. This behavior can be verified by the decrease 

of damage extent in the bottom layer when compared with the control specimens.  

By analyzing the Figure 3.17c, it is seen that delamination is more critical than in the transversal 

samples but less than in the untufted specimens. The tuft threads act diverting the cracks and 

especially arresting the delamination progress. Significant cracks also appear through the thread 

length for the A5 composite, supposedly from the surface to inside along the threads. 

Additionally, due to the angle of tufting equal to ±30º employed to the normal of the surface, 

the threads do not cross near the middle plane of the thickness. The angular tufting process also 

presented a substantial concentration of porosities near to the threads in comparison to the 

others specimens.  

Furthermore, the threads were not as straight as expected to both tufting configurations 

investigated. The compaction of the preform causes this behavior during the VARTM process. 

This fact must be taken into account especially in future finite element analysis. Also, the resin 

layer created on the surface of the laminate by the tuft loops helps crack initiation and 

propagation as seen in Figure 3.17b and c. 
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Figure 3.17 - Optical micrographs for a) control; b) T5 and c) A5 specimens impacted at 25 J. 

From the microscopy observations, a typical damage scenario is schematized for each set of 

samples and shown in Figure 3.18. For the untufted samples (Figure 3.18e), the damage 

develops from the impacted point to the distal face in a conical shape as described in the 

literature, while for the tufted composite laminates this study concludes that: 

• The dent depth generated during impact loading increases at increasing of tufting 

density, regardless of the tufting angle. Figure 3.19 and Figure 3.20 shows the measures 

of the dent depth performed by DIC.  

• The damages are mainly developed at 45° (matrix cracks) to the transversal tufted 

laminates (T5 and T10 in Figure 3.18c and d respectively) while they are in the majority 

at 0° (delamination) to the laminates with inclined tufts (A5 and A10 in Figure 3.18a 

and b respectively). 

• The damaged area diminishes with increasing tufting density. 

• The angular tufted laminates show impact damages more considerable than the 

composites reinforced with transversal tufts. These damages on angular tufted 
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specimens mainly concern the delamination, which may weaken the structure on 

compression unless that the tufting density helps to reduce this phenomenon. 

 

Figure 3.18 - A schematic representation of the impact damages for the sets of specimens: a) A5; b) A10; 

c) T5; d) T10 and e) control specimen. 

 

Compression after impact 

The images took before CAI tests by the 3D-DIC method, helped in the analysis of the Z 

displacement field for measuring the impact dent depth. Figure 3.19 and Figure 3.20 exhibit the 

dent depth obtained from the impacted surfaces at 25 and 60 J respectively, and compare to the 

damaged area values previously analyzed by C-Scan. They indicate that the increase of the 

impact energy also amplifies the dent depth. Additionally, the tufting reinforcements increase 

the dent depth by improving the through-thickness stiffness. This response is also associated 

with the maximum deflection under impact already discussed. In comparison to the damaged 

area, the dent depth shows inversely proportional, especially to the 60J results.  
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The tufting threads prevent the failure development in the laminates when impacted, mainly 

caused by delamination. The interlaminar cracks are enclosed in a smaller zone in comparison 

to the control specimens due to the concentration of the impacted energy by the threads, which 

creates a more considerable dent depth with a reduced damaged area in the tufted samples. 

Otherwise, untufted samples dissipate the impact energy through the failure mechanisms as 

delamination and therefore presents the larger damaged area and the smaller dent depth among 

the specimens.   
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Figure 3.19 - Dent depth from the impacted surface and its comparison to the damaged area at 25J. 
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Figure 3.20 - Dent depth from the impacted surface and its comparison to the damaged area at 60 J.   

A specific investigation from both surfaces of the REF, T10, and T5 specimens occurred by 

investigating the out-of-plane displacements obtained from the 3D-DIC method. Figure 3.21 

presents a typical behavior of the tufted specimens from the out-of-plane-positions (Z) acquired 

by 3D-DIC in the beginning and end (just before significant failure) of CAI tests. The images 
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show the two face maps, face 2 and face 1 designated for the bottom and top surface 

respectively, utilized to acquire a virtual gage and consequently to calculate the out-of-plane 

displacements. 

 

Figure 3.21 - Example of a tufted specimen from the side view (zy-plane) of the out-of-plane geometry (Z) 

acquired for the two faces, from the bottom (Face 2) and top (Face 1) of the impacted zone. 

Figure 3.22a, c, and e present a typical behavior of the out-of-plane displacements for the REF, 

T10 and T5 specimens submitted to 25 J of impact energy respectively. Figure 3.22b, d and f 

exhibit the specimens REF, T10, and T5 subjected to 60 J respectively. The curves presented 

concern the mean values obtained from a virtual gage on the middle of the impacted zone (face 

1 and face 2) of the images correlated by VIC-3D. Positive values correspond to out-of-plane 

displacements in the same direction and sense of the cameras, while an opposite sense leads to 

negative displacements. The difference between the two curves, designated as Dif(f2,f1) curves, 

results on a significant parameter to investigate the resistance to the out-of-plane opening forces 

generated under compressive loading. This behavior is significantly reduced for the tufted 

specimens T5 in both impact energies, with the resultant curve nearly to zero until the end of 

the test. It is mainly due to the crack bridging response of the tufts, which avoids the plies 

opening throughout compressive loading. These responses also validate the micrographs 

obtained for post-mortem specimens on CBI tests (Figure 3.12), where interlaminar damages 

were less pronounced to the tufted laminates. However, the T10 specimens subjected to 60 J, 

presented values higher than the others specimens, which is probably due to the significant dent 

depth formed during impact tests. 
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Figure 3.22 - Out-of-plane displacement (w) on both sample sides and its differential for a) REF, c) T10 

and e) T5 at 25J CAI; b) REF, d) T10 and f) T5 at 60J CAI. 

Figure 3.23 and Figure 3.24 show the typical behavior of the samples under CAI tests submitted 

at 25 and 60J impact energies respectively. In both energies, the curves of the untufted samples 

distinguish from the others with a noticeable load drop near to the ultimate strength. 

Delamination generated during impact weakens the samples under compressive loading. They 

cause a deflection reverse at the impact side and reduces the load carrying capacity of the 

delaminated plates [39]. This failure is reduced for the tufted specimens, especially increasing 
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the tufting density. Additionally, the transversal tufted laminates were more capable of 

containing the buckling in comparison to the angular tufted composites. The specimens 

impacted at 25J evidence better the difference of behavior between the control and the tufted 

composites. This response is related to the lower amount of damaged tuft threads caused in this 

impact energy, which makes them more able to restrain the opening mechanism and unstable 

compression than the samples impacted at 60J. 
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Figure 3.23 - Typical behavior on CAI tests to the samples impacted at 25 J. 

 

Figure 3.24 - Typical behavior on CAI tests to the samples impacted at 60 J. 

Figure 3.25 summarizes the average ultimate strength for the samples under CAI tests. A10 is 

the only configuration that presents ultimate strength values lower than the control specimens. 

In general, the tufting reinforcement plays a role in increasing the transversal strength of the 
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samples. The interlaminar opening is considered the principal factor in the buckling of the 

specimens that consequently leads to premature failure. The CAI strength achieved 

improvements of 6% (T10), 27% (T5) and 2% (A5) when impacted at 25J in comparison to the 

control specimens. To the samples impacted at 60J, the improvements were 19% (T10), 25% 

(T5) and 15% (A5). Unfortunately, the A10 configuration decreased the CAI strength of about 

21% and 10% (25 and 60J respectively).  

It is remarkable that for the angular reinforcements the significant damage created on impact 

tests is mainly concentrated around the tufting threads as exemplified in Figure 3.18a and b for 

A5 and A10 configuration respectively. The cracks in this region are initiated on impact loading 

and advance on CAI tests as schematized in Figure 3.26. It can be due to the maximum shear 

stress produced during CAI tests at 45° which is closer to the inclination of the tufts. This 

behavior becomes very critical for the A10 configuration (Fig.15.a) where it will generate an 

early failure when compared to T10.  

The results of the damaged area scanned by C-Scan image consist of a planar view of the 

through-thickness damages, which impede distinguishing the cracks around the threads that are 

small when visualizing in the same plan of the image. However, these cracks can decrease the 

compressive strength significantly on CAI. A10 samples impacted at 60J evidence best this 

issue due to their damaged area be lower than the T10 configuration, and despite this, they 

obtained values of CAI strength lower than T10. These cracks also appear for the A5 

configuration, but due to the crossing of the threads near to the surface, the cracks do not 

propagate in this region. Also, the fissures that propagate from the bottom side of the samples 

(opposite to the impacted surface) along to the tufted threads are deflected and bridged by the 

threads which avoid the loss of resistance when compared with the A10 configuration, as shown 

in Figure 3.26b. It will be essential in the future to analyze this kind of damage by X-ray 

microtomography technique. 
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Figure 3.25 - Ultimate compressive strength comparison for the different sample configurations. 

 

Figure 3.26 - Schematization of the damage on CAI of the composite laminates: a) A10 and b) A5. 

Figure 3.27 exhibits post-mortem micrographs of specimens subjected to CAI, previously 

impacted at 60 J. Tuft reinforcements bridge the plies together as already mentioned for the 

images of specimens submitted to CBI tests. It precludes the laminate swelling and 

consequently contains the opening force in the cross-sectional direction of the plies that leads 

to interlaminar cracks. These damages are responsible for the unstable failure of the plies by 

micro-buckling, and their great extent may importantly reduce the CAI strength. Besides, the 

damages generated during impact loading, which is more extensive to the untufted specimens, 
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aid in developing delamination during compressive tests and therefore, decrease the ultimate 

strength. The delamination extent is superior to control specimens and decreases inversely with 

tufting density. The mentioned behavior can explain the lower values to A10 and REF obtained 

for CAI strength.  

Figure 3.28a presents the bridging phenomena observed by Scanning Electronic Microscopy 

(SEM) for a tufted specimen subjected to CAI test. Despite the arresting of the crack growth, 

tufts create a weak region in the laminate surface from the insertion points, which are 

responsible for generating major cracks that will lead the structure to the failure (Figure 3.28b). 

 

Figure 3.27 - Micrographs of post-mortem specimens impacted at 60J and subjected to CAI tests. 

 

Figure 3.28 - a) Post-mortem SEM micrographs for T5 specimens exhibiting, a) crack arrest behavior for 

a tuft reinforcement and, b) plies failure in the composite surface near to the tuft location. 

REF T10                            T5                          A10                       A5

a) b)
tuft

tuft
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The specimens that achieved the best results on CAI were compared with those on CBI to 

evaluate the in-plane properties of the tufted composites (Table 3.5). The loss of compressive 

strength on the tufted composites before impact tests achieved up to 29% for the T5 

configuration and 40% for the A5. This considerable reduction when inserting through-

thickness reinforcements has been reported by many authors [9,18,40,41]. The development of 

the numerical methods for modeling the optimal tufting parameters in the composite should 

diminish their adverse effect on the in-plane properties. However, the tufted specimens showed 

greater residual ratio (CAI/CBI) in comparison to the untufted specimens (approximately 30% 

superior for T5 at 25J and 28% for A5 at 60J).  

Table 3.5 - Ultimate compressive strength on CBI and CAI tests, and the residual ratio (CAI/CBI)  

Specimen 

Ultimate Strength (MPa±SD) Residual ratio 

(%) 

Residual ratio 

(%) 

CBI CAI 25J CAI 60J 25J 60J 

REF 453,1 ± 40,9 176,1 ± 1.3 137,4 ± 1,1 38,9 30,3 

T5 323,9 ± 28,9 223,5 ± 2.5 171,5 ± 2,9 69,0 52,9 

A5 271,9 ± 19.7 178,9 ± 4.9 157,8 ± 4,9 65,8 58,0 

 

The out-of-plane displacement characterized by DIC under CAI tests evidenced the sudden 

displacement that is mainly due to the local buckling. The acoustic emission activities also 

distinguished the behavior observed by DIC analysis owed to a considerable increase in the 

cumulative energy. The non-supervised clustering of the AE signals obtained during CAI 

loading helped to differentiate this crucial point. 

It consisted of obtaining a particular cluster of acoustic signals that are related to the significant 

damages, which consequently lead the material to failure. The others classes of acoustic signals 

concern for minor damages such as matrix cracking, interlaminar crack propagation and the 

friction of the materials (matrix and reinforce) already damaged in the impact tests. The 

classification employed the signal amplitude, counts to peak, counts, and energy, as AE 

descriptors. The k-means method was carried out for clustering the AE signals into four classes. 

This method applied the parameters of Euclidian distance and random initial partitioning. The 

clustering process and analysis of the AE signals were performed by Noesis software. 
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A specific cluster of AE signals appears at the moment that the out-of-plane displacement is 

significant and therefore sudden failure happens. This class, designated as Class 1, is 

characterized by signals from lower to medium energy as well as their counts (Figure 3.29).  
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Figure 3.29 - Clustered signals for the sample configuration A5 impacted at 25J under CAI. 

Figure 3.30 exhibits the out-of-plane displacement measured by stereo-DIC to the specimens 

subjected to CAI tests as well as the AE clustered signals in function of the time. The Class 1 

initiates near to the crossing of the tangential lines from the out-of-plane displacement (w) 

curve, named P0. This point concerns the beginning of the nonlinearity in the time-stress graph. 

However, it is difficult to define precisely this event from the curve stress-time which can lead 

to imprecise results. The AE clustered signals helped to localize with reasonable precision the 

P0 from the beginning of a specific cluster of signals (Cluster 1) where the cumulative acoustic 

energy increases owed to the significant damages caused by buckling on CAI.   
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Figure 3.30 - Clustered signals, compressive stress, and w as a time function of the sample configuration 

A5 on CAI previously impacted at 25J. 
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Figure 3.31 and Figure 3.32 show the typical behavior of the reported Class 1 under CAI for 

every specimen set submitted before to 25 J and 60 J impact energy respectively. The primary 

goal is to compare the initial point (P0) between them. Table 3.6 summarizes the normalized 

stress obtained at P0 for the different samples. In general, the tufting changes the P0, postponing 

the critical stress capable of generating considerable damages. Also, the tufting density plays a 

crucial function in increasing this critical stress. Transversal tufting presents more efficient than 

the angular reinforcements. The T5 samples impacted at 25 and 60 J increased P0 79% and 38% 

respectively in comparison to the control specimens. The A5 samples impacted at 25 and 60 J 

enhanced 27% and 11% respectively. The result obtained for A5 at 60 J is comparable with the 

T10 configuration impacted at the same energy (an increase of 13% in the P0). Moreover, the 

considerable reduction of the P0 (-28%) found for the A10 configuration at 25 J validated the 

investigations performed in the previous tests for the A10 configuration. 

The results presented in this study confirm the efficiency of tufting reinforcements to improve 

the damage tolerance of the laminated composites, especially for the transversal tufting 

configuration. The critical stress (P0) exhibited a good correlation with the results of ultimate 

strength on CAI tests. It means that the increase of P0 delays the specimen failure under CAI 

loading. 
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Figure 3.31- Comparison of Class 1 from clustered AE signals of the different sample configurations 

under CAI tests previously impacted at 25 J. 
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Figure 3.32 - Comparison of Class 1 from clustered AE signals of the different sample configurations 

under CAI tests previously impacted at 60 J. 

Table 3.6 - Normalized stress obtained from the cumulative energy curves (Class 1) at the P0 point. 

Specimen 
Stress at P0 

25J 60J 

REF 1,000 1,000 
T10 1,197 1,130 

T5 1,791 1,379 

A10 0,722 1,037 
A5 1,272 1,109 

 

The results obtained in this section show that the reinforcement of composites by tufting is of 

some interest. The improvement, and in some cases the deterioration, of the mechanical 

properties, is dependent on the type and angle of reinforcement and the loading condition. Thus, 

for the specimens subjected to impact and CAI, the enhancement is noticeable whereas for those 

submitted to compression before impact there is a visible deterioration of the properties. The 

investigation of damage mechanisms enabled developing the understanding of the phenomena 

involved. The following section continues the investigation by studying the mechanical 

response of specimens with a local discontinuity (open hole specimens) under fatigue loading. 

3.2.2 Laminated composite plates (Plate III) 

The present section exhibits the results obtained for the open hole specimens subjected to 

fatigue tests. The investigation performed did not count with enough specimens of each 

configuration, and therefore, the results presented here provide only slight information about 

the behavior. Further analysis with a considerable number of specimens must be made. 
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However, this preliminary study makes it possible to explore the behavior of these materials 

under severe loading to further develop a research strategy on fatigue tests adapted to them. 

Section 2.2.3 and 2.3.8 detail respectively the manufacturing process and testing methods 

employed in the present investigation. Table 3.7 summarizes the samples designations 

according to the drill tool and tufting configuration. 

Table 3.7 - Specimens designations. 

Specimen Drill Tufting configuration 

OHR_L Twist drill Control specimens 

OHR_C core drill Control specimens 

OH1_L Twist drill 7 mm from the central axis 

OH1_C core drill 7 mm from the central axis 

OH2_L Twist drill 10 mm from the central axis 

OH2_C core drill 10 mm from the central axis 

 

a) Quasi-static tensile tests 

The present part concerning the quasi-static tests and the evaluation of the drilling process was 

carried out by B. Liu in his final report of Master at Université de Toulouse, Institute Clément 

Ader. Figure 3.33 presents the ultimate strength obtained under quasi-static tensile tests. The 

tufted specimens decrease the ultimate strength by up to 12% comparing to the control samples. 

The reduction on this parameter is owed to the tufting reinforcements but also to the drilling 

tool. Measurements of the surface roughness were accomplished to evaluate the roughness near 

to the edge of the hole for the different specimen configurations. The directions of 

measurements are presented in Figure 3.34 as well as the values obtained in four different 

positions for each direction investigated. It is noticeable that the specimens drilled by core drill 

exhibit the highest values of roughness in the four directions measured. This can be responsible 

for generating superior damage extent in the edge of the holes in comparison to those performed 

with twist drill and consequently amplify the stress concentration in the zone. Therefore, these 

results validate the lower values of ultimate strength obtained for the same sets of specimens, 

OH1_C and OH2_C, as exhibited in Figure 3.33. 
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Figure 3.33 - The ultimate strength of the specimens subjected to tensile loading. 

 

Figure 3.34 - Roughness measurements in the principal directions (described on the top) for the specimens 

drilled by the twist and core tools. 
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b) Fatigue tensile tests 

The fatigue tests comprise the investigation of the open-hole specimens submitted to load-

unload cycles, fatigue loading, and tensile test until failure. During the load-unload phase, 

increments of 10 kN occurred until achieving 30 kN and thus, from 35 kN to 55 kN increments 

of 5 kN were carried out. Subsequently, fatigue tests subjected the specimens to 1x106 cycles, 

with 2 Hz, R=0.1 and maximum force of 55 kN that corresponds approximately to 80% of the 

ultimate force obtained in the quasi-static tests. The tensile tests performed the complete rupture 

of the fatigued specimens. 

