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Abstract: In addition to manufacturing cost and production rates, damage resistance has become a 14 

major issue for the composites industry. Three-dimensional (3D) woven composites have superior 15 

through-thickness properties compared to two-dimensional (2D) laminates, for example, improved 16 

impact damage resistance, high interlaminar fracture toughness and reduced notch sensitivity. The 17 

performance of 3D woven preforms is dependent on the fabric architecture which is determined by 18 

the binding pattern. For this study, angle interlock (AI) structures with through-thickness binding 19 

were manufactured. The AI cracking simulation shows that the transverse component is the one 20 

that leads to transverse matrix cracking in the weft yarn under tensile loading. Monitoring of 21 

acoustic emission (AE) during mechanical loading is an effective tool in the study of damage 22 

processes in glass fiber-reinforced composites. Tests were performed with piezoelectric sensors 23 

bonded on a tensile specimen acting as passive receivers of AE signals. An experimental data has 24 

been generated which was useful to validate the multi-physics finite element method (MP-FEM), 25 

providing insight into the damage behaviour of novel 3D AI glass fibre composites. MP-FEM and 26 

experimental data showed that transverse crack generated a predominant flexural mode A0 and 27 

also a less energetic extensional mode S0. 28 

Keywords: acoustic emission; Lamb waves; multi-physics finite element; piezoelectric sensors, 3D 29 

woven composite materials; structural health monitoring; transverse cracking 30 

PACS: J0101 31 

 32 

1. Introduction 33 

Fibre-reinforced composite materials are used extensively in the aerospace industry because of 34 

their light weight, superior corrosion resistance and improved fatigue properties when compared to 35 

metals. However, the manufacturing costs, production rates and damage resistance are current 36 

challenges faced by the composite industry. Three-dimensional (3D) woven composites have better 37 

through-the-thickness properties in comparison to two-dimensional (2D) laminates; they show 38 

damage resistance, high inter-laminar fracture toughness and reduced notch sensitivity that 39 

demonstrate a better damage tolerance. 3D fabrics were introduced to produce structural composites 40 

capable of withstanding multidirectional stresses.  41 

Monitoring of acoustic emission (AE) during mechanical loading is an effective and widely used 42 

tool in the study of damage processes in glass fiber-reinforced composites. This study provides 43 

further insight into the AE monitoring of 3D AI glass fibre composites. Tests were performed with 44 
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piezoelectric sensors bonded on a tensile specimen acting as passive receivers of AE signals. These 45 

signals are carefully analysed to identify resin cracks in the warp yarn and relate to crack density. 46 

1.1. Damaged monitored by acoustic emission in composite materials 47 

AE is a passive SHM technique that can be used for many applications. When crack grows, 48 

energy is released at the crack tip in form of waves. AE sensors can be used to measure these waves. 49 

Several sensors in combination can be used to estimate the severity of the crack and its location. Most 50 

publications show results from fatigue cracks in bulk materials and qualitative results from real 51 

structures. However, there is limited literature presenting quantitative results from plate-like 52 

structures and a lot of the experiments are based on simulated AE sources, e.g., pencil lead breaks 53 

[1]. One aim of this paper is to analyse the elastic waves generated from transverse cracks (TC) in a 54 

3D angle interlock composite structures subjected to tensile loading. FEM can be used to model the 55 

AE waves from transverse crack and it can provide a better understanding of the AE generated from 56 

TC in composite plates. 57 

The AE method allows the detection and location of damage using specific localisation 58 

algorithms. Knowledge of the propagation velocity and attenuation of the AE wave is required. 59 

However, contrary to metallic material, the anisotropic nature of composite material gives a large 60 

range of propagation velocity due to fibre orientation. Moreover, the attenuation of the AE waves is 61 

more complex than in a homogeneous material [2]. In addition, in a same composite material, wave 62 

attenuation is more significant in cracked than in healthy state, which will complicate the signal 63 

processing after few damage modes have developed, especially for the amplitude distribution. 64 

Qualifying damage started first in 2D composites and Mehan and Mullin in 1968 [3] managed to 65 

identify three basic failure mechanisms: (i) fiber fracture; (ii) matrix cracking; (iii) and fibre/matrix 66 

interfacial debonding. The authors reported the application of AE in composites in 1971 [4], 67 

discriminating audible types for these three basic damage modes using an AE system. After forty 68 

years, Godin et al. [5] conducted mapping of cross-ply glass/epoxy composites during tensile tests. 69 

They have classified four different acoustic signatures of failure and determined four conventional 70 

analyses of AE signals.  71 

Typical waveforms with A-Type (slow increase times at about 10-20 µs) signals associated with 72 

matrix cracking, B-Type (sharp rising, lasted for 10 µs and abruptly decreasing) with fibre/matrix 73 

interface de-bonding, C-Type associated with fibre failure, and D-Type (long rising times, high 74 

amplitudes, and very long durations) with delamination [5]. The most popular methods to identify 75 

damage are identification by signal amplitude distribution (signal strength) and by signal frequency. 76 

Table 1 and Table 2 show a comparison between the amplitude and the frequency distribution model 77 

that were encountered in the literature. 78 

Table 1. Amplitude distribution according to the damage mechanism in composite materials. 79 

Ref. 
Matrix 

cracking 

Interface decohesion 

(fibre/matrix) 

Fibre/matrix friction 

and fibres pull-out 

Fibres 

breakage 

[6] 30-45 dB 45-55 dB -- >55 dB 

[7] 60-80 dB 70-90 dB -- -- 

[8] 50 dB -- -- -- 

[9] 40-70 dB -- -- 60-100 dB 

[10] 40-55 dB -- >80 dB -- 

[11] 33-45 dB 50-68 dB 69-86 dB 87-100 dB 

[12] 40-78 dB 72-100 dB -- 95-100 dB 

[13] 40-55 dB 60-65 dB 65-85 dB 85-95 dB 

[5] 35-80 dB 50-80 dB 70-100 dB -- 

[14] <70 dB <60 dB -- -- 

[15] 35-55 dB 55-100 dB -- 35-80 dB 

[16] 40-60 dB 50-70 dB 80-100 dB 80-100 dB 
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Table 2. Frequency distribution according to the damage mechanisms in composite materials. 80 

Ref. 
Matrix 

cracking 

Interface decohesion 

(fibre/matrix) 

