

View

Online


Export
Citation

CrossMark

APRIL 06 2023

Guided wave propagation and skew effects in anisotropic
carbon fiber reinforced laminates 
Flora Hervin  ; Paul Fromme 

J Acoust Soc Am 153, 2049 (2023)
https://doi.org/10.1121/10.0017784

Selectable Content List

Related Content

Behavior of laminated composite skew plates under different temperature variations

AIP Conference Proceedings (July 2019)

3D guided wave motion analysis on laminated composites

AIP Conference Proceedings (February 2014)

Effect of skew angle on second harmonic guided wave measurement in composite plates

AIP Conference Proceedings (February 2017)

Low frequency ambient noise dynamics and trends in the Indian Ocean, Cape Leeuwin, Australia

Age-related reduction of amplitude modulation frequency selectivity

Intra- and inter-speaker variation in eight Russian fricatives

Estimating cochlear impulse responses using frequency sweeps

A characteristic nonlinear distortion length for broadband Gaussian noise D
ow

nloaded from
 http://pubs.aip.org/asa/jasa/article-pdf/153/4/2049/16822095/2049_1_10.0017784.pdf

https://pubs.aip.org/asa/jasa/article/153/4/2049/2883300/Guided-wave-propagation-and-skew-effects-in
https://pubs.aip.org/asa/jasa/article/153/4/2049/2883300/Guided-wave-propagation-and-skew-effects-in?pdfCoverIconEvent=cite
https://pubs.aip.org/asa/jasa/article/153/4/2049/2883300/Guided-wave-propagation-and-skew-effects-in?pdfCoverIconEvent=crossmark
javascript:;
javascript:;
javascript:;
https://doi.org/10.1121/10.0017784
https://pubs.aip.org/aip/acp/article/2133/1/020011/766765/Behavior-of-laminated-composite-skew-plates-under
https://pubs.aip.org/aip/acp/article/1581/1/1149/933429/3D-guided-wave-motion-analysis-on-laminated
https://pubs.aip.org/aip/acp/article/1806/1/060002/976907/Effect-of-skew-angle-on-second-harmonic-guided
https://pubs.aip.org/asa/jasa/article/153/4/2312/2883364/Low-frequency-ambient-noise-dynamics-and-trends-in?searchresult=1
https://pubs.aip.org/asa/jasa/article/153/4/2298/2883365/Age-related-reduction-of-amplitude-modulation?searchresult=1
https://pubs.aip.org/asa/jasa/article/153/4/2285/2883366/Intra-and-inter-speaker-variation-in-eight-Russian?searchresult=1
https://pubs.aip.org/asa/jasa/article/153/4/2251/2878623/Estimating-cochlear-impulse-responses-using?searchresult=1
https://pubs.aip.org/asa/jasa/article/153/4/2262/2878612/A-characteristic-nonlinear-distortion-length-for?searchresult=1
https://servedbyadbutler.com/redirect.spark?MID=176720&plid=2062282&setID=592934&channelID=0&CID=746302&banID=520961806&PID=0&textadID=0&tc=1&adSize=1640x440&matches=%5B%22inurl%3A%5C%2Fjas%22%5D&mt=1681925932857881&spr=1&referrer=http%3A%2F%2Fpubs.aip.org%2Fasa%2Fjasa%2Farticle-pdf%2F153%2F4%2F2049%2F16822095%2F2049_1_10.0017784.pdf&hc=cc0a1c59487f758a8b8f533529e2f02717785eee&location=


Guided wave propagation and skew effects in anisotropic
carbon fiber reinforced laminates

Flora Hervina) and Paul Fromme
Department of Mechanical Engineering, University College London (UCL), London, WC1E 7JE, United Kingdom

ABSTRACT:
Guided ultrasonic waves provide a promising structural health monitoring (SHM) solution for composite structures

as they are able to propagate relatively long distances with low attenuation. However, the material anisotropy results

in directionally dependent phase and group velocities, in addition to energy focusing, wave skewing, and beam

spreading phenomena. These effects could lead to inaccurate damage localization if not accounted for. In this

contribution, the guided wave propagation behavior (A0 mode) for a highly anisotropic, unidirectional carbon fiber

reinforced polymer laminate is systematically investigated through both finite element analysis and non-contact laser

measurements and compared to theoretical predictions. The directional dependency of phase and group velocity

measured for a point and line source shows good agreement with theoretical predictions, once a correction for wave

skew effects is applied. Wave skew angles were evaluated from the experimental and numerical wave propagation in

multiple directions and matched theoretical predictions based on the phase slowness curve. Significant guided wave

beam spreading from a line source was observed and quantified from both experiments and simulations and com-

pared with theoretical predictions using the anisotropy factor. The impact of anisotropic guided wave propagation

behavior on SHM is discussed. VC 2023 Acoustical Society of America. https://doi.org/10.1121/10.0017784