The investigation of the damage evolution consisted mainly on the analysis of Young's Modulus 

evolution obtained from different levels of the tests. They were evaluated during the load-

unload tensile tests at the beginning of the tests (E) and in the last step that concerns the loading 

until 55 kN (E'). Moreover, the Young's Modulus, E", regarding the quasi-static tests that were 

carried out after fatigue (1x106 cycles), was also compared with the previous. The results report 

a negligible variation of Young's Modulus (E) by inserting tufts in the composites. Additionally, 

the residual stiffness related to E'/E and E"/E ratio presented insignificant reduction, especially 

to E'/E ratio, and achieved maximum loss of 7% for OH2_C. The present results lead to 

conclude that the insertion of tuft threads into the composites do not degrade the composite 

stiffness significantly. Moreover, this approach does not help to investigate the effect of the 

drill tool or tufts in the mechanical properties of the composites. 
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Figure 3.35 - Comparison of Young's Modulus at the beginning (E) and the last load-unload cycle (E'), 

and after the fatigue test, during the tensile test (E"). 
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Figure 3.36 presents the ultimate strength results for the composites subjected previously to 

fatigue tests. There is a general increase in the values in comparison to those found on quasi-

static tensile tests that were not submitted to fatigue tests (see Figure 3.33). This behavior is 

different from the expected and may be owed to the use of tabs for the specimens employed to 

fatigue tests. Despite this, the results obtained in fatigue tests allow comparing the specimen 

configurations. As seen in the quasi-static tests, the specimens drilled with core drill presented 

the more significant reduction on the ultimate strength. This behavior concerns the increase of 

the damage severity caused by this drill, as already mentioned. 

Moreover, the tufted composites exhibit a decrease in the ultimate strength when compared to 

control specimens. This agrees with the results found in the literature that report reduction on 

the in-plane strength of tufted composites. The degree of strength reduction is related to several 

parameters such as tufting density and depth, the angle of insertion, and tuft thread 

type/diameter. These parameters may alter considerably the number of fiber misalignments and 

damage in the fabric fibers that are the principal factors to the decrease of strength. However, 

it is negligible the difference of response between the two tufting configurations with the holes 

performed by the same drill tool. It seems that the drilling tool is more important than the tufting 

density for modifying the composite strength. Therefore, this study did not achieve its primary 

goal that concerns reinforcing the composites to contain the damages generated by the stress 

concentration in the hole. Different factors could be considered to improve the function of tuft 

threads in the open hole composites such as composite layup and tufting position and 

consequently, postpone the composites failure. 
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Figure 3.36 - The ultimate strength of the specimens subjected to tensile loading, previously submitted to 

fatigue tests. 
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Figure 3.37 shows a typical strain field response acquired by DIC for the control and tufted 

specimens (OH1 and OH2) when submitted to load-unload cycles. The images presented were 

taken at the same load of 55 kN. The difference between the significant strains (ε1) of the two 

specimens is irrelevant. However, it is noticeable major strain spots for the tufted composites, 

which are related to the tufts. The small white arrows in the images illustrate the principal strain 

vectors and help on the understanding of the hole and tufts function in the composite strain field 

under loading. Additionally, a schematic illustration of the affected zones and their major and 

minor strain directions are summarized in Figure 3.38. They evidence the typical behavior of 

open hole specimens subjected to tensile tests that concerns the major strain direction acting as 

streamlines in a fluid flow field. The strain field is changed near to the hole due to strain 

concentration in the region and stabilizes parallel to the loading direction when it is distant from 

the hole. The tufted region also exhibits a perturbation of the strain field that is due to the strain 

concentration caused by the tufts. The strain magnitude near to the tuft threads can achieve the 

same order than in the hole region. This behavior is better exemplified in Figure 3.39 by the 

evolution of longitudinal strain (εyy) in function of distance from the edge of the hole ((r+xi)/r) 

along the virtual gage. The data were acquired from the load-unload test at the maximum force 

of each cycle.  

 

Figure 3.37 - DIC strain field and the principal strain directions (white arrows) for the control and tufted 

specimens at 55 kN under load-unload cycles. 
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Figure 3.38 - Schematic illustration of the principal strain vectors (major and minor) for the control and 

tufted specimens. 

 

Figure 3.39 – The typical strain distribution (εyy) obtained by a virtual strain gage for a tufted specimen 

under a load-unload cycle. 

The strain concentration factor (Kε) was evaluated to better understand the contribution of 

tufting reinforcement and drill tool effect in the mechanical performance of the composites, 

especially under the elastic behavior. Beyond the elastic limit, damage phenomena initiate and 

thus, the monitoring of the strain evolution in the edge of the hole is performed using a 

parameter (KDε), that is measured in a similar way to the Kε. Figure 3.40 schematizes an open 

hole specimen subjected to uniaxial loading, exemplifying the geometric strain concentration 

through the width. The variable is calculated according to the equation (4). 
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 𝐾𝜀 =
𝜀𝑚𝑎𝑥

𝜀𝑛𝑜𝑚
 (4) 

 

where, 

 𝜀𝑛𝑜𝑚 =  
𝑊

(𝑊 − 𝐷)
𝜀∞ (5) 

 

Here, εmax is the maximum strain, tangent to the hole and in the direction of the applied load, 

and εnom is the mean strain of the net section obtained from a remote strain, ε∞. 

  

Figure 3.40 - Schematic of the strain concentration in an open-hole specimen subject to tensile loading. 

The approach utilized in the present study used a virtual gage located at the edge of the hole, 

perpendicular to the longitudinal direction, to acquire εmax. Moreover, a strain gage located 

distant from the stress concentration obtained the εnom. The distance and size of the gages were 

kept the same for all configurations of specimens. Figure 3.41 exemplifies the mentioned 

method to obtain the strain values by DIC strain field and the strain curves in function of the 

length ratio ((r+xi)/r) for a control specimen. The data consisted of the DIC images acquired at 

the maximum load of each increment during the load-unload test. 
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Figure 3.41 - Representation of the method employed from the DIC images to obtain Kε and an example of 

the strain evolution (εyy) under load-unload cycles for an OHR_L specimen. 

Figure 3.42 shows the evolution of Kε during load-unload tensile cycles and fatigue loading 

tests. The strain data correlated by VIC-2D® refer to the images acquired at the maximum load 

of each increment of load-unload tests, and at increments of 4x104 cycles during fatigue tests. 

It is noticeable a trend of the specimens drilled by the core drill tool to present superior Kε. 

However, this response is not significant under load-unload cycles and is even contrary to the 

OH1 specimens (Figure 3.42b). The increase of the strain factor is negligible for all specimens 

in this first phase. However, when the composites are submitted to fatigue loading tests 

significant increase is noticeable for the specimens bored with a core drill. This sudden rise of 

Kε is mainly due to the considerable cracks that propagate from the hole edge to the longitudinal 

direction in the mentioned set of specimens.  

In addition to the effect of the drill tool in the strain concentration response, it is remarked that 

the tufted composites amplify the Kε significantly when combined with a hole performed by 

core drill. This is probably due to the significant damage extent generated by this tool combined 

with the tuft threads that alters the local strain field and forces increase on the strain 

concentration near to the hole edge. On the other hand, the specimens bored by twist drill 

present similar values between the control and tufted specimens. We can conclude from the 

above discussion that drill type is primary for amplifying the stress concentration and the tuft 

threads act contrarily to the primary goal of improving the damage resistance, especially during 

fatigue tests. 
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Figure 3.42 - Strain concentration factor in function of the maximum force in the load-unload cycles and, 

in function of the number of cycles during fatigue tests for a) OHR_L and OHR_C, b) OH1_L and 

OH1_C and, c) OH2_L and OH2_C specimens respectively. 

Quasi-static tensile tests were performed subsequently to the fatigue tests. Figure 3.43 

exemplifies the typical behavior of the tufted composites by DIC strain map obtained just before 

composite failure. The image exhibited is from the OH2_C configuration. The curve plotted on 



Chapter 3 - Investigation of the mechanical behavior of laminated composites reinforced by 

tufting 

Alan Martins 104 UTC 

the image exemplifies the longitudinal strain (εyy) distribution through the specimen cross 

section on the tufts position (dashed line). It seems that beyond the crack edge that amplifies 

the strain concentration considerably; tufts also present significant values around them. From 

the strain map, it is noticeable that the significant strain fields interlink the tuft zones and crack 

border consequently creating networks capable of propagating easier the cracks that will lead 

the specimen to the failure. Moreover, Figure 3.43 also presents a typical crack on the tufted 

region that is mainly caused by the significant strain concentration. This effect was already 

presented in Figure 3.39 to a tufted specimen under load-unload tests. The strain values in this 

zone are in the same order of magnitude than in the edge of the hole, that generates opening 

mode in the region and consequently, engenders cracks. This damage is visible on the whole 

sample and noticed for every tufted specimen analyzed in the present section.  

 

Figure 3.43 - Example of the strain field by DIC just before failure of an OH2_C specimen. 

Figure 3.44 presents the typical post-mortem failure seen for the tufted specimens from the 

cross-section view of the specimen as well as the schematic illustration of the rupture seen from 

the specimen surface. It is noticeable the crack propagation transversally along the tuft threads, 

leading to the premature rupture of the specimen. This damage scenario validates the discussion 

about the preferential path caused by the significant strains that link the tuft zones to the crack 

edges. This behavior corroborates to the lower ultimate strength of the tufted specimens. 
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Otherwise, the control specimens present disorientated failure with a significant degree of failed 

tows, as shown in Figure 3.45, due to the lack of a preferred path. 

 

Figure 3.44 - The typical failure of a tufted specimen. 

 

Figure 3.45 - The typical failure of a control specimen. 

 

3.3 Conclusions 

The interlaminar shear strength of the tufted materials exhibits a similar response in the 

longitudinal direction of the tuft rows while the transversal achieved a slight decrease up to 9% 

in comparison to control specimens. The characterization by DIC and in-situ microscopy under 

short beam shear tests reported that cracks are generated from the tuft threads. The stress 

concentration by the tufts leads thus, to premature damages that reduce the ultimate strength. 

Otherwise, the interlaminar crack propagation is arrested by tufts, which is valuable to improve 

the fracture toughness of the materials. Furthermore, the interlaminar shear moduli were 
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improved up to 330% and 134% in the longitudinal and transversal directions of tufting 

respectively. The bridging effect of the tuft threads causes the enhancing of the local stiffness 

by precluding the inter-plies sliding. 

Tufted laminate composites also enhanced the impact resistance when compared to the untufted 

specimens. The impacted area was reduced up to 4 times for the tufted specimens reinforced 

with tufts in the transversal direction. The impact resistance to delamination is directly related 

to the tufting density and angle of insertion. The damaged area is proportional to the tufting 

density and presents lower values to the transversal tufting, despite that the densest 

configuration responded similarly at 60J for both angles of insertion. Additionally, the analysis 

of the dent depth created by the impact loading confirmed the tufting function to restrain the 

damage development. The relation between damage area and dent depth presented inversely 

proportional. 

The compression strength before impact decreased significantly to the tufted composites and 

achieved a reduction of up to 40 %. It is mainly due to the defects generated by the tufting 

insertion such as in-plane fibers misalignment and rupture that has been reported to many 

authors in the literature. However, the residual ratio (CAI/CBI) increased up to 30 % and 28 % 

for the transversal and angular reinforcements respectively in comparison to the control 

materials. The analysis by AE and DIC reported that tufting reinforcements postpone the 

significant damages on the laminates that are responsible for the failure of the specimens. It is 

remarkable that tufts avoid plies opening, which is caused by the delamination process under 

compression load.  

The ultimate strength obtained for the open-hole specimens subjected to quasi-static tensile 

loading showed a minor decrease when inserting tufts, achieving until 10% of loss when 

compared to the control specimens. Tufting reinforcements are not seen to alter the stiffness 

properties of the laminated composites considerably, even after the fatigue tests. The drill tools 

employed to perform the hole in the specimens exhibited a significant contribution to reducing 

the strength of the composite. Core drill tool was reported to be more destructive to generate 

damage in the composite and therefore, amplifying the strain concentration factor. Additionally, 

the tuft threads induce strain concentration in the inserted zones, which generate similar effect 

as small holes. They create a network that leads to a preferred path of the failure induced by the 
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drilled hole. Therefore, the tufted specimens reduce the residual strength after fatigue tests in 

comparison to untufted samples by combining the drilling and tufting effect. 

The effects caused by the insertion of tufting reinforcements did not meet our expectations for 

the specimens subjected to fatigue tests. Indeed, the fatigue of the 2D woven composites does 

not generate delamination. The presence of holes, machined by different tools, also did not 

cause the expected damage. It would be interesting to use other stacking sequences prone to 

delaminate under fatigue tests.  

The present chapter reported the issues generated by tufting reinforcements on the in-plane 

properties. The results indicate that the introduction of through-thickness reinforcements in the 

specimens or composite plates can cause positive or negative consequences depending on the 

type of stress, the location of the tufts concerning the critical zones and tufting parameters 

(density, angle). The unsystematic insertion of tufts in the whole structure is one of the main 

responsible for the reduction of the in-plane properties. It is therefore unreasonable to reinforce 

a composite structure entirely by tufting. The presence of the tufting reinforcements must be 

well localized only in the weak zones that are susceptible to significant interlaminar stresses. 

Therefore, an optimized introduction of the tufts must be performed in order to diminish this 

matter. It includes studying the untufted specimens for the evaluation of the strain fields and 

damage scenario to insert the reinforcements in the weak zones that lead to significant damages 

and subsequent failure of the specimens.  

The following chapter will discuss the tufting behavior in the stiffened composite structures. 
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CHAPTER 4 INVESTIGATION OF THE MECHANICAL 

BEHAVIOR OF OMEGA STIFFENED COMPOSITES REINFORCED BY 

TUFTING 

 

4.1 Introduction 

The present chapter reports the study of tufting reinforcements on the composite omega 

stiffeners. The primary goal concerns to achieve the best parameters of the structure geometry 

and especially of tufting to reach optimized properties of the tufted composites in comparison 

to the control specimens. Therefore, mechanical investigation of the structures mainly by using 

multi-instrumented characterization such as acoustic emission, digital image correlation, and 

in-situ microscopy, allowed understanding the damage evolution and the critical points that lead 

to major damages in the structures. This investigation was mainly conducted by subjecting the 

specimens to pull-off tests, and complemented with 3-point bending tests. Pull-off tests aided 

in studying the behavior of the structure especially under open mode (mode I) loading 

condition. The 3-Point bending tests gave general information of the composites once were 

tested entire structures instead of small samples. Additionally, the loading conditions were more 

complex than the pull-off tests and can describe more realistically the structures under service. 

It should be noted that, in the absence of a numerical model, the tufted structures utilized the 

observations of the damage scenario in the untufted structures for the positioning of the tufts. 

This helped in the investigation of the potential areas of weakness. However, as will be shown, 

the manufacturing process has a great influence on the mechanical response of the composites, 

and therefore it was necessary to study a considerable set of structures. This short discussion 

evidences the great need for the development of numerical models for predicting the tufting 

insertion in the structures. Nevertheless, the understandings acquired in this chapter will 

necessarily feed this future tool. 

4.2 Results 

4.2.1 Omega stiffener panel - CFRP composites (Batch I) 

This section presents the results and discussion concerning the specimens from the Batch I. The 

two configuration of specimens, control, and tufted stiffeners, present different stiffener radius 
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caused especially to the tufting process that compacts the plies on the region of reinforcement, 

as already reported in chapter 2, which can differ the results between the two classes of 

structures. However, the primary goal of this section is to understand the tufts behavior in the 

structure as well as analyze the damage scenario of both sets of specimens to optimize the next 

batch of reinforced structures by tufting. The section 2.2.5 of this thesis manuscript describes 

the materials and manufacturing process employed. Moreover, section 2.3.10 reports 

information about testing methods for the pull-off, 4-point bending and 3-point bending tests. 

Every type of test utilized three samples of each configuration.  

a) Pull-off tests 

Figure 4.1 shows the typical behavior for the control and tufted composite structures subjected 

to pull-off tests. The tufted composites present a drop of 37% of the maximum force (Fmax) 

concerning the first significant damage. However, the work done (WD) until failure, calculated 

by approximating the area under the curve, presents a considerable increase of 4.5 times for the 

tufted structures in comparison to the control. Table 4.1 summarizes the mean values of 

maximum force (Fmax), bending stiffness and work done (WD) found for the three samples of 

each specimen configuration.  
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Figure 4.1 - Typical behavior on pull-off tests to the control and tufted omega stiffeners. 

Table 4.1 - Mean values of Fmax, stiffness, and work done. 

specimen Fmax (N) Stiffness (N/mm) WD (N.mm) 

control 4344 ± 368 1689 ± 27 6152 ± 781 

tufted 2584 ± 79 1515 ± 88 28725 ± 3527 
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The presented results, for the tufted specimens, are underestimated due to significant damages 

that initiate in the skin of the structure and therefore induce the end of the tests, which difficult 

further investigations. DIC analyses were carried out to study the behavior that leads the tufted 

structures to significant premature damage and consequently to lower Fmax. DIC full-field strain 

was measured through the tests and investigated from a virtual gauge located in the stiffener 

radius (Figure 4.2).  

 

Figure 4.2 - Out-of-plane strain field by DIC at the first significant damage for tufted specimens. 

Figure 4.3 presents the typical behavior of the average out-of-plane shear strain (εxy) to the 

specimens until their maximum force. The shear strain increases by a 3.5-fold for the tufted 

composites. This response is mainly due to the difference on the stiffener radius between the 

two structures with a diameter of 20 mm for the control against 10 mm for the tufted samples 

as shown in Figure 4.4. It leads to a significant strain concentration in this zone and 

consequently to premature damage as seen in Figure 4.2. This variation is caused by the tufting 

process which compacts the dry preforms, especially in the area of tuft insertion.   
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Figure 4.3 - Out-of-plane shear strain (εxy) obtained from the virtual gauges in the stiffener radius. 

 

Figure 4.4 - a) Stiffener radius on the reference and b) stiffener radius on the tufted specimens. 

Figure 4.5 and Figure 4.6 show the post-mortem images for the untufted and tufted omega 

stringers respectively. The fracture for the control specimens is catastrophic and separates the 

structure into the two parts (stiffener and skin) as already reported by several authors. It is 

mainly owed to the concentration of strain between the contact of the stiffener and skin, as 

shown in Figure 4.2. On the other hand, the tufted specimens maintain the structure joined by 

the crack bridging effect of the tufts. The fractography presents the significant extent of 

interlaminar cracks in the specimen radius, delamination in the interface between stiffener and 

skin as well as crack deflection throughout tuft length. 