Fibre/matrix friction and 

fibres pull-out 

Fibres 

breakage 

[17] 50-150 kHz -- -- 140-180 kHz 

[18] 30-150 kHz 30-100 kHz 180-290 kHz 300-400 kHz 

[19] 80-130 kHz -- 250-410 kHz 250-410 kHz 

[14] ~ 300 kHz -- 300 kHz >500 kHz 

[20] 50-180 kHz 220-300 kHz 180-220 kHz >300 kHz 

[21] 90-110 kHz -- 200-300 kHz > 420 kHz 

[22] <50 kHz 200-300 kHz 500-600 kHz 400-500 kHz 

[23] ~ 140 kHz ~300 kHz -- ~ 405 kHz 

[24] 200-600 kHz 200-350 kHz 0.7-1.1 MHz >1.5 MHz 

[15] 50-80 kHz 50-150 kHz -- 150-500 kHz 

 81 

All of these studies show the difficulty of identifying damage modes for 2D composites and 82 

becomes more complicated for 3D woven composites. Only a small amount of investigation has been 83 

reported for monitoring evolution of damage and ultimate failure in 3D woven composites. Li et al. 84 

[15] studied AE signals for 3D non-crimp orthogonal woven glass/epoxy composites from cluster 85 

analysis point of view. These clusters are based on different parameters of peak amplitude, peak 86 

frequency, and RA value (rise time divided by peak amplitude). From their investigation, cluster 1 87 

(low frequency, low amplitude events) and 2 (moderate frequency, low amplitude) is correlated to 88 

matrix cracking, cluster 3 (low to moderate frequency with high amplitude) with fibre and matrix de-89 

bonding, and cluster 4 (high frequency) with delamination and fibre breakage. Lomov et al. [25] 90 

investigated AE response in 3D non-crimp orthogonal woven carbon/epoxy composites undergone 91 

damage. 92 

However, identifying cracking in the matrix or fibre in addition to delamination need to be 93 

investigated further if AE is to be used as an inspection tool in SHM of 3D woven composites. Hence, 94 

the present study (qualitative and quantitative) of 3D angle-interlock woven composite damages 95 

using AE piezoelectric sensors is undertaken. As these structural woven fabrics are attracting the 96 

attention of the aerospace industry, the monitoring of initiation and progression of transverse matrix 97 

cracking is of considerable interest and importance, since they can lead to delamination and fibre 98 

breakage, which result to ultimate failure. 99 

1.2. Guided waves 100 

Guided waves are very widespread in SHM applications: Guided waves are important for SHM 101 

applications because they have the ability to travel without much energy loss over large areas. This 102 

property makes them well suited for ultrasonic inspection of bridges, aircraft, ships, missiles, 103 

pressure vessels, pipelines, etc. In plates, ultrasonic guided waves propagate as Lamb waves and as 104 

shear horizontal waves (SH). Ultrasonic guided waves in plates were first described by Lamb (1917). 105 

A detailed study of Lamb waves has been given by Viktorov [26], Achenbach [27], Graff [28], Rose 106 

[29] and Dieulesaint and Royer [30]. Lamb waves are of two varieties, symmetric modes (S0, S1, S2...) 107 

and anti-symmetric modes (A0, A1, A2...). At low values of the frequency-thickness product, fd , the 108 

first symmetric mode, S0, resembles axial waves whereas the first anti-symmetric mode, A0, 109 

resembles flexural waves. The choice of Lamb waves is justified by their many advantages; they have 110 

the power to energize the entire thickness of the plate and offer the possibility of detecting internal 111 

defects at various depths. However, Lamb waves present some difficulties: they are dispersive, and 112 

also several modes can propagate at different speeds at a given frequency. Work has been done to 113 

establish analytically the dispersion curves in isotropic plates [30, 31], to validate the results 114 

experimentally and to study the effect of dispersion over long distances [32]. Lamb wave propagation 115 

was used by many authors [33-35] using piezoelectric disks as transmitters and receivers to measure 116 

the changes in the signal received from a structure having a defect. However the signal processing is 117 
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complex due to multiple reflections. Today the majority of work concerns the propagation of Lamb 118 

waves in thin isotropic structures. For this reason it is very important to study the Lamb wave 119 

propagation from an acoustic emission point of view in 3D composite materials to understand the 120 

difficulties in analysing these waves in order to be able to qualify and quantify the defects in such 121 

structural configurations. 122 

2. Materials presentations and experimental set-up 123 

In this study, a 3D angle interlock (AI) S2 glass woven composite plate with through-thickness 124 

binding was infused using bi-functional epoxy resin (LY564) and hardener (XB3486) supplied by 125 

Huntsman. In the AI configuration, the binder goes all the way through-the-thickness and then 126 

returns back. According to the binding pattern, shown in Figure 1, one binder yarn is inserted after 127 

every three layers of weft (yarn). This structure consists of 4 layers of warp (fibres parallel to weaving 128 

direction or at 0º) and 3 layers of weft (fibres transverse to weaving direction or at 90º), which are 129 

held together by the binders (through-thickness fibres) inserted in the weft direction at regular 130 

intervals as illustrated in Figure 1. 131 

 132 

 133 

Figure 1. A schematic of 3D Angle Interlock Woven Composite (through thickness and planar view) 134 

(orange: weft; black: warp; green: binder yarn) (Binder yarn goes all the way through-the-thickness, 135 

z-axis, and then returns back). 136 

Tensile testing was carried out according to ASTM standard D3039, on specimens 250 mm long 137 

(with a gauge length of 50 mm) and 25 mm wide. The tensile load was applied in the weft direction. 138 

A non-contact video extensometer was used to measure the strain developed while the specimen was 139 

loaded in an Instron 5982 R2680 testing machine. Three piezoelectric wafer active sensors (PWAS) 140 

bonded on the specimen were acting as AE receivers, Figure 2.  141 

 142 

 143 

Figure 2. PWAS bonded on a 3D angle interlock glass fibre tensile specimen for acoustic emission. 144 

To develop only transverse cracks, the specimen was loaded up to 20% of its ultimate strength 145 

(f). During loading, acoustic emission signals were recorded and the PWAS were able to pick up AE 146 

signal of good strength at a frequency range 100–700 kHz. The acquisition of the signals was 147 

performed using software ‘AEWin’ from Mistras with a sampling rate of 10 MHz and 20 dB pre-148 

amplification. The AE PWAS sensors used in this study were provided by Steminc, further details in 149 

[36]. 150 

X (weft) 

Z 
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3. Angle interlock cracking simulation 151 

Fibre reinforced composite materials exhibit mostly a linear elastic behaviour similar to brittle 152 

materials up to the final failure specially when loaded along the fibre direction in tension. This mainly 153 

occurs because the most significant contribution for the load carrying capacity of these materials 154 

depends on the longitudinal fiber properties and strength. Even if some progressive failure occurs in 155 

the matrix or transverse cracking, still composites can carry the load up to the fiber failure along the 156 

loading direction. From this perspective, linear elastic fracture mechanics can be employed to 157 

describe and analyse the fracture “cracking” of fiber reinforced composites [37]. Any finite fracture 158 

that occurs in a composite material is governed by the first law of thermodynamics. The energy 159 

dissipated due to crack formation normalized by the surface area of the newly formed crack is known 160 

as the energy release rate  G . Transverse cracking and local delamination are two common types of 161 

cracking mechanisms that occur in composite materials. In order for any of these matrix cracking 162 

mechanisms to exist [38], the strain energy release rate associated with each damage mechanism  G163 

should exceed its critical strain energy density “toughness”  cG . So, the question always is how to 164 

determine the energy release rate  G  for heterogeneous materials like composites. The strain 165 

energy release rate for composite materials is calculated as [39]: 166 

 
E

G
A


 


  (1) 167 

where E  is the strain energy released due to the cracking formation. This is determined by 168 

subtracting the strain energy density of a cracked cell from the strain energy density of non-cracked 169 

cell while A  represents the area of the cracked surface. Strain energy release rate actually defines 170 

the potential locations for crack formation along the yarn or its cross section. Cracks are more likely 171 

to form in locations where the strain energy release rate is high. 172 

For composite materials, the strain energy density can be calculated as function of the applied 173 

strain/ stress. So, the strain energy density components can be calculated as follows [39]:  174 
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    (2) 175 

where V  is the volume of the (ply/yarn/laminate) determined as the cross-sectional area multiplied 176 

by the thickness, ij  is the ij  component of stress and ijE is the corresponding Young’s modulus 177 

(𝑖=𝑗) or Shear modulus (𝑖 ≠𝑗). 178 

Figure 3 is a graph to illustrate the theory behind the finite fracture mechanics. The toughness 179 

of the material for a specific cracking mechanism  cG  is a material property which is constant while 180 

the energy release rate increases with increasing applied stress / strain. Once the energy release rate 181 

associated with a specific cracking mechanism exceeds the critical value, crack formation and damage 182 

evolution starts. 183 

On more issue regarding the fracture of composite materials is that the fracture occurs due to 184 

multiplication of cracking events rather than growth of a single crack. So, the fracture response of 185 

composite materials is more like discrete instantaneous crack propagation. For further details about 186 

the application of finite fracture mechanics of composite materials, the reader is referred to [37]. 187 

The 3D Angle Interlock Woven Composite (3DAWC) (Figure 1) is modelled as a (0/90) cross-ply 188 

laminate since the crimp mostly occurs at the interlacement points between the weft and binder yarns 189 

[40]. In order to check the effect of this simplification on the in-plane properties of the 3DAWC, 190 

analytical homogenization technique “orientation averaging model” is used to calculate 191 

approximately the elastic material properties [40, 41] and compare it with the measured data 192 

obtained. As shown in Table 3, good agreement between the experimental and analytical model is 193 

obtained while the last column represents the difference between the calculated values with and 194 

without the binder yarns, confirming that the z-yarns have negligible effect on axial stiffness. This 195 

result justifies the representation of the 3D woven architecture by a cross-ply (0/90) laminate used in 196 

the AE simulation, see section 4.  197 

 198 
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 199 

Figure 3. Graphical representation of the finite fracture mechanics theory. 200 

Table 3. Elastic material properties of 3D AI woven composites. 201 

 Experiment With Binder Without Binder Difference (%) 

1E  18.52 0.87  17.85 17.33 2.91 

2E  24.83 1.51  24.00 23.48 2.16 

3E  -- 12.74 11.00 13.65 

12G  -- 5.18 4.95 4.50 

12  -- 0.31 0.32 0.68 

VF(%) 50.35 0.26; (warp) 31.21 0.26; (weft) 15.38 0.36; (binder) 3.05 0.33F F F FV V V V         

 202 

A larger impact of the through-the-thickness reinforcement is expected on the interlaminar 203 

fracture toughness rather than in-plane stiffness properties. An almost 14% increase in E33 modulus 204 

is predicted when the binder yarns are considered in the analysis. 205 

 To determine which constituent part of the 3D woven will experience cracking in the case of 206 

uniaxial tension, strain energy density components are calculated for the 3D AI woven composites 207 

unit cell when applying 1% strain along the weft direction. The finite element model is run using the 208 

COMSOL Multi-physics software package. Figure 4 shows that the transverse component TTe  of the 209 

strain energy density is the highest when compared to the longitudinal LLe and shear LTe  210 

components. This implies that the strain energy release rate for the transverse component is the one 211 

that leads to matrix cracking in the weft yarn under this loading condition. In addition, having a 212 

constant energy release rate along the whole yarn length, it suggests that there is no preferable 213 

location within the yarn for the crack to start from. This also means that once a crack is initiated in 214 

the yarn, it grows instantaneously through the thickness and along the whole yarn length. The 215 

complete study of damage mechanisms is well explained and characterised in references [42, 43].  216 

Matrix cracking is a phenomenon that generates a motion which is essentially in plane. The 217 

motion of the crack faces is parallel to the plane of the specimen. It can thus be expected that matrix 218 

cracks will generate AE waves which contain a predominant extensional mode. Fibre fracture follows 219 

the same general behaviour and should therefore also be characterised by a large extensional mode 220 

[44]. 221 

 222 
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(a) (b) 

Figure 4. (a) Strain energy release rate along weft yarn (TT: Transverse component; LT: shear 223 

component; LL: axial component); (b) crack on a warp yarn cross section (Transverse crack). 224 

A delamination is a damage phenomenon that generates a motion which is essentially out of 225 

plane. In this case the motion is perpendicular to the plane of the plate. Delaminations should thus 226 

generate AE waves which contain a dominant flexural mode. Fibre/matrix debonding follows the 227 

same behaviour and should also be characterised by a large flexural mode. It should be noted that 228 

delamination and fibre/matrix debonding can be also driven by shear stresses where there is no crack 229 

opening but crack sliding making it more difficult to detect non-destructively. 230 

4. Acoustic emission simulation 231 

Simulation of AE was realised using the ABAQUS/implicit software which has multi-physics 232 

piezoelectric elements. FEM modelling was used to simulate the elastic wave emitted by the 233 

transverse crack growth. These can be used to compare with the results obtained from the 234 

experiment. The ABAQUS model is shown in Figure 5. This structure, consisting of 4 layers of warp 235 