 

Figure 4.5 - Post-mortem image of the non-tufted omega stringer. 
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Figure 4.6 - Optical micrograph image of the post-mortem tufted omega stringer under pull-off test 

The investigation of failure behavior of the tufted stiffeners was carried out by DIC technique 

and video microscopy during pull-off loading tests. Unfortunately, a further investigation 

concerning the failure behavior of the control specimens is not performed due to a lack of 

information saw on DIC and video micrographs until the sudden rupture. Figure 4.8 exhibits 

the main events found from the mentioned techniques that concern the points emphasized in 

the typical load-displacement curve that range from I-IX (Figure 4.7). They concern every 

significant load drop visible in the graph, which presents typical stick-slip behavior. The events 

from I to IV are dominated by interlaminar damages in the radius zone, as exemplified by the 

first load drop (an event I) in Figure 4.8. Every load drop in the range I-IV corresponds mainly 

to new delamination generated in the neighbor ply on the radius. The mentioned effect is due 

to an unstable crack growth followed by crack arrest at the nearest tuft row. Then, the load 

progressively increases until a crack be generated and propagated stably from a ply next to the 

former delaminated. The damage scenario regarding the described events I-IV is better seen in 

the images acquired on event V. Figure 4.9 presents a schematic of the principal strain 

distribution, especially concerning the critical points associated to the significant damages, 

obtained by DIC analysis just before the event I load drop. The stiffener radius is subjected to 

major strains that lead to opening loading condition and generates interlaminar damages. They 

are also responsible for the crack produced in the external side of the radius that propagates to 

the interior of the stiffener, perpendicular to the fabrics ply. 
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Furthermore, a dominant shear mode in the interface between the flange and skin is responsible 

for the delamination propagation in the mentioned zone seen in Figure 4.8 - event V. This strain 

behavior starts from the first tuft row until the stiffener tip. As evidenced by the events VI and 

VII (Figure 4.8), the cracks arrested for the tuft rows in the two important zones are 

subsequently branched by tuft threads and continue growing in the same direction. The slight 

load drop regarding the mentioned events is mainly due to the achievement of the strain energy 

release rate in the tufted region that consequently leads to delamination growth.  
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Figure 4.7 - Typical curve force-displacement for tufted omega stiffeners. 

 

Figure 4.8 - Failure analysis by DIC and video microscopy in the tufted specimen submitted to the pull-off 

test. 

 

tufts

ply damage

delamination

-0.0042 0.0398εxy -0.03 0.096εxy -0.047 0.127εxy -0.07 0.122εxy

V VI VIII

y

x



Chapter 4 - Investigation of the mechanical behavior of omega stiffened composites 

reinforced by tufting 

Alan Martins 114 UTC 

 

Figure 4.9 - A schematic illustration of the strain distribution obtained just before the event I for the 

tufted specimens. 

 

Clustering analysis of AE signals 

This approach utilized the AE signals acquired during mechanical tests. The number of 

descriptors was evaluated by principal component analysis (PCA), which exhibited a sum of 

the first four eigenvalues greater than 70%. It means that the first four principal components 

present 70% of the information from the whole data. A single-linkage clustering was utilized 

to obtain the descriptors with correlation distance more significant than 70%. The typical curve 

of eigenvalues in function of the principal component number and, single-linkage clustering 

with the defined descriptors (amplitude, average frequency, RMS16, and absolute energy) are 

presented in Figure 4.10a and b respectively. 

 

Figure 4.10 - a) Principal component analysis for evaluating the optimal number of descriptors and, b) 

Single link clustering with the selected descriptors. 
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Thus, clustering was carried out using the non-supervised k-means method, applying Euclidian 

distance and random initial partitioning. The procedure utilized the Davies-Bouldin index (DB 

index) to find the optimal number of clusters. The minimum value of the DB index, between a 

chosen range of clusters, is the optimal number of clusters to be employed in the clustering 

process. Figure 4.11 exemplifies a DB index analysis for a control specimen that shows two or 

four clusters as optimal for the clustering. The tufted specimens presented the same number of 

clusters obtained for the control specimens by DB index. The selection of two clusters to 

perform the clustering was deliberately made instead of applying 4 clusters. It is mainly due to 

the complexity to attribute physical phenomena to 4 clusters, that are concerned to the complex 

and interdependent damage phenomena involved. 

 

Figure 4.11 - Example of DB index in function of the number of clusters for the AE signals obtained under 

pull-off test for the control specimen.   

The two clusters concerns to the minor damages generated since the beginning of the test 

(Cluster 1), such as matrix cracking, and significant damages (Cluster 2) capable of diminishing 

the structure load-bearing considerably. Some analysis of the AE signals did not evidence some 

significant fiber ruptures related to the threads failure which corroborates with the video 

micrographs. Figure 4.12 presents the center values of the AE signals features (descriptors 

versus class) obtained for the two classes of signals obtained in this investigation. It is 

noticeable the difference of characteristics between the two clusters. Cluster 1 exhibits different 

AE signals characteristics when compared with Cluster 2. It consists mainly of weak values of 

descriptors, such as AMPL, DUR, ENER, RISE, PCNT, ABEN, and IFRQ, that clearly 

describes minor damages during the pull-off tests. Otherwise, the mentioned descriptors present 

significant values for Cluster 2, which leads to attribute this cluster to the main damages in the 
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structure. It is also evidenced that the geometry of the radar graphs for the control structure is 

similar to that found for the tufted structures. This reinforces the idea that this two-classes 

clustering is representative of the phenomena involved. 

Figure 4.13 presents the typical energy-counts curves by clusters for the control and tufted 

specimens respectively. The cluster 1 is characterized for its lower counts and energy values as 

already seen in Figure 4.12, while cluster 2 presents high energy and counts in comparison with 

the first class. The separation between the two classes of AE signals is remarkable, and may 

also indicate an efficient clustering of the acoustic signals.   

 

Figure 4.12 - Radar chart of clustered AE signals for a) control and, b) tufted specimen. 
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Figure 4.13 - Example energy-counts distribution of the clustered AE signals for a) control and, b) tufted 

specimens. 

RISE: Rise time                       DURA: duration RMS16: rms voltage                  SSTR: signal strength
PCNT: counts-to-peak AMPL: Amplitude          RFRQ: reverbaration freq.        FCOG: freq. center of gravity
CNTS: counts ASL IFRQ: initiation frequency PRFQ: peak frequency
ENER: Energy AFRQ: avarage freq.      ABEN: absolute energy
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Figure 4.14a and b exhibit the typical behavior of AE cumulative energy for the control and 

tufted specimens respectively. The cumulative energy of untufted structures is significantly 

lower than found for tufted structures. The damages generated in the control specimens presents 

inferior values of acoustic signals energy, mainly due to the lower severity of them. Moreover, 

the number of hits for the control specimens is too inferior (e.g., 3 hits against 44 for tufted 

specimens in Cluster 2), which is consequently related to damage events. The results confirm 

the lack of information by DIC and micrographs as well as the sudden failure. The cluster 2 

starts from the event I and consists of the first interlaminar cracks in the stiffener radius. The 

cumulative energy increases gradually at every event displayed in the graph force-displacement 

for this cluster.  

It can be seen that the advent of the Cluster 2, for the control specimens, occurs at a load of 

about 2000 N, whereas for the tufted specimens this point is located at approximately 3000N. 

If, as supposed, this cluster of AE signal concerns to major damage, then the tufted samples 

have a greater damage threshold. It is worthy to verify this point by other tests, such as fatigue, 

in order to follow the evolution of the damage. Although the radius of curvature of the tufted 

structure is penalizing, it is noticeable that the presence of the tufts increases the damage 

tolerance of the structure considerably. 
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Figure 4.14 - Typical AE cumulative energy clusters and force-displacement curves for a) control and, b) 

tufted structures under pull-off tests. 

 

b) 4-point bending tests 

Figure 4.15 presents the typical force-displacement curves obtained during 4-point bending 

tests. The tests, which enable to evaluate the structures mainly on mode II loading condition, 
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were not performed until the complete failure for the tufted structures due to the significant 

displacement submitted to the structures. Tufted specimens exhibited a decrease of maximum 

force of about 43% in comparison with the control. The bending stiffness was also inferior for 

tufted composites owed to the inferior second moment of area of these specimens than the 

control specimens. However, the work done for tufted structures increased 5.25 times. 
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Figure 4.15 - Typical force-displacement curves obtained during 4-point bending tests for both set of 

specimens. 

Table 4.2 summarizes the values of maximum force (Fmax), bending stiffness and work done 

(WD) for both sets of specimens. 

Table 4.2 - Mean values of Fmax, stiffness, and work done.  

specimen Fmax (N) Stiffness (N/mm) WD (N.mm) 

Control 5376 ± 1 2414 ± 82 7487±481 

Tufted 3051 ± 1 1940 ± 61 39305±1491 

 

As reported to the specimens subjected to pull-off tests, the failure mechanisms also presented 

unlike both specimen configurations as seen in Figure 4.16and Figure 4.17 for the untufted and 

tufted structures respectively. The catastrophic failure presented in Figure 4.16 that separates 

the stiffener and skin parts integrally, validates the sudden load drop presented in the curve for 

the control specimens. On the other hand, tufts restrain the interlaminar cracks and therefore, 

avoid the sudden failure and separation of the main parts.  
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Figure 4.16 - The typical failure of control specimens. 

 

Figure 4.17 - The typical failure of tufted specimens. 

An investigation of the strain fields in the radius region of the specimens was carried out to 

study the reduction of maximum force for the tufted composites. The approach was the same 

employed for the specimens subjected to pull-off tests, which consists of comparing the mean 

strain in the radius obtained by a virtual gage via VIC-2D (Figure 4.18). Once again, the tufted 

structures present high shear strain in comparison with the control specimens which lead to 

significant premature damages and consequently, lower maximum force.  

 

Figure 4.18- The position of the virtual gauge employed in DIC analysis and the typical response obtained 

for control and tufted specimens. 
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The DIC strain data acquired during tests were utilized to analyze the damage events for the 

tufted specimens. The typical force-displacement curve shown in Figure 4.19 demonstrates the 

main damages (I-VI) occurred in the structures and associate to the DIC analysis in Figure 4.20. 

The event I manifest as the delamination in the stiffener radius. The second event, not shown 

in Figure 2.20, increases the shear stress from the intern contact between the stiffener and skin. 

Interlaminar cracks are generated in the radius until event IV, and thus, a significant increase 

on the structure reloading occurs until a slight changing on the curve, designated as event V. 

The physical phenomenon related to this event is supposed to be caused by the achievement of 

the critical energy to propagate the cracks arrested in the first tuft row. Therefore, the 

delamination propagates from the crack initiated between flange/skin contact, and presented as 

the amplification of the strain along the longitudinal direction(x) between the two tuft rows. 

The crack propagates during the structure loading, from the event V until being arrested by the 

next tuft row (event VI). At the same time, delamination initiates in the opposite direction, from 

the outside to the interior of the stiffener; in the flange-skin interface. Moreover, significant 

strain is noticeable through the tuft length for the first row mainly due to the proximity of the 

loading roller to the tufted region which consequently leads to significant cracks along the 

threads as seen in Figure 4.17. 
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Figure 4.19 - Typical force-displacement curve for a tufted composite and the main events from I to VI. 
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Figure 4.20 - DIC strain fields related to the events described in Figure 4.19 for a tufted composite. 

Figure 4.21 exhibits a schematic of the typical minor and major strains of the tufted composites 

subjected to 4-point bending tests. The representation based on the DIC image just before event 

VI. Despite this, the schematic represents well the strain direction in the critical zones from the 

event I to VI. The opening mode occurs in the external part of the stiffener radius which led to 

the first considerable crack in this region. Otherwise, the interlaminar shear strain is significant 

in the internal part of the radius as well as in the stiffener flange until the third tuft row. This 

behavior is responsible for generating delamination in these regions. Moreover, through-

thickness shearing located on the flange tip propagates the crack in this region that develops 

between flange/skin contact in the direction of the stiffener.  

The presented results evidenced that the smaller stiffener radius of tufted specimens lead to 

significant strain concentration on the zone and consequently to premature damages. This 

mechanical response acts differently to the expected for 4-point bending tests, which is 

presumed to cause interlaminar shear strain in the interface of the stiffener flange. Therefore, a 

new omega stiffener design must be developed to decrease significant strain concentration in 

the radius zone and as therefore, increase the maximum force. 
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Figure 4.21 - Typical minor and major strain directions obtained for the critical zones of tufted 

composites (just before event VI). 

 

c) 3-point bending tests (Structure) 

The typical force-displacement curves acquired during tests is exhibited in Figure 4.22. The 

work done for the tufted structures was more than 5 times greater compared to control 

composites. However, as already reported for the previous tests of pull-off and 4-point bending, 

maximum force is reduced by 22 % for tufted composites. Figure 4.23 and Figure 4.24 show 

post-mortem micrographs obtained for the longitudinal and transversal direction of the samples 

respectively, as schematized. It evidences significant damage between flange/skin for control 

specimen from the interior of the stiffener to the flange tip. Otherwise, for tufted structures, 

crack propagation in the zone flange/skin is arrested by tuft threads. Significant damage extent 

in the stiffener radius of tufted structures led to the reduction of maximum force, as well 

reported in the tests above of this section. The first row was repolished to observe the damages 

directly in the thread, and therefore, it is verified that tuft did not fail, as highlighted in the 

image, and consequently, the fissures seen in the complete image of the cross-section 

corresponds to the branched cracks around tuft. Crack surrounds the second tuft row throughout 

its length due to the stress concentration generated on the top surface caused by the roller tip. 

Moreover, by analyzing the micrographs from the longitudinal direction of the specimens, 

damage events related with flexural loading are not evidenced and, it is therefore concluded 

that shearing is the most important loading that the structures were submitted. 
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Figure 4.22 - The typical force-displacement curves obtained under 3-point bending tests of the structures. 

 

Figure 4.23 - Post-mortem micrographs from longitudinal and cross-section of an untufted specimen. 

 

Figure 4.24 - Post-mortem micrographs from longitudinal and cross-section of a tufted specimen. 
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An investigation was carried out to analyze the displacements obtained by the load noses 

(crosshead displacement) and LVDT sensor centrally located in the bottom of the specimens. 

Figure 4.25a and b present the typical behavior for control and tufted specimens respectively. 

Both measures are quasi-linearly until major failure in the untufted structures, whereas, they 

distinct from about 25000 N for tufted composites. This effect is probably caused by the 

significant damages generated in the radius that leads to decrease of stiffness in the region and 

consequently, amplify the displacement ratio in the flange/skin zone in comparison to the 

center. Subsequently to this event, the structure is reloaded with some loss of its stiffness and 

contrary behavior is seen approximately at 40000 N. The displacement measured by LVDT 

presents important value from that point, most likely due to the unstable expansion of the central 

zone between stiffener and skin, which leads to an opening mode of the structure. 
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Figure 4.25 - Typical curves of force in function of displacement measured from the load noses (machine) 

and LVDT sensor for a) control and, b) tufted specimens respectively. 

 

Clustering analysis of AE signals 

The clustering of the AE signals acquired on 3-point bending tests employed the same approach 

than to analyze the AE activities during the pull-off tests. An investigation by DB index found 

2 clusters as optimal values for the clustering of both sets of specimens analyzed. The main 

parameters for clustering are: 

• PCA: 4 descriptors 

• Single-linkage: amplitude, average frequency, RMS16, and absolute energy 

• DB index: 2 clusters 
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Figure 4.26a and b present the typical radar charts of center values of the AE features for the 

two clusters obtained from the control and tufted samples respectively. It is noticeable the 

difference between the two clusters. However, here also, the shape of the radars graph for the 

two structures remains very similar. Cluster 1 regards to minor damages, such as matrix cracks, 

generated from the beginning of testes. Otherwise, cluster 2 concerns significant damages that 

are capable of diminishing the load-bearing capacity of the structures considerably. This class 

of AE signals is mainly described to delamination and debonding along tuft length as shown in 

post-mortem micrographs in Figure 4.23 and Figure 4.24. The curves force and cumulative 

energy by clusters as a function of crosshead displacement are exhibited in Figure 4.27 for 

untufted and tufted structures respectively. Minor damage events are generated since the 

beginning of structure loading as presented by the cumulative energy curve for the cluster 1 

with lower values until the initiation of the cluster 2. The second AE class of signals is related 

to interlaminar cracks of the composite that lead subsequently to the failure of the control 

structure. For the tufted composites, cluster 1 behaves in the same manner as for untufted 

specimen. Cluster 2 appears from the loss of linearity exhibited on the force-displacement 

curve, which is concerned with delamination propagation in the stiffener radius as already 

reported. The force corresponding to the beginning of the AE signals from the Cluster 2 is 

slightly greater for the control specimens than to the tufted. This event initiates under a lower 

load than seen in the control structures mainly due to the inferior stiffener radius of the tufted 

composites as reported in the investigation of the mechanical behavior of the specimens under 

pull-off tests. The evolution of cumulative energy of this specimen configuration is related to 

delamination and the crack bridging mechanisms of the tufted threads. 
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Figure 4.26 - Typical radar graphs of the center values of AE signals features by clusters for a) control 

and, b) tufted specimens respectively. 
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Figure 4.27 - Typical force-displacement curves and cumulative energy-displacement by clustered signals 

for a) control and, b) tufted specimens respectively. 

 

4.2.2 Omega stiffeners - GFRP composites (Batch II) 

This section exhibits the results and discussion of GFRP omega stiffened panel submitted to 

pull-off and 3-point bending tests. Three specimens of each specimen set were submitted to 

pull-off tests, while only one specimen for each set was subjected to 3-point bending tests. 

Section 2.3.10 describes more information about the testing methods utilized. Furthermore, 

section 2.2.5 details the manufacturing process used to obtain the structures. Differently, from 

the last batch (Batch I), this batch of samples presented the stiffener radius similar for every 

specimen manufactured. Table 4.3 shows the designations of the samples. 

Table 4.3 – Specimens description. 

specimen Description 

VR Control specimen 

V2T 2 rows in both structure sides with partial tuft insertion 

V3TC 3 rows in both structure sides with partial tuft insertion 

V3TL 3 rows in both structure sides with complete tuft insertion 

 

a) Pull-off tests 

Figure 4.28 shows the typical force-displacement curves for each set of specimens subjected to 

pull-off tests. The work done (WD) for the tufted composites was significantly increased by 2.6 

times for V2T specimens while V3TL and V3TC presented similar raise of 3.8 times. It is 

remarkable from the lower value of work done for V2T specimens, that tuft density is very 

significant in the interlaminar fracture toughness of the structure. However, maximum force 
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(Fmax) and stiffness were degraded by about 20% and 36% respectively when inserting tuft 

threads. 
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Figure 4.28 - Typical force-displacement curves for each set of specimens under pull-off tests. 

Table 4.4 summarizes the values of Fmax, stiffness, and WD obtained for each set of specimens. 

Table 4.4 - Mean values of Fmax, stiffness, and work done. 

specimen Fmax (N) Stiffness (N/mm) WD (N.mm) 

V3TL 4526 ± 209 1597 ± 49 41139 ± 9364 

V3TC 4508 ± 167 1665 ± 62 41898 ± 2857 

V2T 4395 ± 325 1561 ± 62 24247 ± 2674 

VR 6084 ± 88 2102 ± 127 10707 ± 745 

 

DIC analyses were carried out to investigate the decrease of Fmax for tufted composites. Figure 

4.29 exhibits shear strain field (εxy) provided by DIC technique for the control specimens 

obtained when loading force is about 4500 N. This value corresponds to the mean Fmax of tufted 

specimens and will support comparing the strain fields between the set of specimens. Moreover, 

the figure exhibits the step I and II as the shear strain fields acquired just before and after their 

first significant crack respectively for V3TL, V3TC, and V2T composites. It is noticeable that 

the shear strain concentrates in two main zones, which consists of the external side of the radius 

as well as the interior side, extending until the tip between the contact flange/skin. The 

maximum shear found on the outside region is in the same order of magnitude for every set of 

specimens. This indicates that tufted specimens present a stiffener radius similar to control 

specimens due to the employing of the new inner mold to manufacture the specimens. Despite 

this, premature failure is still present for the tufted structures in the radius region. Therefore, it 
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is concluded that the first tuft row is responsible for initiating the interlaminar crack that 

consequently leads to the reduction of maximum force. Furthermore, the fact that crack 

propagation occurs in both interlaminar directions from the tuft row excludes the possibility of 

its initiation far from the threads. It is because tufts must arrest the delamination and 

consequently, avoid the development from the other side of the reinforcement in the same step. 