(at 0º), 3 layers of weft (or at 90º), and held together by the binders (through-thickness fibres) are 236 

homogenised. Two elements per ply are used. Eight nodes linear piezoelectric brick element were 237 

used to simulate the PWAS. Implicit solver methods of solution are used in order to simulate the real 238 

voltage/amplitude received signal [45]. The use of multi-physics finite element method (MP-FEM) is 239 

explored to model the reception of the elastic wave as electric signal recorded at a PWAS receiver (R-240 

PWAS).  241 

 242 

 243 

Figure 5. ABAQUS model of the homogenised 3D woven composite with 3 PWAS bonded on the top 244 

to record the AE events from the surface simulated transverse crack. 245 

The piezoelectric material properties were assigned to the PWAS as described in ref [36]: 246 

 247 
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 251 

Where [ ]C  is the stiffness matrix, [ ]  is the dielectric matrix and [ ]e  is the piezoelectric 252 

matrix. PWAS has a density of 
37600 kg/m  , diameter of 7 mm , and thickness of 500 μm . The 3D 253 

composite properties are shown in Table 3 and the Rayleigh damping coefficients from reference [2] 254 

are used. It should be noted that these Rayleigh damping coefficients may have an effect on the wave 255 

amplitude of the signal but not the shape of the waveform, which is used in characterizing the 256 

damage mode. 257 

The maximum frequency of interest was chosen at around 600 kHz . For 600 kHz , a time interval 258 

of 0.1 μs  and an element size about 0.5 mm  in the composite plate are required to achieve an error 259 

on wave velocity below 5% [45, 46]. A step excitation was used as shown in Figure 6a. To simulate 260 

the energy released by the transverse crack a two-point source force was applied between PWAS#1 261 

and PWAS#2 at the surface of the specimen as illustrated in Figure 6b. A shear force, parallel to the 262 

crack could also be used, but would have no effect on the shape of the signals received by the PWAS. 263 

The end of the specimen is fixed to represent the real boundary conditions of the tensile test. 264 

However, the tensile load is not simulated. 265 

 266 

 267 

Figure 6. (a) Source function used: at time zero the force step up from 0 to a nominal value 1, and then 268 

return to 0 at 2μs; (b) two-point source force to simulate the energy release by the transverse crack. 269 

5. Results and discussions 270 

5.1. Multi-physics finite element simulation 271 

Figure 7 shows image snapshots of overall displacement amplitude of the guided wave pattern 272 

in the plate taken at 10-μs intervals. Multiple guided waves modes are present. At 10 μst  , one sees 273 

the waves just starting from the transverse crack. By 20 μst  , most of the wave has already being 274 
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reflected from the edges of the tensile specimen which will complicated the analysis of the received 275 

signal due to Lamb waves mode conversion. 276 

 277 

 278 

Figure 7. Snapshot of the MP-FEM simulation of guided waves generate by a pair of point forces 279 

simulating an acoustic emission by the transverse crack in a 3D angle interlock composite tensile 280 

specimen at (a) 10μs; (b) 20μs; (c) 30μs; (d) 40μs. 281 

The simulated AE signal caused by the simulated transverse crack excitation as captured at 282 

PWAS#1, 2, and 3 is shown in Figure 8. The magnitude of the received signal from PWAS#3 (in green) 283 

decreased dramatically due the damping effect introduced in the model.  284 

 285 

 286 

Figure 8. Simulated signal received: Output voltage against time for PWAS#01, 02, and 03. 287 

To better understand these signals, the discrete wavelet transform (DWT) is used. The DWT of 288 

a time signal  s t  is the result of the convolution product between the signal  s t  and a family of 289 

“daughter wavelets” 
. ( )m k t , 290 
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, ,

0

( ) ( )m k m kDWT s t t dt


    (6) 291 

The main particularity of the DWT is that the result obtained with each daughter wavelet 292 

corresponds to the time behaviour of the signal in a frequency band corresponding to dilatation factor 293 

m. Each response is called the decomposition level. A number of different bases have been proposed 294 

to construct a family of wavelets. A good solution for analysis and decomposition can be obtained 295 

with the Morlet wavelet. The application of discrete wavelet analysis to the acquired AE signals 296 

resulted in its decomposition into six different levels. Each level represents a specific frequency range, 297 

and the frequency range increases with increasing wavelet level. The decomposed AE signals in level 298 

1 to 5 are shown in Figure 9 for the PWAS#01. 299 

The Fourier spectrum of the Figure 9 signals is shown in Figure 10. The frequency spectra for 300 

DWT levels 1 through 5 are centered at about 68 kHz, 120 kHz, 200 kHz, 340 kHz, and 650 kHz, 301 

respectively. At frequencies 68 kHz, 120 kHz, and 200 kHz (Morlet wavelet levels 1 and 2), three 302 

modes exist, the fundamental symmetric mode (S0), the fundamental anti-symmetric mode (A0), and 303 

the fundamental shear mode (SH0). However, with the PWAS receiver geometry and properties, the 304 

SH mode cannot be caught by these sensors [2]. Moreover, based on the tuning study, at 68 kHz the 305 

amplitude of the A0 mode is much higher than the S0 mode, and its travel speed is slower. At 120 306 

kHz, the amplitude of A0 and S0 are almost the same, and at 200 kHz, the amplitude of the S0 is 307 

higher than the A0. To conclude, the component at low frequency (below 140 kHz) is dominated by 308 

the fundamental anti-symmetric mode A0. At 340 kHz (Morlet wavelet level 3), four modes are 309 

existent, S0, A0, A1 and S1; at 650 kHz (Morlet wavelet level 4), six modes are present, S0, S1, S2, A0, 310 

A1, and A2. So at these frequencies, the distinction of the different wave packets and the signal 311 

processing are very complex. Moreover, the amplitude is distributed such that it is the highest in 312 

level 1 and lowest in level 5 as shown in Figure 9. The FFT of the original signal shows that the 313 

amplitude of the signal is higher for the frequency lower than 160 kHz, which mean that the 314 

transverse crack develops more flexural (i.e. A0) than extensional (i.e. S0) motion. 315 

However, Surgeon and Wevers [41] mentioned that matrix cracks will generate AE waves which 316 

contain a predominant extensional mode (i.e. S0 mode). It might be explained by the symmetry of the 317 

transverse crack which is maybe not the case in our experiments. 318 

Figure 11Error! Reference source not found. shows the continuous wavelet transform (CWT) 319 

magnitude as a function of frequency versus time. The CWT were calculated with AGU-Vallen 320 

Wavelet, a freeware software program [47]. This program has a Gabor function as the “mother” 321 

wavelet. Figure 11 shows the analytical dispersion curves with the three lowest modes (S0, A0, and 322 

A1) superimposed on the CWT plot. The colour scale is a linear scale with black representating the 323 

highest magnitude and white the lowest or zero-magnitude region. Clearly, Figure 11 shows the 324 

presence of AE signal energy in portions of mainly two modes, A0 and S0. The CWT shows how the 325 

signal energy is distributed as a function of frequency, time (or group velocity), and mode. Figure 11 326 

shows that the simulated AE source has the greatest concentration (most black color) of energy is the 327 

fundamental anti-symmetric mode A0 in a frequency range of 50 to 250 kHz. Another large amplitude 328 

region of the CWT is the part of the fundamental symetric mode S0 in a frequency range 50 to 300 329 

kHz. This demonstrates that the AE signal energy is not uniformly distributed between the modes; it 330 

is also not uniformly distributed as a function of frequency along each of the dominant modes. 331 

The above discussion proves that the waveforms features (duration time, amplitude, time-332 

frequency spectrum) are useful to illustrate the characteristics of AE signal and distinguish the 333 

different AE signals associated with various possible failure modes in the specimens. Moreover, 334 

PWAS#2 and PWAS#3 obtained similar trend to the PWAS#1. 335 

 336 
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 337 

Figure 9. Discrete wavelet transform of the simulated signal received by the PWAS#1. 338 

 339 

Figure 10. Frequency spectra for the different wavelet level (PWAS#1). 340 
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 342 

Figure 11. Superimposed symmetric mode and anti-symmetric modes after converting group velocity 343 

to time based on the propagation distance. Light and dark grey correspond to simulated AE activity. 344 

5.2. Experiments 345 

As mentioned in section 3, at this applied tensile load only transverse cracking occurs in the 346 

studied specimen. Figure 12 shows typical AE waveforms received by the PWAS#1, #2, and #3, and 347 

the associated Fourier transform.  348 
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Figure 12. Typical experimental AE waveforms and Fourier Transform from a transverse crack in 350 

3DAI recorded from (a, b) PWAS#1; (c, d) PWAS#2; (e, f) PWAS#3. 351 

In this particular example, the transverse crack occurs closer to PWAS#2 than the other sensors. 352 

This signal looks sharper and stronger than those obtained by PWAS#1 and #3. Masmoudi et al. [12] 353 

classified this very energetic signals with amplitude above 94 dB to fibre breaking. However, in 354 

theory, no fibre breakage should occur, only transverse crack in the warp yarn should develop as 355 

previously simulated. In the next section, the stress amplification factor (SAF) is introduced to explain 356 

this typical fibre breakage waveform. The amplitudes of this particular event are 96, 98, 81 dB for 357 

PWAS#1, #2, and #3, respectively. The amplitude decreases with the travel length due to the high 358 

damping coefficient in this 3DAI composite materials.  359 

Figure 13 shows the CWT magnitude as a function of frequency versus time and shows the 360 

anlaytical dispersion curve with the three lowest modes (S0, A0, and A1) superimposed on the CWT 361 

plot of the typical AE waveforms recorded from PWAS#1,#2 and #3. The colour scale is a linear scale 362 

with black representating the highest magnitude and white the lowest or zero-magnitude region. The 363 

CWT shows how the signal energy is distributed as a function of frequency, time (or group velocity), 364 

and mode. Figure 13a shows the presence of AE signal energy in portions of mainly two modes, A0 365 

and S0 for the PWAS#1 which is in agreement with our MP-FEM results shown in Figure 11. The 366 

experimental AE source has the greatest concentration of energy is the fundamental flexural mode 367 

A0 in a frequency range of 80 to 300 kHz (the simulated AE event is in a frequency range of 50 to 200 368 

kHz for the A0 mode). Another large amplitude region of the CWT is the part of the fundamental 369 

extensional mode S0 in a frequency range 110 to 220 kHz (the simulated AE event is in a frequency 370 

range of 50 to 300 kHz for the S0 mode). Figure 13b shows the presence of AE signal energy in 371 

portions of only one mode, A0 for the PWAS#2. This experimental AE source is the fundamental 372 

flexural mode A0 in a frequency range of 80 to 500 kHz with a higher concentration between 120 to 373 

250 kHz. During this typical event, damage occurs close to PWAS#2 and so the wave does not have 374 

time to travel over long distance. Moreover, this waveform is assimilited to a micro-fibril breakage 375 

(binder yarn) with very high energy which shadow all the reflection waves from the edge. Figure 13c 376 

shows the presence of experimental AE signal energy in portions of mainly two modes, A0 and S0 377 

for the PWAS#3.  378 

Figure 13c shows that the AE source has the greatest concentration of energy is the fundamental 379 

flexural mode A0 in a frequency range of 60 to 230 kHz (the simulated AE event is in a frequency 380 

range of 50 to 200 kHz for the A0 mode). Another large amplitude region of the CWT is the part of 381 

the fundamental extensional mode S0 in a frequency range 130 to 250 kHz (the simulated AE event 382 

is in a frequency range of 50 to 300 kHz for the S0 mode). Because the experimental AE event occur 383 

far away from the PWAS#3 several reflections are also visible. This demonstrates that the AE signal 384 

energy is not uniformly distributed between the modes; it is also not uniformly distributed as a 385 

function of frequency along each of the dominant modes. 386 
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Figure 13. Superimposed symmetric mode and anti-symmetric modes after converting group velocity 388 

to time based on the propagation distance for the experimental received signal: (a) PWAS#1; (b) 389 

PWAS#2; (c) PWAS#3. 390 

In summary, it seems that transverse crack (simulated and experimental) generates a 391 

predominant flexural mode A0 and also a less energetic extensional mode S0. Moreover, the micro-392 

fibril breakage (in the binder yarn) at the tip of the transverse crack (typical waveform - Figure 12c) 393 
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generates only the fundamental flexural mode A0. This conclusion is in disagreement with previous 394 

study [44]. It might be explained by the non-symmetry of the damage which is maybe not the case in 395 

the others experiments. 396 

Moreover, the frequency of these signals show clearly two major components, the first one 397 

between 70 to 180 kHz and the second one between 200 to 400 kHz for PWAS#1 and #3.  398 