 

Figure 4.29 - Typical strain fields obtained by DIC for control specimens at 4500 N and V3TL, V3TC and 

V2T just prior (step I) and subsequent (step II) to the first significant interlaminar crack. 
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A schematic of the major and minor shear strain direction is presented in Figure 4.30 for the 

critical zones especially concentrated in the radius (exterior and interior). The illustration was 

performed from DIC maps acquired just before the first significant crack and represents a 

general behavior seen for all specimens set. Additionally, delamination is highlighted in the 

figure to clarify its location. Major strain following the external side of the radius is responsible 

for propagating the delamination that is created by the strain concentration around tuft threads.  

 

Figure 4.30 - Schematic of major and minor strains, just before first principal damage, located on the 

stiffener radius. 

As already observed in the specimens of the batch I, when submitted to pull-off tests, 

interlaminar cracks are generated gradually on the stiffener radius and are arrested by tuft rows, 

which generates the stick-slip behavior in the curves. In the present batch of specimens, this 

behavior is performed for the second tuft row once that the first was responsible to the crack 

initiation in both longitudinal sides of the plies. Figure 4.31a shows the typical damage scenario 

before the complete rupture of the structure (Figure 4.31b). The mentioned damage events are 

reported similar for both sets of tufted specimens. As schematized in Figure 4.30, major strain 

following the profile of the external radius submit the plies to tensile loading and consequently, 

generates opening of the plies as indicated by the arrow in Figure 4.31a. The post-mortem 

photograph in Figure 4.31b demonstrates the complete failure of the tuft threads. The 

investigation of DIC maps evidence opening mode failure that initiates from the inner side of 

flange/skin contact and failure abruptly the structure.  
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minor strain direction
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Figure 4.31 - a) Typical damage behavior just before total failure of the structure, b) post-mortem 

photograph of a tufted specimen. 

 

Clustering analysis of AE signals 

The present study utilized the same procedure described above for classifying the acoustic 

emission signals of the previous tests. DB analysis evidenced two clusters for control specimens 

and three for the tufted specimens. PCA indicated 4 clusters as necessary to achieve more than 

70% of the information contained. A single-linkage clustering was performed, obtaining the 

descriptors amplitude, average frequency, RMS16 and absolute energy with correlation 

distance greater than 70 %. The typical graph radars of the center values of AE features for the 

clusters obtained by k-means clustering are presented in Figure 4.32a-d for VR, V2T, V3TL, 

and V3TC specimens, respectively. Moreover, the typical curves force and cumulative energy 

by clusters, both in function of displacement, are exhibited in Figure 4.33 for all configuration 

in the same mentioned sequence. Cluster 1 presents typical lower values of AE signal features 

(Figure 4.32) that initiates from the beginning of the pull tests and attributed to minor damages 

as matrix cracking. The second cluster regards to significant damages, exemplified in Figure 

4.33-a as slight unloading steps in the force-displacement curve. This event is not visible by 

DIC maps for the untufted specimens but is noticeable in the tufted composites when 

delamination propagates. These AE signals probably concern to interlaminar damages, such as 

microcracks and their coalescence that lead to delamination. Additionally, the cluster 2 is also 

composed by AE signals associated with debonding along tuft threads. This class can be 

employed to define a force threshold, especially for control specimens that do not present 

visible damage signal that may help to identify possible damage and consequently avoid 

catastrophic failure. The third cluster (Cluster 3) appears only for the tufted samples and 

distinguishes from the others classes of signals by the significant values of the majority of 

stiffener
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descriptors. This characteristic, seen in the three configurations of tufted specimens, represent 

main damage events that are created after successive delamination of the structure, mainly 

concerning the rupture of the tufting thread. This cluster can aid to identify severe damage of 

the tufted composite that may lead in sequence to the failure of the structure. Comparing this 

class of AE signals, it is noticeable that its initiation is postponed for the V3T sets, especially 

for the V3TL specimens, which may justify their greater work done under pull-off tests due to 

the later major damage occurred on the tufts. 
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Figure 4.32 - Typical radar graphs of the center values of AE signals features by clusters for a) control 

and, b) V2T, c) V3TL and d) V3TC specimens. 
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Figure 4.33 - Typical force-displacement curves and cumulative energy-displacement by clustered signals 

for a) control and, b) V2T, c) V3TL and d) V3TC specimens. 

 

b) 3-Point bending test (Structure- batch II) 

Figure 4.34 shows the force-displacement results for the specimens submitted to 3-point 

bending tests. The similarity of the curves precludes the evaluation of the tufts behavior in 

comparison to control structures. However, a slight decrease of the stiffness for the tufted 

composites is noticeable, but this worth further analysis with more specimens to better 

concludes. The failure of the specimens is mainly caused by the fibers rupture of the skin owed 

to significant deformation on this zone. The reduction of the support span may avoid this effect, 

which consequently would generate additional shear loading than flexural.  
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Figure 4.34 - Force-displacement curves for all configurations of omega structures submitted to 3-point 

bending tests. 

Figure 4.35 exhibits the damage extent by digital photographs from the bottom of the 

specimens. The control specimen (Figure 4.35a) presents the larger delamination zone when 

compared with the tufting configurations V2T, V3TL, and V3TC, shown in Figure 4.35b-d 

respectively. The interlaminar cracks that achieve the internal part of the stiffener lead to the 

loss of loading bearing capacity because of the complete separation of the flange and skin in 

that region. Otherwise, tuft threads arrest the propagation of delamination and therefore, 

reducing the damage extent. It is noticeable that the specimens with three rows of tuft on each 

side (V3TC and V3TL) presented inferior damage extent.  

Due to this restriction of the tufts to interlaminar crack propagation, out-of-plane deformation 

concentrates in the region of the load noses, which consequently leads to severe damage of the 

fabrics for the tufted composites. This behavior is comparable to the increase of the dent depth 

in the tufted specimens when subjected to impact loading seen in Chapter 3. Furthermore, V2T 

specimen (Figure 4.35) displayed significant delamination in a single side in comparison to the 

other tufted structures. This investigation corroborates with the lower results of the V2T 

configuration under pull-off tests among the tufted specimens. 
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Figure 4.35 - Post-mortem images from the bottom of the structures for a) control and, b) V2T, c) V3TL 

and d) V3TC omega structures. 

 

Clustering analysis of AE signals 

The clustering analyzes were carried out in the same manner that those previously described in 

this chapter. The parameters are listed below: 

• PCA: 4 descriptors 

• Single-linkage: amplitude, average frequency, RMS16, and absolute energy 

• DB index: 2 clusters 

The radar graphs regarding the two clusters of AE signals based on k-means clustering are 

presented in Figure 4.36a-d for VR, V2T, V3TL, and V3TC respectively. It is noticed that the 

shape of the radar graphs differs according to each set of structures. However, the families 

containing three tuft rows on each side along the stiffener (V3TL and V3TC) are very similar 

and distinct from the other two specimen configurations. This difference is more remarkable 

for the cluster 2, especially comparing to the specimens with two rows (V2T). 

a) b)

c) d)

Tuft row directiondelamination
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Figure 4.37 a-d shows the curves force and cumulative energy by clusters as a function of 

displacement in the same order aforementioned. The cumulative energy increases considerably 

in the same period that the loss of linearity in the force-displacement curves. This may be related 

to the decrease in structure stiffness generated by delamination. 

The two classes of signals distinguish significantly between them. Cluster 1 is related to minor 

damages generated since the beginning, such as matrix cracks, as well as significant damages, 

especially regarding delamination and tuft debonding. These last damages appear just before 

the loss of linearity in the force-displacement curve shown in Figure 4.37. Cluster 2 concerns 

significant damages that are mainly attributed to the failure of fibers in the skin. This class of 

damage event emerges lately to the control specimen due to a better distribution of the applied 

load that implies in lower local deformation and consequently postpones the fibers breakage. 
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Figure 4.36 - Typical radar graphs of the center values of AE signals features by clusters for a) control 

and, b) V2T, c) V3TL and d) V3TC structures. 
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Figure 4.37 - Typical force-displacement curves and cumulative energy-displacement by clustered signals 

for a) control and, b) V2T, c) V3TL and d) V3TC structures. 

 

4.2.3 Omega stiffeners - CFRP composites (Batch III) 

The present batch of specimens considered the issues reported for the two previous batches, in 

the previous sections of this chapter, to manufacture this new set of omega stiffeners reinforced 

by tufting. Firstly, the new inner mold was employed to diminish the problems related to radius 

reduction: the increase of the stress concentration on the region leads to premature delimitations 

and reduction of the maximum force, especially seen for the pull-off tests response. However, 

the use of the new mold for manufacturing Batch II did not guide to better results of maximum 

force. This was mainly due to the insertion of tuft threads into the radius region that amplified 

the stress on the zone and led to crack propagation from the threads and as a consequence, the 

decrease of maximum force. Therefore, Batch III preconized a large stiffener radius and tuft 

reinforcements distant from the radius zone for the manufacturing.  

The following section presents the results and discussion regarding the new set of specimens 

under pull-off and 3-point bending tests subsequently. Section 2.2.5 details the manufacturing 
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process used to obtain the structures. Three specimens of each configuration were submitted to 

pull-off tests and one specimen for each set was subjected to 3-point bending tests. Section 

2.3.10 in this thesis presents more information about the testing methods utilized. Table 4.3 

shows the designations of the samples. 

Table 4.5 – Specimens description. 

specimen Description 

REF Control specimen 

TUF1 1 row in each structure sides with partial tuft insertion 

TUF2 2 rows in each structure sides with partial tuft insertion 

 

a) Pull-off tests 

Figure 4.38 shows the typical behavior of the specimens under pull-off tests and their average 

mechanical properties summarized in Table 4.6. TUF2 samples are seen to improve the 

maximum force considerably, the work done until failure (WD) as well as the stiffness when 

compared with the REF samples. Otherwise, TUF1 presented mechanical properties inferior to 

the reference. Figure 4.39a exhibits the catastrophic failure for a REF sample that separates the 

stiffener integrally from the skin. The insertion of tuft yarns avoids the mentioned phenomenon. 

The through-the-thickness reinforcements work bridging the crack opening between the layers 

until tuft rupture and can be analyzed in Figure 4.38 especially from the TUF2 curve as a stick-

slip behavior. 
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Figure 4.38 - Typical behavior on pull-off tests for control and TUF1 and TUF2 configurations of tufted 

specimens. 
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Table 4.6- Mean values of Fmax, stiffness, and work done. 

specimen Fmax (N) Stiffness (N/mm) WD (N.mm) 

REF 5963 ± 332 2009 ± 34 10268 ± 1842 

TUF1 3751 ± 479 1849 ± 91 8185 ± 177 

TUF2 6614 ± 463 2329 ± 190 34643 ± 3253 

 

 

Figure 4.39 - Post-mortem images of a) REF, b) TUF1 and c) TUF2 specimens submitted to pull-off tests. 

The surface area of the specimens was calculated by the software Solidworks after drawing the 

parts from the specimens images, as exemplified in Figure 4.40. The applied approach aided to 

understand the stiffness difference of the omega stiffeners, mainly between control and TUF2 

specimens. The areas are 1420 mm2, 1440 mm2 and 1523 mm2 for REF, TUF1 and TUF2 

respectively. These variations are related to the differences in the dimensions caused by the 

manufacturing process. The considerable difference in the surface area of the TUF2 specimens 

comparing to TUF1 and REF leads to significant increase of the second moment of area. 

However, the same response is not seen for TUF1 and REF, that present similar areas but a 

different second moment of area. This behavior is mainly caused by some difference in the 

flange length that may reduce the local stiffener.   

a)

b)

c)
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Figure 4.40 – Schematic illustration of the TUF2 specimen format. 

The increase of resin amount in the radius region for the TUF2, which results in a significant 

resin pocket, was expected to reduce the structure properties as a consequence of lower 

mechanical properties of the resin. However, growth in the dimensions which consequently 

increased the second moment of area counteracted this adverse effect. Figure 4.41 shows a 

comparison between the deflection measured by DIC method for the images at the same load 

(4000 N). The measures were acquired through a virtual curve positioned as indicated in the 

DIC strain field in Figure 4.41. Larger deflection is seen to the structure TUF1 validating the 

lower stiffener of this configuration, which leads the structure to higher stress, as described by 

the flexural equation (6), and consequently an early crack initiation. Moreover, TUF2 

specimens present a minor deflection which agrees with the significant second moment of area 

of this configuration.  

 𝜎𝑓𝑙𝑒𝑥 =
𝑀. 𝑦

𝐼𝑥𝑥
 (6) 

                                                                                                                    

 

Figure 4.41 -Typical deflection of the flange section located on the interface flange/skin for all set of 

specimen configuration subjected to pull-off tests. 
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Figure 4.42 shows the typical damage development for the TUF2 specimens by DIC strain field 

and in-situ micrographs. The critical failure initiates on the external side of the flange due to a 

resin pocket which generates a significant strain field in the region as exhibited in Figure 4.43. 

This behavior occurs for all configuration of specimens. Figure 4.42a exhibits the interlaminar 

crack responsible for the first significant load drop (event I). It is seen that the first tuft range 

(from the external side) arrests the crack tip and also an important shear strain (εxy) is 

concentrated between the two rows of out-of-plane reinforcements. Furthermore, from the 

micrograph, it is remarked that besides crack arresting, failure propagates around the interface 

of the tufted yarn. The in-situ microscopy allowed distinguishing a second important event 

(event II), where the opening mode seems severe, and generates a possible yarn rupture, as 

highlighted in Figure 4.42b. Also, the crack develops between the two tufted ranges, but the 

transversal reinforcements restrain the opening mode (fiber bridging).  

 

Figure 4.42 - Typical damage development of TUF2 specimen during the pull-off test for a) first load drop 

and, b) the second significant load drop. 

-0.75                             exy [%] – Lagrange                                 1.2
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Figure 4.43 - DIC image evidencing strain concentration on the resin pocket zone. 

Virtual extensometers by DIC method were placed on the tufted yarns region as exemplified in 

Figure 4.44 to evaluate the tuft behavior during the loading test of the TUF2 specimen. Figure 

4.45 exhibits the typical plot of strain response from the two virtual extensometers (E1 and E2) 

as well as the acoustic emission cumulative energy. Both extensometers display negligible 

strains at the monitored regions until the delamination initiation (event I). From this point, it is 

seen a sudden increase on the strain, especially on E1, followed by a slight rise of cumulative 

energy due to a dominance of the crack opening mode (mode I) which enforces the tufted yarns 

to bridge the layers and contain the crack development. Subsequently to the event I, omega 

structure is reloaded, and extern tuft range continues to loading, which avoids a critical opening 

crack that may lead to specimen failure. Then, a sharp fall occurs again with a remarkable 

increase in cumulative energy, that is mainly related to yarn damages as already mentioned in 

the micrograph in Figure 4.42b. However, it seems that damages on the external tufted yarn are 

not sufficient to diminish its mechanical capability to contain delamination growth because E2 

showed stable strain after event II when it was supposed to increase significantly during opening 

mode if occurs the rupture of the external tuft.  

 

Figure 4.44 - Schematic of the virtual extensometers employed on DIC analysis of the TUF2 specimens. 

-0.69                              exy [%] – Lagrange                                 0.57

E1
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Figure 4.45 - The typical behavior of strain by the virtual extensometers on DIC, AE cumulative energy, 

and force in function of time for a TUF2 specimen. 

Figure 4.46a shows a summary of the strains (major and minor direction) obtained by DIC strain 

field just before the crack initiation, particularly for the critical regions (resin pocket zones) in 

the TUF2 specimens. Contrary to previous works in open literature that have reported failure 

beginning on the resin fillet from the radius region, the present work demonstrates that 

compressive strain on this zone avoids the crack initiation there. Figure 4.46b schematizes the 

crack propagation and the already discussed bridging function of the tufted reinforcements.  

 

Figure 4.46 - Schematic illustration of a) the minor and major strain directions obtained by DIC analyze 

just before the first event, b) the damage propagation. 
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TUF1 specimens utilized the same approach to evaluate the damage mechanisms and tuft 

behavior. Delamination also initiates in the resin pocket on the outside region, and its 

development is arrested by the tufted thread as exhibited in Figure 4.47a. This significant 

damage, designated as the event I, is distinguished by a sharp load drop (Figure 4.48) as already 

reported to TUF2 specimens and a significant rise in cumulative energy. A virtual extensometer 

(E1), positioned in the same place that the tufted row, assisted the evaluation of the local strain. 

Figure 4.48 shows a slight increase in the strain from the event I obtained by this extensometer. 

Then, the structure reloads and the opening mode becomes significantly until the specimen 

failure. A sharp increase in the strain is exhibited through virtual extensometer when test 

reaches the event II, and an important rise in cumulative energy accompanies it. Figure 4.47b 

shows DIC strain field on event II, where is indicated the significant progress of the crack tip 

due to the lack of the second reinforcement range as seen for TUF2 configuration. Additionally, 

tuft debonding is identified from the micrograph. Subsequently to event II, a major increase on 

the strain in the tufted zone is described and leads to the failure of the structure. Figure 4.49a 

schematizes typical major and minor strains in the critical regions for the TUF1 specimens just 

before crack initiation (event I). This specimen configuration presents the same behavior as 

TUF2, with a compressive strain in the radius fillet and considerable shear strain in the external 

resin pocket. Main damages occurred in the flange zone are illustrated in Figure 4.49b which 

emphasize the fiber bridging function of the tufted yarn for TUF1 configuration.  

 

Figure 4.47 - Typical damage development of TUF1 specimen during the pull-off test for a) first load drop 

and, b) the second significant load drop. 
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Figure 4.48 - The typical behavior of strain by virtual extensometers on DIC, AE cumulative energy, and 

force in function of time for a TUF1 specimen. 

 

Figure 4.49 - Schematic illustration of a) the minor and major strain directions obtained by DIC analyze 

just before the first event, b) the damage propagation. 

Evaluation of damage development for the reference specimens is difficult to perform due to 

their sudden failure. Damages are not visible by DIC strain field neither in-situ microscopy 

techniques. Therefore, the study based on the typical strain field by DIC shown in Figure 4.50 

acquired before structure failure and usual acoustic emission signal activities in Figure 4.51 to 

understand the structural failure. A significant strain is concentrated in the external resin pocket 
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as already reported to the tufted structures. Additionally, a significant acoustic signal 

distinguished by high amplitude is localized near from this region just before specimen failure 

which leads to suppose that failure starts from external side to the radius fillet, as reported to 

TUF1 and TUF2 specimen configurations.  

 

Figure 4.50 - REF just before sudden failure with the distribution of the vectors of principal strains. 
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Figure 4.51 - Location of AE signals in function of their amplitude just before the sudden collapse of the 

control specimen (the AE are placed on the bottom of the skin along the width of the specimens). 

 

Clustering analysis of AE signals 

This analysis was performed to investigate the damage events from the AE signals acquired 

during pull-off tests. Clustering of AE signals was carried out using the same approach reported 

in this chapter for the previous batch of specimens. The parameters utilized are described below: 

- PCA: 4 descriptors 

-0.79                             exy [%] – Lagrange                                 0.91
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- Single-linkage: amplitude, average frequency, RMS16, and absolute energy 

- DB index: 2 clusters 

Differently from the Batch II under pull-off tests, the present set of specimens does not present 

the third class of acoustic signals that are related to rupture of tuft thread. This response is also 

in agreement with the results found to batch I subjected to the same test, and may be owed to 

the high stiffness of the carbon fibers in comparison to glass fiber fabrics. This contains the 

large deformations and avoids the threads rupture. 

Figure 4.52a-c presents the typical radar graphs of AE features in function of the obtained 

clusters for REF, TUF1, and TUF2 specimens, respectively. The two classes have been 

exhibited typical behavior as already reported for the previous clustering analysis. The three 

radar graphs present the same general shape, with only the evolution of the values of the AE 

signal features. It seems that the description of the phenomena with these two clusters of 

acoustic signals are relevant for a first approach. Cluster 1 presents lower feature values and is 

related to minor damage events that initiate since the beginning of loading tests, such as matrix 

cracking. Otherwise, the cluster 2 corresponds to significant damages, primarily due to the high 

feature values of the acoustic emission signals. This class concerns to interlaminar cracks and 

debonding along tuft threads. 
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Figure 4.52 - Typical radar graphs of the center values of AE signals features by clusters for a) REF and, 

b) TUF1, c) TUF2 specimens. 

The cumulative energy from each cluster, as well as the pull-off force in function of the 

crosshead displacement, is exhibited in Figure 4.53a-c for REF, TUF1, and TUF2 respectively. 

The cluster 1 presents acoustic activities since the beginning and increases significantly when 

the Cluster 2 appears. This last class initiates at lower loading force for the tufted specimens 

when compared to control samples. This behavior is mainly attributed to damage events caused 

in the tuft threads due to the stress concentration of these reinforcements into the composite, as 

already mentioned in Chapter 3. TUF1 specimens seem the most affected by the tufts due to the 

sudden important delamination instead of gradual damage propagation that results in the slow 

increase of cumulative energy until delamination, as seen for REF and TUF2 specimens.  

The cluster 2 (major damage) for TUF2 amplifies rapidly compared to the TUF1. This is 

because of the cluster 2 for the TUF1 specimens appears when a sudden failure initiation occurs 
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with strong propagation until its arrest for the tuft row. The recovery is made later with a larger 

displacement after the observed plateau, and thus, sudden delamination leads the structure to 

the failure. For the TUF2 specimens, the interlaminar cracks are contained by the first tuft row 

(external side), which may indicate the generation of local damage until achieving the second 

row of tufts, explaining the evolution of cluster 2. When the first tuft row damages significantly, 

the second row takes place the effort, and therefore, continuous damage happens as well as the 

continuous evolution of cluster 2. This response is synonymous to considerable damage 

tolerance of the TUF2 configuration. 
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Figure 4.53 - Typical force-displacement curves and cumulative energy-displacement by clustered signals 

for a) REF and, b) TUF1, c) TUF2 specimens. 

 

3-Point bending test (Structure- batch III) 

Figure 4.54a-b shows the force-displacement curves acquired from the crosshead displacement 

and LVDT sensor respectively, for the structures subjected to 3-point bending tests. The 

specimens failed on the top of the stiffeners instead of the expected rupture between flange/skin 

interface (Figure 4.55). Nevertheless, the evaluation of the mechanical behavior of the 
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composite structures may be performed before this failure. The curves evidence a slight increase 

of the stiffness for the tufted composites that is probably owed to the rise of the second moment 

of area as reported to the pull-off tests, especially for TUF2 specimens. Additionally, the loss 

of linearity marked in Figure 4.54a is supposed to be caused by significant damage events that 

reduce the stiffness of the structure. Figure 4.54b exhibits better this behavior for the untufted 

specimen at the point concerning the loss of linearity. The abrupt increase of load with the stick-

slip behavior of the LVDT displacement can be related to unloading-reloading on the measured 

region caused by delamination. This supports the discussion for the last batch submitted to the 

same test as well as the impacted specimens on chapter 3, where tuft threads restrain 

delamination and consequently implies on amplification of the local deformation, as acquired 

by LVDT. Moreover, the LVDT response validates the assumption of enhancement of structure 

stiffness, where the difference between the flange displacement (measured by crosshead 

displacement) and bottom of skin (LVDT) is lower for the tufted composites. Figure 4.56 

schematizes the mentioned behavior. The difference between the point of measure by the 

machine crosshead and LVDT, Δh, is more significant than that exhibited for the tufted 

specimens, Δh'. 
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Figure 4.54 - Force-displacement curves a) from the crosshead displacement of the machine and, b) from 

the LVDT sensor during 3-point bending tests. 

- 

Figure 4.55 - Typical damage found to all configuration of specimens (failure on the top of stiffener). 

failure
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Figure 4.56 - Schematic illustration of the difference of displacements acquired from the crosshead and 

LVDT sensor in different locations, presenting distinct values between control and tufted specimens. 

Post-mortem micrographs are presented in Figure 4.57a-c for REF, TUF1, and TUF2 omega 

stiffeners respectively. They were acquired from the cross section of the specimens in the 

middle of the longitudinal direction. It is noticeable that the damage extent is amplified for the 

untufted specimens (Figure 4.57a). Moreover, interlaminar cracks on the radius corroborate 

with the stiffness loss of the structures, as already reported. The tufted specimens (Figure 4.57b-

c) display the cracks arrested by the tufts, which precludes the delamination propagation, as 

well as debonding along the tuft threads. The lower deformation during loading of the tufted 

structure caused especially for the enhancement of the second moment of area combined with 

the crack bridging effect of the tufts, diminish the crack propagation consequently.  

 

Figure 4.57 - Post-mortem micrographs from the cross-section direction of the specimens. 

Figure 4.58 shows the number of AE hits versus time for three configurations of specimens 

investigated. The number of damage events that are related to the number of AE hits is mostly 
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increased from TUF2 to REF specimen. It corroborates with the analysis of the post-mortem 

micrographs in Figure 4.57, which exhibits excellent damage extent to the untufted sample and 

is gradually decreased until the TUF2 configuration. 
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Figure 4.58 - Number of hits versus time curves for REF, TUF1, and TUF2 composite structures. 

 

Clustering analysis of AE signals 

The acoustic signals were clustered to identify AE signal classes attributed to specific damage 

events during the mechanical tests. The same method conditions employed for clustering the 

AE signals in the previous mechanical analyses were utilized in this section. The parameters 

obtained are: 

- PCA: 4 descriptors 

- Single-linkage: amplitude, average frequency, RMS16, and absolute energy 

- DB index: 2 clusters 

The signals were clustered using the k-means method. The radar graphs concerning the center 

value of the signal features by clusters are presented in Figure 4.59a-c for REF, TUF1, and 

TUF2 respectively. Similar to the clustering of the previous mechanical tests, two classes 

significantly distinct from their AE signals features are displayed. Figure 4.60 presents the 

clusters obtained, as cumulative energy in function of the crosshead displacement as well the 

force-displacement curves of the specimens. The first cluster is attributed to minor damages 

that propagate from the beginning of the tests and increases when the structure presents a loss 
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of stiffness that seems to be caused by interlaminar damages on the radius of the stiffener. The 

AE signals concerning cluster 2, coincide with the beginning of the slight slip-stick behavior 

seen in the force-displacement curve (marked with dashed line). It is difficult to assume the 

damage type attributed to the two clusters, mainly due to the ultimate failure of the structures 

were out of the analyzed region, on the top of the stiffener. Despite this, it is noticeable the 

advantage of TUF2 specimen (Figure 4.60a) in comparison to REF (Figure 4.60b) and TUF1 

(Figure 4.60c) to postpone this significant damage event that leads to structural failure. This 

event starts at 3700 N for TUF2 and about 2800 N for TUF1 and REF. 
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Figure 4.59 - Typical radar graphs of the center values of AE signals features by clusters for a) REF and, 

b) TUF1, c) TUF2 structures. 
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Figure 4.60 - Typical force-displacement curves and cumulative energy-displacement by clustered signals 

for a) REF and, b) TUF1, c) TUF2 structures. 

 

4.3 Conclusions 

The results discussed in the present chapter validated the capability of tufting reinforcements 

to improve the fracture toughness of composites. This technique may be advantageous to 

reinforce joint structures, avoiding catastrophic failure and therefore, enhancing the reliability 

of the structure. The development of the tufting process and the understanding of the 

mechanical behavior of tufted composites can improve the accuracy of the structures and 

consequently the safety factor or the maximum force of work (limit). 

It was reported that the shape of the structure and the tufting parameters such as position, 

density, and depth, can alter significantly the mechanical response of the omega stiffeners, 

especially the maximum force under pull-off tests. This issue was resolved in two steps that 

consisted of the Batch II and III. Firstly, the stiffener radius was improved after an investigation 

from the Batch I, which presented significant stress concentration on the mentioned region for 

the tufted composites. This was responsible for premature failure on the radius and consequent 

reduction of the maximum force. However, due to insertion of tuft threads on the radius region, 
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Batch II continued to exhibit inferior maximum force than the control specimens. The 

investigations described that tufts concentrate stress along the threads and as a consequence, 

premature damages are generated from the reinforcements, diminishing the mechanical 

response of the structure. The region of first tuft row which is too close to the radius, only 

aggravated the crack initiation, due to the critical nature of curved areas. This behavior had 

been already reported in Chapter 3, for the specimens subjected to short beam shear tests. This 

emphasizes the concern to the optimal position of tufts insertion into the composites. Therefore, 

a new set of samples (Batch III) was manufactured by considering the information from the 

previous batches. The displacement of tuft rows from the radius, allowed to achieve maximum 

force superior to untufted specimens. 

Additionally, tufting density was essential to improve the fracture toughness of the omega 

structures for the Batch III. A finite element model capable of evaluating the mechanical 

behavior of tufts into composite structures could avoid time and material consumption to 

achieve optimal results. Moreover, it could allow assessing several tufting parameters to 

optimize the most important properties. 

The investigation regarding the tufting depth did not evidence any improvements when 

comparing the results for the specimens reinforced with partial and complete insertion of the 

tuft threads. This study was especially precluded by the premature damage generated in the 

stiffener radius due to the strain concentration of tufts in that zone. Future analysis should be 

performed between the most efficient set of specimens from the batch III, that had a partial 

insertion of the tufts, and a novel configuration considering the same parameters of 

manufacturing but with a complete insertion of the tufts. 

The 3-point bending tests carried out in this work meant to submit the structures to a more 

realistic loading during service. Thus, the specimens from the batch I obtained the best behavior 

under loading in comparison to the others batches. This is due to the short distance of support 

rollers that diminish flexural loading and consequently gave an advantage to interlaminar shear 

loading. The flexural loading was responsible to the skin rupture under tests, which precluded 

the analysis of tufts behavior in the structure. Tufted structure from batch I, exhibited 

considerable work done when compared to control structure, owed to crack bridging effect 

inspected from post-mortem micrographs. The same result was verified by analyzing the digital 

photographic images of the failed specimens from batch II. The damaged area was significantly 



Chapter 4 - Investigation of the mechanical behavior of omega stiffened composites 

reinforced by tufting 

Alan Martins 155 UTC 

small for tufted structures when compared to the untufted structure. Moreover, the damage 

extent from the cross-section of the omega structures exhibited reduction from the control to 

the larger tufting density in batch III. 

The scope for growth of the performance of the tufted structures is far from reaching its limits. 

Indeed, it is believed that is still possible to optimize the contribution of the tufts. By observing 

the main strain directions during the various tests performed, it is noticeable that the insertion 

angle of the tufts perpendicular to the surface of the specimens is not the most relevant solution. 

Thus, as investigated and reported by Bigaud [173], the inclination of the tufts can increase the 

performance of the tufted composites significantly depending on the loading condition. Here 

again, it is seen the importance and the need to have a numerical model capable of simulating 

the mechanical behavior of the tufting reinforcements into the composites and therefore, 

optimize the insertion angle. Future work should be conducted in this direction. 

The studies presented in this chapter also highlighted the great importance of the health status 

of the tufts on the performance of tufted structures. Therefore, the ability to monitor this status 

and follow it according to the loading level becomes a major issue. 

The multi-instrumented analysis aided to understand the damage mechanisms during tests. 

However, they present limitation to characterize possible damage of the tuft threads. While in-

situ microscopy depends on good resolution and precision to achieve the tuft position into the 

composite, acoustic emission acquires acoustic signals from the material volume, which not 

allow finding with accuracy the damage location and its nature. A complementary approach to 

the mentioned techniques is presented in the next chapter. 
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CHAPTER 5 INVESTIGATION OF THE STRUCTURAL HEALTH 

MONITORING BY THE TUFTED THREADS 

 

5.1 Introduction 

The works presented in this chapter take advantage of the superior electrical conductivity of 

carbon fibers inserted by tufting to monitor in real time the structures. This approach consists 

an extra advantage to the primary purpose of reinforcing through-thickness the composites, 

which consists of enhancing the out-of-plane properties of the laminated composites. Therefore, 

it seems to be useful to obtain the variation of the electrical resistance by the tufted yarns as a 

strain-sensing method and damage indicator in the composite under loading. A system, which 

continuously monitors the composites for damages and failures, is called Structural Health 

Monitoring (SHM) system [236]. The SHM is liable to detect, evaluate and interpret the 

damages in the structure in order to improve the reliability and safety, increases the life and 

reduces life-cycle cost [237].  

Sensors can be attached or embedded into the composite materials to monitor their hidden 

internal conditions and determine the real-time state of the structure. Strain gages, 

accelerometers, and displacement sensors have been used to monitor the composite structures. 

These sensors are joined to the structure's surface and consequently are affected by the adverse 

weather conditions [238] and also negatively by electromagnetic interference [239]. As a result 

of their large size, the insertion of these sensors into the composite structure becomes 

impracticable. Furthermore, damages as microcracks, delamination, and peel-off could not be 

accurately detected by the surface sensors in composite laminates [240].  

Almost all achievements in the SHM field are only intended to make materials/structures 

sensitive by embedding sensors [241]. Different types of embedded sensors have been 

investigated for SHM applications, including, fiber optic sensors (FOS) [242]  and piezoelectric 

(PZT) [243]–[245]  sensors. In general, they have many advantages over the surface sensors, 

as higher sensitivity, the excellent capability to withstand harsh environments and more 

extended durability. However, these sensors are criticized because of the degradation in the 

mechanical properties of the host structure since they create a potential site of damage initiation. 
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FOS are very fragile to manipulate, which can fail during installation or even in operation, 

besides being easily broken [246]. Although FOS is insensitive to electromagnetic interference, 

PZT sensors suffer from low signal-to-noise ratios due to this interference. Also, they require 

high computational demand, indirect damage detection, limited interrogation distance, and rely 

on complex algorithms or predefined damage metrics [247]. Shape memory alloy (SMA) wire 

embedded into the polymer-based composites has also been applied to form a smart structure 

and among the many possibilities, they can be used as strain-sensing and damage detection 

element to monitor structural health conditions in the composites [248]. However, their weak 

interfacial bonding strength between the wire and its surrounding matrix limits the applications 

in many engineering industries [249]. 

The piezoresistive method has been increasingly studied as an alternative to avoid inserting 

sensors into the composites as well as due to its effectiveness and simplicity. Carbon fiber 

composites can be used as a strain sensor due to the piezoresistive nature of these fibers, which 

can consequently respond to strain rate [250]. Schulte and Baron [251] had firstly investigated 

the correlation between the internal damages and the electrical response of the carbon fiber-

reinforced composites (CFRP) laminates under mechanical loading. The results prove the 

piezoresistive method is capable of detecting damage events. From that point, several authors 

have been studying this approach as a damage detection method. Ceysson et al. [252] examined 

the piezoresistive effect from CFRP laminates subjected to post-buckling, and three-point 

bending tests. The electrical measurements were capable of distinguishing significant events 

based on the fibers rupture that detains current flow and thus, increases the electrical resistance. 

This behavior was in good agreement with the increase in acoustic emission activity. Abryab et 

al. [253] investigated the correlation between the fiber volume fraction in CFRP laminates and 

their electrical resistance response. It reported the electrical resistance inversely proportional to 

the fiber volume fraction, with all set of specimens capable of identifying damage events. 

Moreover, the electrical resistance measurements under post-buckling test (monotonic test) 

were able to identify the different events, as the fiber elongation and fiber breaks during the 

loading period, followed by the fiber contraction and the contact between broken fibers in the 

unloading period. Ogi and Takao [254] also studied the effect of fiber direction on the 

measurements of the electric resistance. The specimens investigated were 0°, 10°, 45° and 90° 

to the axis of the sensors. The results obtained for 0° and 90° specimens exhibited a quasi-linear 

behavior while 10° and 45° non-linear comportment after some point of the loading. From those 
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results, they create a model capable of predicting the electric resistance change as strain 

function to 0° and 90° specimens. The predicted gage factor for off-axis specimens was also in 

good agreement with the experimental results.  

Ladani et al. [255] investigated the piezoresistivity in CFRP composites joints adhesively-

bonded by carbon nanofibers (CNFs) to inspect damages under fatigue tests. The authors 

demonstrated that CNFs create a conductive network which allows detecting the debonding 

during tests using electric resistance measurements. A model was established to describe the 

relationship between the crack size and the electrical resistance of the bonded substrates. 

Similarly, some authors have examined the addition of nanofillers such as carbon nanotubes 

(CNTs) [256]–[259], graphene [260] and carbon black (CB) [261] to increase the matrix 

conductivity of the FRPs and consequently their electrical resistance response under loading. 

Nanofillers also lead some increase in the mechanical properties of the laminate composites as 

interlaminar fracture toughness [255]. Although multifunctional sensing performance of the 

composites reinforced by nanofiller is evident, the fabrication technique provides little control 

over nanomaterial assembly and bulk film properties [247]. Some issues as the dispersion of 

nanofillers into the matrix and the significant increase of the matrix viscosity is reported in the 

literature [39]. Additionally, bulk film matrix reinforced by nanofillers may cause a significant 

weight penalty and potentially decrease of glass transition (Tg) [42]. Besides, the films have 

lower strength and stiffness when compared with the composite laminates and therefore have 

to be limited in order not to decrease the mechanical properties of the composite [49]. 

Studies regarding real-time monitoring of laminated composites reinforced by stitching 

techniques, such as tufting, are not found in the open literature. The investigations presented in 

this chapter consist firstly in evaluating the feasibility of the approach to detect damages created 

at multiple impact tests for glass and carbon fabric composites. It aided to select the materials 

that respond electrically better to damage evolution. Subsequently, the study of strain-sensing 

as well damage development by electrical resistance are performed in a foam core sandwich, 

and omega stiffened composite both reinforced by tufting. 
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5.2 Test methods and Results 

5.2.1 Laminated composite plates (Plate II) 

The present section concerns the results for tufted composite plates submitted to impact loading 

tests. This investigation aided in the study of the feasibility and sensibility to detect damages in 

the threads by changing on electrical resistance, which also may help in the monitoring of the 

composite health. More details about the materials and manufacturing process utilized for the 

specimens are presented in section 2.2.3.  

a) Test methods 

The glass fiber and carbon fiber composites both reinforced with carbon and carbon/PBO 

threads, identified as GC, GZ, CC, and CZ respectively, were investigated by measurements of 

the electrical resistance. Table 5.1 summarizes the identification of the specimens.  