The high frequency and the low frequency component correspond to the wave’s extensional 399 

mode S0 and to the flexural mode A0, respectively, as showed in the MP-FEM simulation. This 400 

flexural mode A0 has higher amplitude than the extensional S0 mode. It seems that the transverse 401 

cracks generate more flexural motion than extensional motion. This presence of a flexural mode 402 

would indicate that the crack does not develop symmetrically about the mid-plane of the 3D AI 403 

laminate. The crack initiation for the loading in weft direction occurs in the range of applied strain 404 

0.07…0.1% (Figure 14, showing the data for weft direction of loading), a relatively low level of strain. 405 

The amplitude for each AE event (i.e. transverse crack) is between 60 to 100 dB. The signals with 406 

lower amplitude were assimilated into noise. 407 

 408 

 409 

Figure 14. (a) Applied stress-strain curve and the PWAS amplitude for each AE events (transverse 410 

cracks and micro-fibril breakage). Ultimate failure strain = 1.3%. 411 

These experimental and simulated results have proven that transverse matrix cracking signals 412 

do exhibit a clear fundamental flexural A0 mode. In most cases, however, the extensional mode was 413 

also clearly present. For the transverse matrix crack signals this is caused by their asymmetric growth 414 

through the thickness. Matrix cracks most often initiate at one of the outer plies and grow through 415 

the thickness to the other side of the specimen. These results in a particle motion which is in plane, 416 

but asymmetric about the mid-plane, thus resulting in a flexural mode. The large flexural mode 417 

observed during this test can be explained by the same principle: transverse cracks will occur 418 

preferably in the zone of maximum tensile stress. AE waves generated there will thus cause an in 419 

plane motion, but the motion will be asymmetric about the mid-plane. This will again result in a 420 

flexural component.  421 

5.3. Stress amplification factor 422 

On the micro-mechanical analysis, the external applied stress and the local stress within the 423 

material is not the same due to the difference in the material properties of the material constituents. 424 

A random fibre distribution in a yarn can be simplified by a unit cell of a hexagonal array distribution. 425 

When this unit cell is subjected to an external load as shown in Figure 15, the fibre and matrix will 426 

experience different stresses resulting in a stress concentration within the unit cell. So, it is obvious 427 

that if an external uniform unit load is applied on the boundary, the stresses within the unit cell are 428 

not unity.  429 

 430 
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 431 

Figure 15. Fibre hexagonal array unit cell subjected to unit load. 432 

Cesar et al. [48] reports in that there are amplification factors that relate the macroscopic   uniformly 433 

distributed unit load to the micromechanical stresses    within the unit cell: 434 

 M A T       (7) 435 

M  and A  are two matrices that contain the mechanical and thermal amplification factors, respectively 436 

while T  represents the change in room temperature. The M  matrix can be calculated by applying 437 

unidirectional unit load each at a time. So, for instance the first step is applying 1 1   to get the first column 438 

of the matrix and so on. The stress amplification factor M  within the unit cell will vary at each point so it 439 

will end up having a contour map of the stress amplification factors over the representative volume element 440 

(RVE size: 10 mm x 5 mm). The same technique can be applied to obtain the strain amplification factors M  441 

and A : 442 

 M A T       (8) 443 

Further details regarding applying the boundary conditions and calculating the SAF can be found in [48, 444 

49] . After obtaining the stress amplification factors, a full description of the microscopic stress distribution 445 

within the unit cell can be determined as shown in Figure 16. 446 

 447 

 448 

Figure 16. Diagonal elements of SAF tensor for hexagonal unit cell. 449 

Just for clarification, only the diagonal elements of the stress amplification factor tensor  M are listed 450 

below. It is clear that the maximum stress is approximately 1.6 when the external applied load on the boundary 451 

is unity. The same concept has been observed experimentally, on the meso-scale, for 3D woven composites 452 

loaded in tension using image correlation [40]. This could justify why micro-fibril breakage is detected by AE 453 
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event even when the applied global stress/strain is way below the ultimate strength or failure strain of fibres on 454 

the microscale or on the mesoscale. In case of a coupon specimen tested in tension, this applies for the loading 455 

direction  11M and both transverse directions  22 33&M M due to the Poisson’s contraction effect; further 456 

work is required to capture more accurately the effect of the 3D fibre architecture on damage evolution. 457 

6. Concluding remarks 458 

Transverse cracking in the warp yarn was detected and quantified in a 3D angle interlock woven 459 

glass composite plate during a tensile test using piezoelectric wafer active sensors bonded on the 460 

surface of the sample. The angle interlock cracking simulation have shown that the transverse 461 

component of the strain energy density is the highest when compared to the longitudinal and shear 462 

components. This implies that the strain energy release rate for the transverse component is the one 463 

that leads to transverse matrix cracking in the weft yarn under tensile loading. AE simulation has 464 

been conducted with the MP-FEM approach. The AE event was simulated as a pulse of defined 465 

duration and amplitude. The simulated electrical signal was measured at a receiver PWAS using the 466 

MP-FEM capability with the piezoelectric element. Morlet wavelet transforms and their FFT 467 

frequencies were used to process the signal in order to define and separate the different modes that 468 

composed the AE signal. These results show that the amplitude of the AE signal depends on the 469 

distance between the crack and the sensor (affected by damping). Moreover, simulated and 470 

experimental transverse cracking generates a predominant fundamental flexural mode A0 and also 471 

a less energetic fundamental extensional mode S0. Moreover, the binder yarns at the tips of the 472 

transverse crack might break which is represented by a typical AE waveform (shape and energy). 473 

This micro-fibril breakage generates only the fundamental flexural mode A0. In addition, the stress 474 

amplification factor was developed to justify why transverse matrix cracking and micro-fibril breakage is 475 

detected by AE event even when the applied global stress/strain is way below the ultimate strength or failure 476 

strain of matrix/fibres on the microscale or on the mesoscale.  477 

In the near future, more work needs to be done on (a) calibrating the MP-FEM modelling of 478 

guided wave for accurate representation of physical phenomenon; (b) simulate the real energy release 479 

of crack growth using XFEM or VCCT model; (c) better understand the multi-modal guided wave 480 

propagation in complex 3D woven composite plates and identify more effective wave-tuning 481 

methods and signal processing algorithm for damage identification and localisation. A complete 482 

study on the guided wave propagation and the attenuation effect is also required in order to increase 483 

the accuracy of the results.  484 

Although some good progress has been demonstrated, there are still some outstanding 485 

questions which need to be answered. A complete experimental research program and a MP-FEM 486 

method need to be fully performed in order to better understand the damage evolution (that includes 487 

multiple matrix cracks, delamination, and fibre breakage) and ultimate failure of these 3D AI glass 488 

composite plates. 489 

 490 

Conflicts of Interest: The authors declare no conflict of interest. 491 

References 492 

[1] M. R. Gorman and W. H. Proser, "AE source by plate analysis," Journal of Acoustic Emission, 493 

vol. 9, pp. 238-288, 1991. 494 

[2] M. Gresil and V. Giurgiutiu, "Prediction of attenuated guided waves propagation in carbon 495 

fiber composites using Rayleigh damping model," Journal of Intelligent Material Systems and 496 

Structures, September 8, 2014 2014. 497 

[3] J. Mullin, J. M. Berry, and A. Gatti, "Some Fundamental Fracture Mechanisms Applicable to 498 

Advanced Filament Reinforced Composites," Journal of Composite Materials, vol. 2, pp. 82-103, 499 

January 1, 1968 1968. 500 

[4] R. L. Mehan and J. V. Mullin, "Analysis of Composite Failure Mechanisms Using Acoustic 501 

Emissions," Journal of Composite Materials, vol. 5, pp. 266-269, April 1, 1971 1971. 502 



Materials 2016, 9, x FOR PEER REVIEW 18 of 20 

[5] N. Godin, S. Huguet, and R. Gaertner, "Integration of the Kohonen's self-organising map and 503 

k-means algorithm for the segmentation of the AE data collected during tensile tests on cross-504 

ply composites," NDT & E International, vol. 38, pp. 299-309, 6// 2005. 505 

[6] J. R. Wadim, Acoustic emission Applications. SAn Juan Capistrano, CA, 1978. 506 

[7] O. Chen, P. Karandikar, N. Takeda, and T. Kishi Rcast, "Acoustic emission characterization 507 

of a glass-matrix composite," Nondestructive Testing and Evaluation, vol. 8-9, pp. 869-878, 508 

1992/06/01 1992. 509 

[8] O. Ceysson, M. Salvia, and L. Vincent, "Damage mechanisms characterisation of carbon 510 

fibre/epoxy composite laminates by both electrical resistance measurements and acoustic 511 

emission analysis," Scripta Materialia, vol. 34, pp. 1273-1280, 4/15/ 1996. 512 

[9] S.-T. Kim and Y.-T. Lee, "Characteristics of damage and fracture process of carbon fiber 513 

reinforced plastic under loading-unloading test by using AE method," Materials Science and 514 

Engineering: A, vol. 234–236, pp. 322-326, 8/30/ 1997. 515 

[10] G. Kotsikos, J. T. Evans, A. G. Gibson, and J. Hale, "Use of acoustic emission to characterize 516 

corrosion fatigue damage accumulation in glass fiber reinforced polyester laminates," 517 

Polymer Composites, vol. 20, pp. 689-696, 1999. 518 

[11] X. L. Gong, A. Laksimi, and M. L. Benzeggagh, "Nouvelle approche de l’émission acoustique 519 

et son application à l’identification des mécanismes d’endommagement dans les matériaux 520 

composites," Revue des composites et des matériaux avancés, vol. 8, pp. 179-205, 1998. 521 

[12] S. Masmoudi, A. El Mahi, and R. El Guerjouma, "Mechanical behaviour and health 522 

monitoring by acoustic emission of sandwich composite integrated by piezoelectric implant," 523 

Composites Part B: Engineering, vol. 67, pp. 76-83, 12// 2014. 524 

[13] S. Barré and M. L. Benzeggagh, "On the use of acoustic emission to investigate damage 525 

mechanisms in glass-fibre-reinforced polypropylene," Composites Science and Technology, vol. 526 

52, pp. 369-376, // 1994. 527 

[14] K. Komai, K. Minoshima, and T. Shibutani, "Investigations of the Fracture Mechanism of 528 

Carbon/Epoxy Composites by AE Signal Analyses," JSME international journal. Ser. 1, Solid 529 

mechanics, strength of materials, vol. 34, pp. 381-388, 1991/07/15 1991. 530 

[15] L. Li, S. V. Lomov, X. Yan, and V. Carvelli, "Cluster analysis of acoustic emission signals for 531 

2D and 3D woven glass/epoxy composites," Composite Structures, vol. 116, pp. 286-299, 9// 532 

2014. 533 

[16] P. F. Liu, J. K. Chu, Y. L. Liu, and J. Y. Zheng, "A study on the failure mechanisms of carbon 534 

fiber/epoxy composite laminates using acoustic emission," Materials & Design, vol. 37, pp. 535 

228-235, 5// 2012. 536 

[17] S. S. Russel and E. G. Henneke, "Signature analysis of acoustic emission from graphite/epoxy 537 

composites," Interim report, NASA Grant NSG 1238, Report No. VPI-E-77-221977. 538 

[18] M. Suzuki, H. Nakanishi, M. Iwamoto, G.-Q. Jiao, K. Koike, M. Imura, et al., "Fatigue Fracture 539 

Mechanism of Class A-SMC by Acoustic Emission Method," Journal of the Society of Materials 540 

Science, Japan, vol. 36, pp. 1402-1408, 1987. 541 

[19] M. Suzuki, S. Kida, M. Shimbo, and Y. Miyano, "Effects of fiber content on fracture 542 

mechanisms of short fiber reinforced PET composites," in Proc. 8th Int. Conf. on Composite 543 

Materials, 1991. 544 

[20] P. J. De Groot, P. A. M. Wijnen, and R. B. F. Janssen, "Real-time frequency determination of 545 

acoustic emission for different fracture mechanisms in carbon/epoxy composites," Composites 546 

Science and Technology, vol. 55, pp. 405-412, // 1995. 547 

[21] C. R. Ramirez-Jimenez, N. Papadakis, N. Reynolds, T. H. Gan, P. Purnell, and M. Pharaoh, 548 

"Identification of failure modes in glass/polypropylene composites by means of the primary 549 

frequency content of the acoustic emission event," Composites Science and Technology, vol. 64, 550 

pp. 1819-1827, 9// 2004. 551 

[22] R. Gutkin, C. J. Green, S. Vangrattanachai, S. T. Pinho, P. Robinson, and P. T. Curtis, "On 552 

acoustic emission for failure investigation in CFRP: Pattern recognition and peak frequency 553 

analyses," Mechanical Systems and Signal Processing, vol. 25, pp. 1393-1407, 5// 2011. 554 