Table 5.1 - Specimens designation. 

specimen Fabric material Tuft material 

CC Carbon fiber Carbon 

CZ Carbon fiber Carbon/PBO 

GC Glass fiber Carbon 

GZ Glass fiber Carbon/PBO 

 

The specimens were on the standard dimensions for the impact tests (100 mm x 150 mm) with 

the tuft rows along the longitudinal direction. The same laminated composite was submitted to 

various impact loading: two times with a 5 J energy and, two of 10 J. The approach meant 

creating progressive damage in the composite and monitor its health by measures of electrical 

resistance after each step. Table 5.2 summarizes the steps designations concerning the impact 

events utilized in this method. 

 Table 5.2 – Testing approach description consisting of various impact loading. 

Step Description 

0 Before impact 

I After 5J  

II After 5J 

III After 10J 

IV After 10J 
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The impact tests were performed by Instron Dynatup 9250HV drop-weight impact machine, 

using a hemispherical indentor of 50.8 mm diameter and weight impactor adjusted to 14.2 kg. 

The measurements of the electrical resistance in the tuft rows (6 tufted lines in the middle of 

the specimens) occurred after each impact test by using 4-wire sensing to perform more accurate 

response. The extern points (pairs of current-carrying) injected a controlled direct current of 1 

mA while the internal points (voltage-sensing electrodes) each one placed 10 mm from the 

external probes measured the electrical resistance.  

Moreover, a specific analysis performed with a GZ specimen meant of evaluating the damaged 

area and heat dissipation after the impact loadings applying the same impact energies of 5 J,5 

J,10 J, and 10 J successively. The measurements of electrical resistance after each impact tests 

were also carried out for this analysis. The infrared camera investigated the heat dissipation 

during the current injection of 400 mA between the 6 tuft rows in the middle of the specimen. 

The damaged area was characterized by C-Scan technique, scanning a zone of 50x60 mm 

(width x length) centralized in the impact point. Figure 5.1 shows the steps utilized for this 

approach. 

 

Figure 5.1 - Experimental procedure employed in the investigation of the electrical resistance response 

after each impact loading. 

A

FLIR
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IR thermography
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b) Results 

Figure 5.2 exhibits the typical progress of the electrical resistance for the tuft rows (1-6), 

measured after every impact test. It presents the rate of resistance variation (the ratio of the 

difference between the instantaneous resistance (R) value and initial resistance (R0) to R0) in 

function of the step (impact event). The resistance measurements of carbon fabric composites 

reinforced by carbon and carbon/PBO threads are presented in Figure 5.2a and b respectively. 

Both specimens exhibit instability in the values of resistance especially because carbon fibers 

threads reinforce the carbon fabrics. It generates leakage current from the injected points (tufts) 

to the fabrics due to their same electrical conductivity, which prevents the analysis of damage 

events by electrical measurements. Otherwise, due to the insulating properties of glass fibers, 

the electrical resistance response is more stable and efficient to the damages created at every 

test in both specimens set, GZ and GC, presented in Figure 5.2c and d respectively. Glass fabrics 

create a insulate media, which aids the injected current flowing primarily through the tufts. The 

impact loadings generate progressive damage on the composite and consequently to the tuft 

threads. It increases resistance to the current flow and therefore, raises the electrical resistance 

response. The resistance values for the glass fabrics specimens amplify significantly on the 

rows located from the middle of the samples, rows 3-4 and rows 2-3 for GZ and GC respectively 

because they are nearer from the impacted zone. It results in significant damages in that region. 

In general, the mentioned rows were able to respond gradually to the multiple impacts with 

continuing increase on electrical resistance. Furthermore, the other rows also responded to 

damages in the same manner, even if their response is weaker in comparison to the tufts 

mentioned above. 
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Figure 5.2 - Electrical resistance measurements through different tuft rows after every impact testing of, 

a) CC, b) CZ, c) GZ and, d) GC specimens. 

Figure 5.3 presents the characterizations performed before and after impact tests by C-Scan and 

infrared thermography (IRT) for the GZ specimen. Photographic images were also taken after 

every step to evaluate by the naked eye the detrimental effects. The first step is not visually 

characterized by IRT and C-Scan but is observable in the photographic image from a fissure 

located under the row 4 that results in a significant increase on electrical resistance as seen in 

Figure 5.2c. IRT characterizes step II as a slight increase of temperature gradient in row 4. The 

heat concentration is a consequence of the damages or even a shrinkage of the threads generated 

during impact. They difficult the current flow and therefore, increase temperature gradient by 

Joule effect in the region. The photographic image presents a visible fissure in the same zone 

(highlighted in the image) what validates this event. The damage appears behind the tuft threads 

that connect one inserted point to the next, which may preclude the ultrasonic C-Scan analysis 

of this occurrence. The rise in the amplitude of C-Scan images is considerable from the step III 

to IV and consists of significant damages created in the plate by impact loadings. Additionally, 

the heat spots (rows 3 and 4) in IRT images also reports these mentioned events. The 

photographs acquired for the steps III and IV validate the characterization performed by both 

techniques, with a considerable increase of the cracks through the tufting direction. 
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This approach enables monitoring the health of tufts. Once that tufted threads are essential to 

the out-of-plane properties of laminated composites, monitoring their health may also be 

essential for analyzing the structural condition of the tufted composites. The electrical method 

as employed in this investigation can also validate the manufacturing process by evaluating the 

electrical resistance of the tufts. A tuft that presents a significant deviation from the mean value 

of resistance may have had issues during the tufting process such as incomplete insertion of the 

tuft, unloosening, or considerable damage on the thread.  

According to the results obtained in this investigation, different thread materials with a superior 

conductivity than carbon fibers must be employed to reinforce carbon fabrics in order to carry 

out health monitoring from the threads. However, both threads (carbon and carbon/PBO) 

utilized to reinforce the glass fabric samples presented stable response, increasing electrical 

resistance while growing the damage extent (related to the number of impact events). The 

following studies in the present work utilized only carbon/PBO threads for the analyses of strain 

sensing and health monitoring of the tufted structures. These strands present mechanical 

advantages against the neat carbon threads. Bigaud [173] reported that carbon yarns wrapped 

with PBO yarns are better to protect the thread health during the tufting process, from the reel 

until the thread deposition into the preform. This behavior leads the carbon/PBO threads to have 

better mechanical properties when compared to the neat carbon yarns, which may impact the 

composite properties. 
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Figure 5.3 - IRT, C-Scan and photographic images performed after every impact test for the GZ 

specimen. 

 

5.2.2 Tufted sandwich panels 

This section investigates the piezoresistive effect of the foam core sandwich panels reinforced 

by tufting. Section 2.2.4 in this thesis describes the materials and manufacturing process utilized 
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to obtain the specimens. The mechanical tests performed in this section utilized three specimens 

for the evaluation under each loading condition. 

a) Test methods 

Flatwise compression test 

Compression tests were carried out for investigation of electrical resistance response of the 

tufted sandwich composites under progressive static loading. Firstly, three specimens were 

submitted to multi-step compression tests, incrementing each step by 500 N and maintaining 

constant 2 minutes until the next increment. This procedure allows understanding the electrical 

response while loading the specimens as well as the stability of the measurements while 

maintaining the load. Furthermore, compressive cyclic tests subjected three samples to an 

incremental loading of 500 N and subsequent unloading at every step. The load was maintained 

for 1 minute in both loading/unloading phases to comprehend the electrical behavior of the 

specimens better. 

The specimens of 50x50 mm (width and length) were according to the specifications provided 

in ASTM C365-0 [262]. The tests were carried out with a crosshead speed of 1 mm/min and 

elongation measured by LVDT. The two-wire method was employed to measure the electrical 

resistance throughout tests from a single tufted range row (Figure 5.4a). The flatwise 

compression test apparatus utilized is exhibited in Figure 5.4b. 

 

Figure 5.4 - a) Scheme of the two-wire electrical measurement from the tufted yarn, b) Flatwise 

compressive test apparatus. 

 

Tufted 
reinforcement
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Impact test  

The specimens subjected to impact loading meant to create progressive damage. Therefore, four 

specimens were submitted to 5J and subsequently 10J impact energy by Instron Dynatup 

9250HV drop-weight impact machine. It was applied a hemispherical indentor with a diameter 

of 50.8 mm and weight impactor adjusted to 14.2 kg. Additionally, the specimens of 100x150 

mm were prepared according to ASTM D7136-15 standard [195].  

Figure 5.5a schematizes the test set up from the longitudinal cross-sectional view. The out-of-

plane displacement was acquired from the bottom side of the sample (opposite to the impacted 

surface) using a laser sensor placed in the middle of the sandwich plate. Moreover, two-wire 

approach monitored the electrical resistance from a single range localized in the center of the 

plate width during the impact loading and had its connection between the electrical probes and 

tufted yarn made by soldering electrical wires in the tuft extremities (60 mm distant from each 

connection point in the longitudinal axis). Figure 5.5b shows the sandwich composite restrained 

in the machine support ready for the impact testing. 

Ultrasonic C-Scan evaluated the damage evolution at each stage of the sandwich plates (before 

impact tests and after every impact loading). The procedure utilized the images built with eco 

rebound from the back surface to characterize the damaged zone. The size of the scanned area 

was 50x60 mm (width x length) and had been positioned symmetrically from the impacted 

point.  

 

Figure 5.5 - a) Schematic illustration of the electrical and out-of-plane displacement measurements during 

impact tests, b) Impact test apparatus. 
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The infrared camera (IR) was applied based on the Joule heating effect when electrical current 

is imposed through the tufts to investigate the damage evolution in the sandwich specimens 

after submitted to impact tests. Electrical current (400 mA) was injected by an electrometer in 

the four central tuft ranges and had the heating response measured during 25 seconds by FLIR 

camera at 340 mm from the surface of the sandwich plate as shown in Figure 5.6. In order to 

compare the thermal response of the specimens at every event (before impact, after 5 and 10J 

impact energies), the images analyzed were taken at 25s after the injection of electrical current 

for stabilizing the system. 

 

Figure 5.6- Infrared thermography when imposing an electrical current in the tufted yarns. 

 

b) Results 

Flatwise compression test 

Figure 5.7 presents a typical response of the electrical resistance measured from a central tuft 

row under the multi-step compression test. It shows the stress-time evolution and the rate of 

resistance variation. Electrical resistance presents a slight decrease during initial steps (I-III) 

due to the reduction in the tuft length from the early state (L') to the subsequent step (L'') as 

shown in Figure 5.8. The equation (7) explains this behavior that considers the length directly 

proportional to the electrical resistance (R).  

                                                                                                                                      𝑅 = 𝜌
L

𝐴
 (7) 

Where L is the length of the conductor (m), A is the cross-sectional area of the conductor (m²), 

and ρ is the electrical resistivity of the material (Ω.m). As expected, R maintains stable during 

FLIR

Electrical probes

A

https://en.wikipedia.org/wiki/Electrical_resistivity
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load plateau once there is no load variation. From the step IV, the decrease of electrical 

resistance during the loading ramp disappeared. Instead, R starts to raise through load ramp 

owing to the damages especially generated in the tuft. This behavior counteracts the phenomena 

already explained which reduces the electrical resistance by shrinking the tufts longitudinally. 

A remarkable increase of the R is achieved mainly by the fibers rupture in the tufting thread 

until its complete failure, characterized as the sharp rise in the final step. These damages 

obstruct the current flow and therefore raise the electrical resistance. The others tuft rows 

measured at every loading plateau also evidenced the rising of electrical resistance as shown in 

Figure 5.9. The values of resistance become more significant in step V, as already reported to 

the continuous measurement of the tuft row 3, and they are related to the significant damages 

when the load is amplified. 
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Figure 5.7 - Typical electrical resistance response to multi-step compressive test (the top of the curve 

highlights the slight drop of resistance). 

 

Figure 5.8 - Schematization of the thread length response to the compressive loading. 
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Figure 5.9 - Electrical resistance response measured in the tuft rows during the loading plateaus (steps) on 

the multi-step compressive test. 

Figure 5.10 shows the typical response during cyclic compressive loading. Significant damage 

can be distinguished from the curve at about 0.83 MPa where occurs a slight drop in stress. 

Moreover, a great residual strain after the unloading in the last cycle is capable of characterizing 

the mentioned stress as crucial to the structural health.  

Figure 5.11 exhibits the typical behavior of the electrical resistance acquired during the cyclic 

loading tests. From the cycle III, R exhibits a significant response followed by the increase and 

decrease during the loading and unloading ramp respectively. The electrical measurements were 

also capable of obtaining the response of the yield stress occurred on each begin of the plateau. 

Furthermore, R starts increasing at the unload level from cycle III and evolutes until the last 

cycle (V) due to the growth in the loading which consequently leads to significant damages. 

The considerably increasing of electrical resistance seen in cycle V, from the loading ramp to 

the plateau at the end of the test, is likely due to the significant damages at about 0.83MPa, as 

already discussed for Figure 5.10. 
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Figure 5.10 - The typical behavior of a tufted sandwich sample under cyclic compressive loading. 
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Figure 5.11 - Typical electrical resistance behavior under cyclic compressive test. 

 

Impact tests 

Figure 5.12 and Figure 5.13 present typical behavior for the specimens subjected to impact 

energies of 5J and 10J respectively. In both experiments, the electrical measurement was able 

to respond to impact loadings. Figure 5.14 schematizes possible events which occurred during 

the impact tests that induced the variation of the electrical resistance. In the beginning, a 

localized compression on the surface reduces the transversal section of tuft (highlighted in 

Figure 5.14 as the transversal view), leading to an increase of electrical resistance by 

piezoresistive effect, as seen in equation (7). This behavior is amplified owed to longitudinal 

compressive stress imposed on the top surface, that also compress the tufts and detain the 
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current flow. Moreover, damages generated in the specimens under impact tests, especially 

when emerged in the tufted threads, may increase the R. A significant electrical resistance is 

subsequently noticed when unloading the structure due to the association of damages and 

residual strain created during impact testing.  
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Figure 5.12 - Typical response of the electrical resistance during the impact test of 5J energy. 
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Figure 5.13 - Typical response of the electrical resistance during the impact test of 10J energy. 
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Figure 5.14 - Schematization of the impact loading behavior in the tufted threads. 

Evaluation of the damage evolution by the infrared camera and ultrasonic C-scan technique is 

exhibited in Figure 5.15 as the typical response of the samples tested. Figure 5.15a presents the 

initial measurement performed before the impact test. It is noteworthy that by imposing the 

current flow, the temperature gradient is detected in the tufts due to the Joule effect. As 

expected, the ultrasonic image does not present visible damages or apparent defaults and shows 

a superior amplitude localized in the tufted region. Then, the specimen impacted at 5 J (Figure 

5.15b) exhibits slight deterioration in the area displayed on the C-scan image, which is validated 

by the IR image due to temperature concentration (spots) as well as fading of the third tuft row 

located in the damaged region. A significant increase in electrical resistance, owed to the severe 

damage in the tuft, limits the Joule effect that is responsible for heating the conductor and 

consequently its measurement by IRT technique, which causes the suppression of the tufted 

line.  

The same specimens were impacted at 10J and presented its post-impact analysis in Figure 

5.15c. The temperature gradient is again amplified together with the spotting amount due to 

damage development and corroborates with the C-Scan image, presented as an accumulation of 

superior amplitude in the impacted region. Additionally, Figure 5.16 shows the measurements 

of electrical resistance acquired for each tuft rows (1-4) presented in Figure 5.15, before and 

post-impact tests. It validates the temperature rise from the IR images thanks to the increase of 

the Joule effect when increasing R after impact. Besides, high electrical resistance in row 3 

compared to the other rows is responsible for the lack of temperature gradient in the same. 
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Figure 5.17 exhibits microscopy analysis of the specimen impacted at 10 J. A complete failure 

of the tuft threads is presented to the third row and confirms the sharp increase of the electrical 

resistance as already mentioned. Moreover, row 2 shows partial failure, which difficulties 

current flow but continues operational by remained undamaged fibers in the tuft and some 

possible contact between the broken surfaces of the fibers. The localized damage in the 

microscopy images corroborates with the large spots seen in the IRT maps (Figure 5.15b and 

Figure 5.15c). 

 

Figure 5.15 - Infrared thermography (left) and ultrasonic C-Scan inspection (right) comparison for a) 

non-impacted, b) impacted at 5J and c) at 10J sample. 
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Figure 5.16 - The typical behavior of the electrical resistance measured before and post-impact tests in the 

tuft rows (numbered according to Fig. 12a). 

 

Figure 5.17 - Microscrograph of a specimen subjected to 10J impact exhibiting damages in tuft rows in 

agreement with IRT. 

 

5.2.3 Omega stiffeners - GFRP composites (Batch II) 

a) Test methods 

The parameters employed in the pull-off and 3-point bending tests are described in section 

2.3.10. Additionally, section 4.2.2 defines the detailed mechanical analysis utilized for 
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investigating the mechanical behavior of omega stiffeners. Table 4.3 shows the designations of 

the samples utilized in the present study. 

Table 5.3 – Specimens description 

specimen Description 

VR Control specimen 

V2T 2 rows in both structure sides with partial tuft insertion 

V3TC 3 rows in both structure sides with partial tuft insertion 

V3TL 3 rows in both structure sides with complete tuft insertion 

 

Pull-off tests 

The two-wire measurement was employed to acquire the electrical resistance from the intern 

tuft row on both sides of the omega structure by using digital electrometers. Figure 5.18 exhibits 

the test apparatus for investigating the omega stringers under pull-off tests and its schematic 

illustration (symmetrical to the longitudinal center of the sample). 

 

Figure 5.18- a) Pull-off test setup showing the electrical probes and AE sensors, b) Schematic of the multi-

instrumentation utilized to characterize the samples under tests. 
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3-Point bending tests 

The tests investigated the response of electrical resistance for the stiffeners from the Batch II. 

It was carried out by 4-wire measurements performed in a single tuft row from each side of the 

stringer. The tuft rows that monitored the electrical resistance in-situ consisted of the most 

interns, near to the stiffener radius. Figure 5.19 exhibits the schematic of the 4-wire method 

employed in the test as well as the selected rows. 

 

Figure 5.19 - Test setup carried out for Batch II specimens with electrical measurements. 

 

b) Results 

Pull-off tests 

Figure 5.20 presents the typical load-time response of omega stiffeners subjected to pull-off 

loading as well as the cumulative energy and the normalized resistance obtained by AE and 

electrical measurements respectively. Cumulative energy also evidences the load drop events 

exhibited in the load-time curve as an increase in its value. It is mainly owed to the damages 

generated in the composite under loading. The electrical resistance on both sides of the structure 

describes the mentioned behavior. The asymmetry noticed for the electrical resistance behavior 

is due to a considerable strain concentration in the beginning for the right side (εyy = 13.9%) 

against 0.51% in the left, as shown in Figure 5.21.  
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Figure 5.20-Typical behavior of the load, electric resistance (S1, S2) and cumulative AE energy vs. time 

during a pull-off test. 

 

Figure 5.21 - Longitudinal strain (εyy) field at the event I. 

The significant strain in the stiffener radius leads to delamination in the region (Figure 5.21). 