Materials 2016, 9, x FOR PEER REVIEW 19 of 20 

[23] A. Bussiba, M. Kupiec, S. Ifergane, R. Piat, and T. Böhlke, "Damage evolution and fracture 555 

events sequence in various composites by acoustic emission technique," Composites Science 556 

and Technology, vol. 68, pp. 1144-1155, 4// 2008. 557 

[24] H.-J. Jong, "Transverse Cracking in a Cross-ply Composite Laminate - Detection in Acoustic 558 

Emission and Source Characterization," Journal of Composite Materials, vol. 40, pp. 37-69, 559 

January 1, 2006 2006. 560 

[25] S. Lomov, M. Karahan, A. Bogdanovich, and I. Verpoest, "Monitoring of acoustic emission 561 

damage during tensile loading of 3D woven carbon/epoxy composites," Textile Research 562 

Journal, vol. 84, pp. 1373-1384, August 1, 2014 2014. 563 

[26] I. A. Viktorov, Rayleigh and Lamb waves - Physical theory and application. New York Plenum 564 

Press, 1967. 565 

[27] J. D. Achenbach, Wave Propagation in Elastic Solids: North-Holland series in Applied 566 

Mathematics and Mechanics, v. 16, 1973. 567 

[28] K. F. Graff, Wave motion in Elastic Solids. London: Dover Publications 1975. 568 

[29] J. L. Rose, Ultrasonic waves in solid media. Cambridge University: Cambridge University Press, 569 

1999. 570 

[30] E. Dieulesaint and D. Royer, Ondes élastiques dans les solides- Tome 1: Propagation libre et guidée. 571 

Paris: Masson, 1996. 572 

[31] A. H. Harker, Elastic waves in solids. Bristol: British gas/Adam Hilger, 1987. 573 

[32] P. Wilcox, M. Lowe, and P. Cawley, "The effect of dispersion on long-range inspection using 574 

ultrasonic guided waves," NDT & E International, vol. 34, pp. 1-9, 2001. 575 

[33] D. N. Alleyne and P. Cawley, "The interaction of Lamb waves with defects," IEEE Transactions 576 

on Ultrasonics, vol. 39, pp. 381-397, 1992. 577 

[34] A. K. Mal and Z. Chang, "Scattering of lamb wave from a rivet hole with edge cracks," 578 

Mechanics of Materials, vol. 31, pp. 197-204, 1999. 579 

[35] M. Lemistre and D. Balageas, "Structural health monitoring system based on diffracted Lamb 580 

wave analysis by multiresolution processing," Smart Materials and Structures, vol. 10, pp. 504-581 

511, 2001. 582 

[36] M. Gresil, L. Yu, V. Giurgiutiu, and M. Sutton, "Predictive modeling of electromechanical 583 

impedance spectroscopy for composite materials," Structural Health Monitoring, vol. 11, pp. 584 

671-683, 2012. 585 

[37] J. A. Nairn, "Applications of finite fracture mechanics for predicting fracture events in 586 

composites," presented at the 5th International Conference on Deformation and Fracture of 587 

Composites, London, UK., 1999. 588 

[38] M. Nasr Saleh and G. Lubineau, "Understanding the mechanisms that change the 589 

conductivity of damaged ITO-coated polymeric films: A micro-mechanical investigation," 590 

Solar Energy Materials and Solar Cells, vol. 130, pp. 199-207, 11// 2014. 591 

[39] E. Obert, F. Daghia, P. Ladevèze, and L. Ballere, "Micro and meso modeling of woven 592 

composites: Transverse cracking kinetics and homogenization," Composite Structures, vol. 117, 593 

pp. 212-221, 11// 2014. 594 

[40] M. N. Saleh, A. Yudhanto, P. Potluri, G. Lubineau, and C. Soutis, "Characterising the loading 595 

direction sensitivity of 3D woven composites: effect of z-binder architecture," Composites Part 596 

A: Applied Science and Manufacturing, vol. In Press, 2016. 597 

[41] B. N. Cox and M. S. Dadkhah, "The Macroscopic Elasticity of 3D Woven Composites," Journal 598 

of Composite Materials, vol. 29, pp. 785-819, April 1, 1995 1995. 599 

[42] B. Yu, R. Blanc, C. Soutis, and P. J. Withers, "Evolution of damage during the fatigue of 3D 600 

woven glass-fibre reinforced composites subjected to tension–tension loading observed by 601 

time-lapse X-ray tomography," Composites Part A: Applied Science and Manufacturing, vol. 82, 602 

pp. 279-290, 3// 2016. 603 

[43] B. Yu, R. S. Bradley, C. Soutis, P. J. Hogg, and P. J. Withers, "2D and 3D imaging of fatigue 604 

failure mechanisms of 3D woven composites," Composites Part A: Applied Science and 605 

Manufacturing, vol. 77, pp. 37-49, 10// 2015. 606 



Materials 2016, 9, x FOR PEER REVIEW 20 of 20 

[44] M. Surgeon and M. Wevers, "Modal analysis of acoustic emission signals from CFRP 607 

laminates," NDT & E International, vol. 32, pp. 311-322, 9// 1999. 608 

[45] M. Gresil, L. Yu, Y. Shen, and V. Giurgiutiu, "Predictive model of fatigue crack detection in 609 

thick bridge steel structures with piezoelectric wafer active sensors," Smart Structures and 610 

Systems, vol. 12, pp. 001-635, 2013. 611 

[46] M. Gresil, Y. Shen, and V. Giurgiutiu, "Predictive modeling of ultrasonics SHM with PWAS 612 

transducers," in 8th International Workshop on Structural Health Monitoring, Stanford, CA, USA, 613 

Stanford, CA, USA, 2011. 614 

[47] Vallen-System and GmbH, "http://www.vallen.de/wavelet/index.html," ed. Munich, 615 

Germany, 2001. 616 

[48] P. C. P. Junior, F. v. L. d. S. Bussamra, and F. K. Arakaki, "Finite element procedure for stress 617 

amplification factor recovering in a representative volume of composite materials," Journal of 618 

Aerospace Technology and Management, 2011. 619 

[49] J. Z. Mao, X. S. Sun, M. Ridha, V. B. C. Tan, and T. E. Tay, "A Modeling Approach Across 620 

Length Scales for Progressive Failure Analysis of Woven Composites," Applied Composite 621 

Materials, vol. 20, pp. 213-231, 2012. 622 

© 2016 by the authors. Submitted for possible open access publication under the  623 

terms and conditions of the Creative Commons Attribution (CC-BY) license 624 

(http://creativecommons.org/licenses/by/4.0/). 625 

 626 

http://www.vallen.de/wavelet/index.html