This event is highlighted in Figure 5.20 and designated as the event I. It is remarkable that the 

delamination evokes a sharp fall of the electrical resistance, which can be better verified to the 

measurements in the sensor S1, once that the failure occurs on the same side. This behavior is 

probably the combination of two simultaneous phenomena: the unloading post damage, seen as 

a sharp drop of the structure loading that also unloads the tuft threads and therefore leads their 

section area to enlarge, and to the delamination that debonds the resin from the yarns and 

consequently diminishes the electric resistance. Figure 5.22 schematizes these behaviors just 

before (Figure 5.22a) and after (Figure 5.22c) the event I. Figure 5.22a exemplifies the 

reduction in the section area (A1) of the yarns, which also leads to an increase in length (L) 

when submitted to a longitudinal strain. It conducts to fibers straightening and consequently 

increases the electrical resistance (R) as described in equation (7). 

Gage S1

Gage S2

-0.5 13.9εyy [%] - Lagrange-0.57 0.51εyy [%] - Lagrange

y

x

Tufted yarn



Chapter 5 - Investigation of the structural health monitoring by the tufted threads 

Alan Martins 178 UTC 

Besides, the straightening can induce changes in the contact network by reducing the number 

of contacts between fibers as already reported by Schulte [251] and Angelidis et al. [263] and 

consequently, increases the electrical resistance as exemplified in Figure 5.22b. Otherwise, 

Figure 5.22c schematizes the tufted zone when delaminated, with a small region around tuft 

thread debonded from the resin (on dark) as well as an increase of tuft cross section due to the 

unloading of the composite structure. 

 

Figure 5.22 - Schematic illustration of a tuft thread before the event I (during load phase), b) a detailed 

representation of a tuft yarn behavior under loading, c) delamination post event I (unloading phase). 

The delamination propagation is better shown in Figure 5.23, by a photographic image taken 

from the top of the structure (Figure 5.23a) and schematized in Figure 5.23b. The tuft 

reinforcements arrest the crack progression and lead to interlaminar crack branching as 

exemplified in Figure 5.22c by resin debonding. This behavior that maintains the laminate plies 

together, known as crack bridging, increases the fracture toughness significantly.   

 

Figure 5.23 -. a) Image from the top of the omega stringer on the flange region and b) a scheme showing 

the delamination (white zone) and the tufted yarns. 
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Figure 5.24 describes the mentioned behavior from a virtual strain gage (see Figure 5.21) 

acquired by DIC strain-fields positioned on the radius fillet of the structure (gage S2 to the left 

and gage S1 to the right). The results obtained to the virtual gages in the y-direction, εyy strain, 

reveal higher strain concentration on the S1 region. Furthermore, it is evident that the electrical 

resistance measured from the left side, where the strain acquired by the virtual strain gage is 

negligible until the event IV, is capable of determining the damage events that occur on the 

right side (gage S1). It is mainly due to the unloading of the structure during the main damages 

that are not evidenced by the gage S2. 

However, the result obtained from the gage S1 that exhibits a growth of the localized mean 

strain during the delamination (event I) is not in agreement with the piezoresistive effect. The 

reduction in electrical resistance must be related to a decrease in the local strain εyy during 

delamination, due to a decrease of the tuft length. Therefore, a new strain analysis was 

performed on a different region to avoid the crack edges that concentrates the strain 

significantly what could put out of sight the global response.  

0 100 200 300 400 500 600

1E-5

1E-4

1E-3

0,01

0,1

1

10
 elec. res. S2

 elec. res. S1

 eyy gage S1

 eyy gage S2

 Force

N
o

rm
a

liz
e

d
 R

e
si

st
a
n

ce
 (

 R
i-R

m
in
 /
 R

m
a
x-R

m
in
)

Time (s)

0

10

20

30

st
ra

in
 (

%
)

0

2000

4000

6000

F
o
rc

e
 (

N
)

 

Figure 5.24 -The typical behavior of the εyy strain obtained by virtual strain gages from DIC method and 

their electric resistance measurements vs. time under pull-off test. 

Figure 5.25 shows the virtual extensometer utilized to acquire the longitudinal strain (εyy), 

positioned according to the first tufting range location. The result indicates a strain drop when 

a crack initiates due to the structure unloading. Despite the lower strain values when compared 

to the virtual gage on the radius S1, the result is enough to change the electrical response. It is 

probably due to the significant length of tuft comparing to the crack region, which has a 

significant influence on the electrical resistance as described in equation (7).   
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Figure 5.25 - Virtual extensometer by DIC method employed on the tufted yarn range. 

Electrical responses between event I and II confirmed the behavior already explained in Figure 

5.22 regarding the loading and electrical resistance. The delamination on the right side causes 

the unloading of the structure and consequently leads to a decrease of electrical resistance, while 

the left side (sensor 2) is slightly loaded and exhibits increase on its electrical resistance 

response. A progressive amplification of the strain on the side of sensor 1, subsequently to event 

II, leads to an increase of R until the tuft rupture, at this moment described as a significant 

augmentation of the electrical resistance (event III).  

The events between III and IV characterized by the sensor S2 are mainly owing to the damages 

occurred on the right side (sensor 1) as previously described from the virtual gages results 

obtained by DIC. The delaminations shown in Figure 5.26 correspond to the images taken just 

before the sharp rise of electrical resistance concerning the event IV. The delamination 

generated on the side of the sensor 2 characterizes the event IV (Figure 5.27). It is remarkable 

a sharp increase in resistance and strain from the virtual gage S2. The strain raise after the 

delamination initiation acts differently from the expected, as already reported for the results 

from the gage S1. Therefore, a virtual extensometer was placed under the crack, similarly to 

that performed on the right side, to avoid the high strain of the crack edge. It was also 

distinguished a strain (εyy) increase which can be due to quickly sequence of the events, from 

delamination (event IV) to the tuft rupture (event V), and consequently did not let enough time 

to unload the structure. 
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Figure 5.26 - Longitudinal strain (εyy) field by DIC method obtained just before the event IV. 

 

Figure 5.27-Longitudinal strain (εyy) field by DIC method at the event IV. 

The clustering analysis presented corresponds to the investigation exhibited in section 4.2.2 for 

the batch II of specimens subjected to pull-off tests. The approach consisted of evaluating the 

number of clusters by the DB index method. Then, the number of AE descriptors found by PCA 

analysis and, the descriptors selected by single-linkage clustering. The analysis employed the 

amplitude, average frequency, RMS16 and absolute energy as AE descriptors. The non-

supervised clustering used the k-means method, applying the Euclidian distance and random 

initial partitioning.  

The analysis by DB index reported an increase in the number of classes of AE signals from two 

for the control specimens, to three for the tufted samples. This is mainly due to damages related 

to tuft threads. These results validate the findings obtained by the DIC and electric resistance 

analysis during the pull-off tests regarding the major damages in the tufts. The three clusters of 

acoustic signals corresponded to the matrix cracking, delamination and tuft yarns rupture 

(Cluster 1, 2 and 3 respectively). Figure 5.28 exhibits the typical radar graph of the AE clustered 

signals in function of their features for the specimen configuration V3TC. The typical curve 

energy-counts, shown in Figure 5.29, discriminate the clustered signals during pull-off tests and 

validate the significant distinction between the three classes of acoustic signals in function of 

the two features. 

-1.08 1.56εyy [%] - Lagrange -2 72εyy [%] - Lagrange

24.4-1.4 εyy [%] - Lagrange -2.5 εyy [%] - Lagrange 66



Chapter 5 - Investigation of the structural health monitoring by the tufted threads 

Alan Martins 182 UTC 

0

1000

2000

3000

4000

0

100

200

300

0

2000

4000

6000

8000

10000

0
10000

20000
30000

40000

0 50000 10000015000060

80

100

120

45

50

55

60

65

70

75

80

60

80

100

2

4

6

45

50

55

60

65

70

100

150

200

250

300

0.00E+000

1.00E+008

2.00E+008

3.00E+008

1.40E+008
2.80E+008

4.20E+008
5.60E+008

45

50

55

60

65

70

75

80

(PFRQ)

(FCOG)

(ABEN)

(SSTR)

(IFRQ)

(RFRQ)

(RMS16) (AFRQ)

(ASL)

(AMPL)

(DURA)

(ENER)

(CNTS)

(PCNT)
(RISE)

 3

 2

 1

 

Figure 5.28 - Radar graph of the typical behavior of the three clusters in function of their AE signal 

features. 
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Figure 5.29 – Typical energy-counts distribution of the clustered AE signals for V3TC specimens. 

Cluster 1 is seen to have the lowest values among the total of descriptors selected. This cluster 

is uniquely related to the matrix cracking, which is recognized mainly for its low energy and 

amplitude on the acoustic signals. Besides, the short duration and a small number of peak counts 

of the signals confirm Cluster 1 as damages in the matrix. Figure 5.30a shows a typical 

waveform obtained for this cluster. Cluster 2 differs from Cluster 1 especially to the superior 

response of the amplitude and peak counts that concerns to interlaminar damages, such as 

delamination and fiber bridging of the glass fabric reinforcements. Figure 5.30b exhibits a 

typical waveform for the cluster 2. Afterward, Cluster 3 exhibits high values to the four 

descriptors employed. From these results, this cluster is supposed to be related to tufted yarn 

rupture. Figure 5.30c shows a typical waveform from this class characterized by the high 

amplitude, energy, and duration.  
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Figure 5.30 - Typical waveform for the three different clusters obtained in the non-supervised clustering. 

Figure 5.31 presents the typical response of the cumulative energy by clusters during the pull-

off test. The Cluster 3 initiates from the yarn rupture characterized by electrical resistance 

measurements. Additionally, the second rise in its cumulative energy may be associated with 

the failure in the following row of tuft reinforcement which was not electrically measured. The 

tuft rupture in the other side of the structure is also identified by the acoustic signals, as a 

cumulative increase in this event. Subsequently, this response rises again probably due to a tuft 

failure at the same side of the last damaged range. 
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Figure 5.31 – The typical behavior of the cumulative AE energy by clusters, electric resistance (S1 and S2) 

and load vs. time. 

 

3-Point bending test  

Figure 5.32 exhibits the electrical resistance measurements acquired during the 3-point bending 

test as well as the cumulative energy curves represented by the three clusters of classified AE 

signals. The number of AE descriptors based on the principal component analysis (PCA) by 

obtaining a sum of the first four eigenvalues greater than 70%. A single-linkage clustering was 
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employed to achieve the descriptors with distance correlation greater than 70%. The analysis 

employed the amplitude, absolute energy, RMS and average frequency as AE descriptors. Thus, 

clustering was carried out using the non-supervised k-means method, applying Euclidian 

distance and random initial partitioning. The selection of the number of clusters based on DB 

index analysis. They consisted of two class of AE signals regarding the minor damages (Cluster 

1), that concerns of acoustic events generated since the beginning of the test, and major damages 

(Cluster 2) capable of diminishing the structure load-bearing considerably.  

The tuft rows (II and III) measured during the test are from both sides of the stiffener, near to 

the radius zone. Figure 5.33 presents the values of electrical resistance monitored at each load 

plateau after the increment of 5000 N. The main events exhibited in Figure 5.32 and Figure 

5.33 are seen to be related to significant damages in the specimen. The event I described by a 

slight difference of electrical resistance in row III (Figure 5.32) is better seen in Figure 5.33 

from a considerable increase of resistance in row IV. The loss of linearity in the force-time 

curve and the arising of AE cumulative energy of cluster 2, corroborate to the electrical response 

found to this event. Tuft row II is not in agreement with the results presented for the others tufts 

and may be related to an unbalanced loading of the structure. A gradual decrease of resistance 

is seen in the event I, caused by possible unloading of the structure in the same side or even 

delamination, which may reduce the electrical resistance as already reported in the studies 

above. Additionally, the opposite side composed of row III and IV counteracted the 

delamination that is described to reduce the electrical resistance during pull-off tests. Figure 

5.34 illustrates the behavior regarding the growth of electrical resistance from a longitudinal 

view of the specimen (along with the stiffener).  

The loading mechanisms involved in the tests are complex but is thought that a mixed condition 

between the flexure and out-of-plane shear loading are the most important to affect the electrical 

response. Flexural loading generates compressive stress from the neutral line to the maximum 

value on the top of the specimen surface, which is responsible for shrinking the tuft threads. 

Shear stress also reduces the threads cross-section, hindering the current flow and therefore, 

increasing the electrical resistance. Tensile stress generated in the opposite surface may enlarge 

the loop length and as a consequence, reduce thread cross-section that contributes to the rise of 

electrical resistance. It is also amplified with damage extent at increasing of the load. The 

response is mainly attributed to damages in tuft threads but can indicate significant damages in 

the composites. Event II, presented as a significant increase in the electrical resistance of the 
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tuft row III and IV, appears about 42000N and can indicate a threshold to the structure. The 

cumulative energy curve presents a slight increase in this event for the Class 2, despite Class 1 

continues rising. The electrical resistance in row III increases until major failure of the structure, 

while the tuft row II in opposite side, decreases due to a possible unbalance of the loading as 

already mentioned. 
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Figure 5.32 – Load, electrical resistance in both sides of stiffeners, and cumulative AE energy by clusters 

vs. time during 3-point bending test of the V2T specimen. 
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Figure 5.33 – Electrical resistance versus force measured from the tuft row IV of the V2T specimen 

subjected to 3-point bending. 
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Figure 5.34 – Schematic illustration of the stress distribution in a single tuft under a 3-point bending test 

(longitudinal direction). 

Figure 5.35 and Figure 5.36 exhibit the investigation of electrical resistance for the V3TC 

specimen. The measurements were carried out in the same manner as for the V2T sample. The 

rows I, II and III consist of the tufts on the same side of the stiffener, from outside to inside 

direction of the structure, while rows V to VI are in the opposite region and are positioned from 

radius zone in the direction to the outside. The clustering of AE signals maintained the same 

approach utilized for the V2T specimen. The event I is characterized as the first considerable 

increase of the R for the tuft row III, from one load increment to the next (Figure 5.35). This 

occurrence is correlated with the beginning of the cumulative energy - Cluster 2. Figure 5.36 

also shows the same behavior for the rows I, II and V, represented as a significant change in 

the curve slope of the electrical resistance. Additionally, the onset of non-linearity exhibited in 

the force-time curve also indicates the event I.  

The second event can be observed from the measurements in row III as a substantial increase 

in R compared to the previous response, while row V presents this event as a drop in electrical 

resistance. The event III is characterized as the considerable rise of cumulative energy of the 

Cluster 2 as well as of electrical resistance in row IV, which may indicate a significant damage 

event in the specimen. The measurements performed during the load plateau presented in Figure 

5.36, especially for the tufts in the same side of row IV, did not evidence this behavior, which 

suggests a located damage in the analyzed tuft row. Row IV responds for the second time, at 

the subsequent load increment, with a sharp increase of electrical resistance (event IV). The 

same behavior was found in the others rows, mainly associated with tuft rows V and VI that are 

on the same side of the structure.  

In summary to the mentioned occurrences, the electrical resistance loses its stable behavior 

from the first event until the structure failure, as a response to the damages generated in the 
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tufts and probably in the composite structure. The start point agrees with the beginning of AE-

cluster 2, and the main events from that are also marked by the increase of cumulative energy, 

even if slight. It has been demonstrated, for the two sets of specimens V2T and V3TC, that the 

electrical measurement approach is strain-sensing and capable of monitoring significant 

damages. 
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Figure 5.35 - Load, electrical resistance in both sides of stiffeners, and clustered cumulative AE energy vs. 

time during 3-point bending test of V3TC specimen. 
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Figure 5.36 - Electrical resistance versus force of the tuft rows from V3TC specimen, acquired at every 

load increment during the 3-point bending test. 

Figure 5.37 presents an opposite behavior for the V3TL in comparison to the V2T and V3TC 

specimens. Electrical resistance in both sides is seen to decrease while loading is amplified. It 

is mainly due to tuft loops that are intentionally left in the structure surface, owed to a complete 

tufting insertion. The contact between the loops, as exemplified in Figure 5.38, facilitate the 

current flow through the tufts and consequently, diminishes the electrical resistance. The 
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reduction in resistance occurs gradually and may be owed to the deformation in the loops region 

that can break the resin layer between two adjacent loops and then, improve their contact. It 

seems that this effect counteracts the already discussed physical phenomenon that leads to the 

growth of electrical resistance. Therefore, tufting reinforcement must be planned to avoid the 

contact of loops and the disturbance of electrical measurements respectively. 
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Figure 5.37 – Load and electrical resistance on both sides of stiffeners vs. time acquired from V3TL 

specimen during 3-point bending test. 

 

 

Figure 5.38 – The photographic image of the bottom surface of V3TL specimen, emphasizing the contact 

point between tuft loops. 

 

5.3 Conclusions 

The carbon tuft threads utilized for reinforcing the GFRP laminate plates were valuable to 

monitor progressive damage by multiple impact tests in laminate plates and foam core sandwich 

contact
points
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plates. The electrical resistance of the tufts reports an increase when the laminate composite is 

subjected to impact loading. This behavior is progressive with the number of impact tests, which 

consequently increase the damage extent in composites. Although the monitoring is made 

through the tuft threads, their structural role in the laminated composites leads to considerable 

information about the state of health of the structure. Future work may explore the electrical 

resistance response as a method to qualify the severity of the damages by investigating the 

relation of residual strength with electrical resistance. It should be employed as a threshold to 

validate the structure in service.  

The strain-sensing and damage monitoring capability of this approach were investigated during 

static tests using flatwise compression in sandwich plates and, pull-off and 3-point bending in 

omega stiffeners. Flatwise compression tests exhibited a good correlation between electrical 

resistance and loading. Moreover, major damages in the composites led to a significant increase 

in electrical resistance. It is caused by damages generated in the tuft threads, which difficult 

current flow and consequently amplify the resistance. This measurement method present 

stability when maintaining the load at the different steps. Furthermore, the measurements of 

electrical resistance during pull-off and 3-point bending tests of the omega stiffeners responded 

to increasing strain as well as to significant damages. The tufts were able to react to physical 

phenomena, such as delamination, with electrical resistance variation while loading the 

specimens.  

Electrical resistance response was also in good agreement with the measurements of out-of-

plane displacements and impact energy in the structures during impact tests. The increase of 

the electrical resistance throughout the loading period consists of a combination of events 

(piezoresistive effect, surface strictness and damage development in the tufted thread). 

Additionally, the increasing of electrical resistance after the unload period is owed to damages 

and residual strain created during the tests. 

The evaluation of damage development after impact tests by infrared thermography while 

inducing current flow through tuft threads seems promising to detect a damaged region and can 

be used as a complementary method to ultrasonic C-Scan. The localized temperature rise 

detected by IRT allows the detection of damages in the tuft threads and possibly to the 

composite structure. The elevated temperature spots concern the resistance at the current flow 

generated in the damaged regions of the tufts. This effect, known as the Joule effect, increase 

the heat dissipated in the damaged region and allows the characterization. C-Scan imaging 
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validates the thermography analysis, displaying significant damages (as an increase of 

amplitude) in the same region of the heat concentration. However, thermography method 

presents a limit to acquire temperature gradient in well-damaged threads, owed to a 

considerable increase of electrical resistance. Despite this, adjacent tuft rows which continue 

under resistance threshold are capable of indicating the damaged zone. 

This approach has presented its ability to monitor structural health using in-situ electrical 

resistance measurements for both quasi-static and dynamic tests. It avoids the insertion of 

sensors that can reduce the mechanical properties considerably. Additionally, improvements in 

out-of-plane mechanical properties by tufted reinforcements can be considered to use this 

technique as structural health monitoring. However, the results obtained are qualitative, and 

consequently, it would be interesting to correlate the variation of resistance to a quantitative 

magnitude such as deformation. It would help to quantify the damage extent and thus, enhance 

the health monitoring of structures. 
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GENERAL CONCLUSIONS AND PERSPECTIVES 

This study consisted of the investigation of tufted laminate composites subject to different 

loading conditions. Analyses of the in-plane and out-of-plane mechanical properties of the 

composites allowed the understanding of the tufting reinforcements to fracture toughness, 

damage tolerance, and strength. This investigation was supported by the manufacturing of 

various types of structures such as composite plates, foam cored sandwich plates and, omega 

stiffeners. Additionally, the multi-instrumented characterization during mechanical tests 

especially by DIC, AE, and in-situ microscopy assisted in the evaluation of the tufting effect in 

the laminates and helps to optimize the next generations of structures.  

The main conclusions of this study are as follows: 

• The insertion of tufts decreased the in-plane strength of the laminated composites. The 

reduction achieved values up to 40% and 10% for the specimens subjected to 

compression and open hole tensile tests respectively. 

• The compressive strength is related to the tufting angle and was less significant for the 

inclined reinforcements than to the transversal tufting. 

• Tuft threads induced strain concentration around them when subjected to open hole 

tensile tests. This behavior, that is similar than for a small hole, generates a preferential 

path to the significant cracks that will drive the structure to fail. 

• Tufting reinforcements are not crucial to postpone the crack propagation created by the 

stress concentration in the open hole specimens during fatigue and tensile tests. 

• Short beam shear tests allowed the study of tufting effect in the shear strength and 

modulus. These properties are dependent on the principal directions of the tuft rows 

(following the weft and warp direction of the fabrics). Interlaminar shear strength 

presented a negligible difference in the longitudinal direction but, a slight reduction of 

9% in the perpendicular direction of the tufts. However, interlaminar shear moduli 

increased up to 330% and 134% in the longitudinal and perpendicular directions of 

tufting respectively when compared to the control specimens. 

• The angle of tufting reinforcement was noteworthy to the interlaminar shear properties 

of the specimens subjected to short beam shear tests. The interlaminar shear modulus 

presented more significant results in the samples tufted transversally. 
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• Tuft threads were responsible for the stress concentration zone under short beam shear 

tests that led to the initiation of cracks from them and consequence interlaminar 

propagation until being arrested in the next tuft row. This behavior may be responsible 

to the lower ultimate strength. 

• The tuft reinforcements reduced the delamination development significantly under 

drop-weight impact loading. This response was inversely proportional to the tufting 

density and achieved reductions of 4 times in the damaged area for the transversal tufts 

in comparison to untufted specimens. 

• CAI strength reports considerable improvement for the tufted specimens. This response 

was proportional to the tufting density and achieved values up to 27 % for the transversal 

tufting. 

• Fracture toughness of the tufted omega stiffeners submitted to pull-off tests increased 

up to 4.5 times in comparison to untufted specimens. 

• The maximum force of the tufted stiffener panels depends on the stiffeners radius as 

well as the tufting location. The development of the mentioned factors allowed to 

achieve a set of tufted samples with maximum force and fracture toughness 11 % and 

3.4-fold superior to the control structures. 

• Tufted omega stiffeners presented a significant increase of the fracture toughness up to 

5 times when subjected to 3-point bending tests. It is noticeable a lower damaged area 

in comparison to the control specimens due to the arresting of delamination by the tuft 

threads. 

• The various types of GFRP specimens (plates, sandwich plates, and omega stiffeners) 

exhibited strain sensing and the capability of monitoring damages during quasi-static 

and dynamic loading tests. This behavior occurred owing to the piezoresistive effect of 

the carbon fibers employed as tuft threads. 

• Infrared thermography is capable of characterizing damages due to difficulties in 

flowing the current through the tufts, which consequently increase the heat by Joule 

Effect. This novel approach seems promising to detect damages in the tufts and thus, 

potential damages in the composite laminate. Additionally, it may be utilized as a 

supplementary technique to C-Scan. 

• The electrical resistance monitoring of the tuft threads allows acquiring information 

about their health under loading. This method fulfills a gap let for the other techniques 

employed for characterizing the composites such as DIC (on the surface procedure) and 
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AE (volumetric technique) that cannot obtain precise information about the tufts. 

Moreover, it could contribute to the numerical modeling of tufted composites. 

All of these findings show the complexity of reinforcing composites in the through-thickness 

direction. Several parameters affect the mechanical properties of the structures significantly, 

such as the shape of the structure, the location of the reinforcements, the tufting density and 

angle of insertion. These parameters are very sensitive and can alter the mechanical 

performance of the composites significantly. For example, poor positioning of the tufts of a few 

millimeters can degrade the mechanical properties and the service life of the structure. 

However, an optimum positioning allows a noticeable improvement of these same properties 

with a considerable enhancement of the damage tolerance. 

This thesis focused on what was above described, as well as to help identify some of the 

damaging behavior of these materials. There is still much to be done in order to the 3D 

composites reach the same level of understanding about their mechanical behavior than the 2D 

laminated composites. 

If there was a hierarchy of perspectives to be done, modeling of composite structures reinforced 

by tufting should be placed at the top of the list. Indeed, the numerical modeling seems essential 

to positioning the through-thickness reinforcements appropriately. The parameters concerning 

the insertion in the material, such as position, the density of reinforcement and angle, are 

indispensable to the excellent performance of the composites strictly and highly depends on the 

loading condition and shape of the structure. However, as we are aware, the task is far to be 

easily accomplished, due to the complexity of the phenomena involved. This work presents a 

first attempt to perform a numerical model. It was decided to be conservative and avoid some 

imbalance by integrating this part into the main body of the thesis. 

This finite element modeling has employed cohesive elements for the simulation of 

delamination and beam elements to simulate the tufts. The approach is distant to be accurate 

and the results obtained, although encouraging, do not seem sufficiently mature to be presented. 

Appendix A presents a summary of this study. Nevertheless, what emerges is that the physical 

modeling of the tufts must be made because the inaccuracy of the homogenization approach 

employed as in this investigation. Indeed, the tufts play a very important role in the mechanical 

behavior of the structure to not be well represented. The evaluation of strain and stress state on 

the tufts is essential. The mesostructured local (local defects, rich resin zone around the tufts, 
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tuft misalignment) must be considered since, as already seen, is responsible for the damage 

initiation. This type of work should be conducted in parallel with experimental investigations. 

The dialogue between mechanical tests and numerical simulation is necessary for the 

development of robust modeling approaches. 

Another aspect that seems interesting to continue the development involves monitoring the 

health status of the tufts by the piezoresistive effect. It will be necessary for the future that this 

approach associate fully with other techniques of inspection for the analysis of the damage 

behavior of this type of structures.  

However, it is essential to find a manner to apply this technique to structures with carbon 

reinforcements. Based on this concern, the primary goal of this further analysis regards the 

improvement of the electrical conductivity of the tufts about the carbon fabric plies. This may 

create a preferential path in the tuft threads and consequently, allow the strain sensing analysis 

and damage monitoring of the carbon fiber reinforced polymers reinforced by tufting. 

The structural health monitoring by piezoresistive effect should also be modeled to predict the 

electrical response under loading and therefore, be able to properly assess the damage state of 

the structure or at least of the joints. This makes the problem multi-physics but certainly very 

interesting to address. 
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APPENDIX A - FINITE ELEMENT MODELING 

Introduction 

The present work proposes a numerical simulation by the finite element method (FEM) to 

minimize the counter effects caused by the tufting insertion and improve the mechanical 

behavior of the composites structures. The proposed technique considers optimizing the 

structure response from the tufting parameters and thread properties using a trial-and-error 

approach.  

There is a lack of studies in the literature concerning numerical models applied to through-

thickness reinforcements, especially to the tufting method. The toughening mechanisms have 

been reported for the Z-pins reinforcements in micro-mechanical models [264]–[266] and 

subsequently applied to mesoscale models [267]–[270] to simulate the bridging effects of the 

reinforcements. The mesoscale models employed discrete non-linear springs, cohesive 

elements or combining the two approaches to reproduce the bridging behavior. However, the 

force-separation behavior of composites reinforced by tufting differs entirely from the z-pinned 

composites because tufts can cause failure by breaking in the delamination plane or pulling 

partially out [193] while for the z-pins the damages are in the majority due to pull-out in the 

two pure failure modes I and II [271], [272]. 

Osmiani et al. [273] developed an FE model based on experimental data obtained by mode I 

loading tests, which predicts the delamination propagation and the crack bridging behavior of 

the tufts. They used a cohesive zone model (CZM) to simulate delamination. The beam shaped 

for 8-node reduced integration of solid elements and bonded in the middle plane of the thickness 

by cohesive elements, to simulate the threads rupture, modeled the tufts. Also, the model has 

been considered the fracture along the interface tuft/composite observed in the experimental 

data that is probably due to the pull out of the tuft threads. Pappas et al. [274] also reported a 

numerical model from the experimental investigation of the mode I loading to tufted 

composites. They implemented a CZM to create delamination in the interface and 1D connector 

elements for discrete tufts to produce the bridging response. Unidirectional connectors have the 

properties based on the separation force obtained by uniaxial pulling tests of the threads. The 

authors varied the tufting pattern and geometry (with loop and loop-less tufts) to evaluate the 

experimental response and utilize them in the model. 
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The present work studies the mechanical response of the composite omega stiffeners reinforced 

through-thickness by tufts under pull-off loading. This approach is different from the mentioned 

researches which based on single tuft pull-out and DCB tests to their models [273], [274]. The 

model uses the experimental results acquired during pull-off tests of the omega stiffeners to 

adjust their parameters, such as the cohesive elements and especially the mechanical properties 

of the tuft threads. The primary goals consist of validating the numerical model with the 

experimental data and investigate different models by changing the tufting parameters (e.g., 

angle, position, and density) to achieve the optimal parameters. This method can avoid time 

and material cost for the manufacturing of several samples with different tufting parameters to 

analyze their results and select the most performing.  

The results obtained in this thesis for the specimens from the batch I of omega stiffeners were 

utilized to perform the FE model by the commercial software Abaqus 2016. The experimental 

results showed multiple layers delamination, mainly concentrated in the stiffener radius as 

already reported in Chapter 4. Therefore, the layers of cohesive elements were introduced 

between each composite ply to simulate the interlaminar cracks. The crack development was 

bridged by transversal circular beam elements embedded in the composites, from the top surface 

of the flange stiffener to the bottom of the skin, according to the tufting pattern. This method 

used for modeling the tufts allowed changing the tufting parameters with ease when compared 

to the others works [273], [274] and applying multiple cohesive layers without the need to 

modify each surface contact to create the tuft bridging. 

Finite element modeling 

The finite element modeling utilized the commercial software Abaqus 2016 to perform the 

analyses. The model size was reduced in comparison to the experimental dimensions of the 

specimens based on a symmetrical part concerning the y and x-axis to decrease the simulation 

time. Skin and stiffener parts employed linear hexahedral elements C3D8 for the model. The 

stiffener part consisted of 8 pieces that concern the number of carbon fabric plies used in the 

manufacturing of the structure. The cohesive layers modeled with COH3D8 cohesive elements 

were placed between each layer of the stiffener as well as in the contact stiffener/skin. Table A. 

1 lists the elastic properties used for the composites. 

The delamination growth between the layers was simulated using a cohesive zone model. 

Traction-separation law described the exponential softening law was employed to characterize 
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the delamination. The initial interface stiffness (K) must be adjusted to avoid the reduction in 

the global stiffness of the structure, as explained by previous authors [275]–[277]. Turon et al. 

[277] proposed an equation (8) to determine the mentioned parameter. This method is applied 

as a lower bound approach necessary to have an initial K that does not affect the global 

composite stiffness. 

 K = α
E3

t
 (8) 

 

Where α is a parameter larger than 1 and shows excellent results when superior to 100, resulting 

on a stiffness loss less than 2% in the structure, E3 is the out-of-plane Young's Modulus of the 

laminated composite and t, the thickness of the cohesive layer. This equation aids obtaining the 

lower value necessary, but additional adjustments to the experimental data are essential to 

achieving optimized value.  

The nominal stress response to the damage initiation purely normal to the interface (σI) and in 

the first (σII) and second shear direction (σIII) were also adjusted to accomplish the accurate 

relation with the experimental results and, especially to reach the model convergence. As 

reported by Turon et al. [277] and validate by Peng [278], the equation (9) allows obtaining the 

optimal ratio σI/σII. The authors described that the results do not change with the absolute 

variation of the nominal stress, in the two directions, if their ratio continues the same.  

 
KII

KI
=

GIC

GIIC
(

σII

σI
)

2

 (9) 

 

where KI and KII are the interface stiffness, and GIC and GIIC are the critical fracture energy in 

the mode conditions I and II respectively. 

The nominal stress is directly related to the cohesive zone length (lcz) as shown in equation (10). 

Furthermore, lcz is directly proportional to the mesh size (le), and as already reported [278], the 

region must contain at least three elements to converge and consequently reach good results.  

 lcz = ME3

Gc

σ2
 (10) 
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Where E3 is the out-of-plane Young’s Modulus, Gc is the critical fracture energy of the 

interface, σ is the nominal stress to the damage initiation and M a dimensionless parameter that 

can vary between 0.21 and 1 [279]. Based on the study by Hui et al.[280], the parameter M was 

maintained at 0.21, which will result in a smaller lcz.  

Equation (11) presents the relation between the cohesive zone length and mesh size (le). Then, 

the nominal stresses were obtained by trial and error until achieving reasonable results with 

optimized values of time simulation and mesh size: 

 le =
lch

Ne
 (11) 

 

where Ne is the minimum number of elements in the lcz. 

The present work utilized the energy-based damage evolution criterion proposed by 

Benzeggagh and Kenane (BK)  [281], as described in equation (12). 

 Gc = GIC + (GIIC − GIC)(
GS

GT
)ɳ (12) 

 

Where GS=GII+GIII, GT=GI+GII+GIII, and ɳ is a BK material parameter. The properties used as 

input for the analysis by BK criterion (exhibited in Table A. 1) were obtained from previous 

tests in the laboratory: GIC on Double Cantilever Beam (DCB) tests, GIIC on End Notched 

Flexure (ENF) and GII/GT ratio (15,30,45,60,75,90%) on Mixed Mode Bending (MMB).  

The modeling of tuft threads utilized two-node beam elements (B31). The tufted reinforcement 

as a straight circular beam is a simplification in comparison to the experimental analysis in the 

literature. The tufted thread exhibits irregular profile and variable cross-section along its length 

due to the preform compaction during the molding process. The elastic and failure stress 

properties of the tufts were adjusted from the experimental data of the omega structures 

subjected to pull-off tests (Table A. 1). The ductile damage initiation and damage evolution 

caused by displacement described the damage behavior of the tuft threads.  

The embedding process of the beam elements considered the tufts location in the specimens of 

the Batch I. They were inserted entirely throughout the solid and cohesive elements of the skin 

and flange regions. Figure A. 1 shows the scheme of the beam elements inserted into the model. 
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The elements were added parallel to the out-of-plane axis throughout the thickness and spaced 

5 mm in the x and y-axis from each other. The beam diameter of 0.5 mm based on microscopy 

analysis.  

Table A. 1– Mechanical properties of the elements utilized for modeling. 

Composites Cohesive Tuft Threads 

E11 = E22 55 GPa σI 30 MPa E11 70 GPa 

E33 8 GPa σII = σIII 60 MPa ν12 0.30 

G12 5.20 GPa KI= KII= KIII 1x108 N/mm3 εmax 0.1 

G23= G13 2.60 GPa GIC 0.425 N/mm σmax 150 MPa 

ν12 0.03 GIIC = GIIIC 1.700 N/mm   

ν23 = ν13 0.30 ɳ 1.5   

 

The model was constrained (fully built-in) from the rigid cylinder on the skin surface and, 

loaded vertically by displacement control from the other rigid cylinder on the bottom of the 

stiffener (Figure A. 2). The meshed finite element model is presented in Figure A. 3. 

 

Figure A. 1- Schematic illustration of the position of the tufts and the dimensions utilized for the model 

(except length and width due to the reduction of the model). 
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Figure A. 2 - The distribution of constraints and load used in the model. 

 
Figure A. 3- Model ready for the simulation. 

 

Results and discussions 

Figure A. 4 shows the force versus displacement curve of the typical result obtained under the 

pull-off tests in comparison to the finite element model response. The curve presented for the 

model is the result of the various preliminary analysis that consisted of varying especially the 

properties of the cohesive elements. The investigations concerned the interface stiffness, 

nominal stress and mesh size of the mentioned elements. Unfortunately, the divergence after 

crack initiation precluded the simulation up to considerable displacements. Further 

investigations must solve this issue to improve the model. Despite this, a qualitative analysis 

was performed and exhibited the capability of the beam elements for bridging the cracks 

initiated on the stiffener radius as already seen in the experimental study (Figure A. 5).  
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Figure A. 4 - Numerical and experimental force-displacement curves for an omega stiffener reinforced by 

tufting. 

 

 

Figure A. 5 – Crack arresting by tufts represented for finite element model and DIC strain map under 

pull-off test. 

Some analyses were also carried out by changing the damage evolution type from BK to 

displacement with the independent mixed mode behavior. These analyses that counted to lower 

interface stiffness, 1x103 against 1x108 for the simulation mentioned above, allowed to the 

damage initiation and evolution between plies. Figure A. 6 shows the Von Mises stress 

distribution on the zone skin/cohesive element and beams (tufts). The stress concentration is 

diminished in the region behind the beam thanks to the bridging effect of the tufts. This will 

generate the interlaminar crack branching subsequently to the crack arresting (seen in Figure 

A. 5) as exemplified on the picture by delamination in a tufted omega stiffener from the top 

view. The image presents the format of delamination front similar to the stress distribution 

around the tufts in the model. The loading evolution leads to delamination propagation and 

therefore, to the rupture of tuft threads as represented for the model in Figure A. 7. The failure 
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occurs in the first tuft row from the internal radius that consists in the critical region of the 

omega stiffened specimen.  

 

Figure A. 6 – Von Mises stress distribution through the skin part, cohesive element layer and, the beam 

elements (tufts). The picture of delamination in a tufted omega stiffener exemplifies the crack branching 

behavior.  

 

Figure A. 7 – Interlaminar crack propagation and tuft rupture. 

 

Conclusions 

The approach employed for modeling the tufts embedded into the composites seems promising 

to obtain a model capable of evaluating the tufting parameters in the mechanical properties of 

the composites. Cohesive elements have been presented in several works as a delicate matter 

because their dependence to various settings and the considerable effort employed to adjust the 

model. For this reason, significant attention should be given to this subject to improve the model 

and amplify its reliability. Furthermore, micromechanical tests may be carried out in tufted 

composites to avoid the complexity of a stiffener composite and subsequently validate the 

approach by a simpler model. The health monitoring for the tuft threads can aid adjusting their 

Tufted

row

Delamination direction
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properties in the model once that, the techniques employed in this thesis (DIC, AE, and, in-situ 

microscopy) had significant issues to detect significant damages in the tufts.  
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