(Received 23 October 2022; revised 3 February 2023; accepted 19 March 2023; published online 6 April 2023)

[Editor: Li Cheng] Pages: 2049–2060

I. INTRODUCTION

Carbon fiber reinforced polymer (CFRP) laminates are

widely used for aerospace components due to their good

strength to weight ratio. They consist of highly anisotropic

fiber-matrix ply layers with high in-plane stiffness along the

fiber directions.1 However, poor interlaminar strength means

that composite laminates are prone to barely visible impact

damage (BVID) caused by low velocity impacts.2 Matrix

cracking, fiber breakage, and delamination can occur, reducing

laminate stiffness and potentially leading to catastrophic failure

of the component.3 Guided ultrasonic waves provide a promis-

ing structural health monitoring (SHM) solution for rapid

inspection and monitoring of composites as they can propagate

over long distances. Unlike isotropic structures, however, wave

propagation in composites results in directional dependency of

velocity, wave skewing, and beam spreading behavior, caused

by the material anisotropy.4 These anisotropic effects need to

be considered as they could lead to errors in locating damage,

and worst case to regions of the laminate where waves do not

penetrate.5 Therefore, understanding guided wave propagation

in the presence of anisotropy is required to develop accurate

SHM systems for composite structures.

Guided ultrasonic waves can be employed for the rapid

scanning of large areas.6 Often, the fundamental symmetric

S0 and antisymmetric A0 modes at low frequency are

selected for SHM in composites, as they are below the cutoff

frequencies of higher order modes, simplifying signal

processing7 in addition to minimizing attenuation.8 The S0

mode has been used in numerous studies.9–11 At low frequen-

cies, the S0 mode is less dispersive and has a higher propa-

gation velocity than the A0 mode, and therefore is easy to

distinguish as the first arrival pulse. However, no S0 mode

reflection occurs at interfaces with zero shear strain, and so

damage located at these depths would not be detected.12

The A0 mode is sensitive to damage at all depths and has a

shorter wavelength than the S0 mode at the same frequency,

improving sensitivity to smaller defects.12 Guided wave

propagation can be described by the phase, group, and

energy velocities. In isotropic materials, the phase, group,

and energy velocity directions are the same, but this is not

the case in highly attenuating and anisotropic materials.13

While composites do experience wave attenuation due to

scattering at the fibers and damping from the matrix, the

attenuation is low enough that the approximation of group

velocity as equal to energy velocity still holds in general.5

Guided wave velocities in composite laminates are direc-

tionally dependent, with higher velocities in the high stiffness

(fiber) directions. As guided wave mode velocities are also fre-

quency dependent, this leads to dispersion curves being three-

dimensional (3D). Damage detection and localization are

therefore more complex than for an isotropic structure. In uni-

directional CFRP, the A0 mode has lower directional variation

than the S0 mode, although still significant enough to impact

damage detection.14 In anisotropic materials wave energy

tends to be focused away from the wave launching direction

towards the fiber directions, i.e., phase and group directions

are no longer equal.15 The energy of the wave packet isa)Electronic mail: flora.hervin.19@ucl.ac.uk
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steered along the group direction, but the wavefronts remain

perpendicular to the wave launching (phase) direction.16

The extent of the wave steering can be defined using the

wave skew angle, which is the angular difference between the

group and phase directions. The group direction is defined as

the normal to the phase slowness curve, which is in turn

defined as the inverse of the phase velocity.17 Accurate

knowledge of the phase slowness curve is essential for the

prediction of anisotropic effects. The extent of directional

dependence of velocity and wave skewing is layup depen-

dent. Severe skew angles up to 40� are possible in compo-

sites.18 In addition to wave skewing, beam spreading can also

occur. The ultrasonic beam widens as it propagates, with the

degree of widening being directionally dependent. Increased

widening is observed if the beam is launched away from the

fiber directions (directions with lower stiffness) and is more

pronounced for the S0 mode than the A0 mode.19

Anisotropic effects can impact a variety of guided wave

SHM techniques. For phased array imaging, delay-and-sum

beamforming was modified with phase delays calculated to

account for the skew angle and directionally dependent

wave velocity.20,21 Wave skew effects can sometimes be

avoided by using wave launching directions that exploit

material symmetry or quasi-isotropic mode points.22 Quasi-

isotropic mode points are particular modes and frequencies

with almost circular slowness curves, and therefore minimal

wave skew; however, such mode points may not exist in

every composite structure.23 Anisotropy has been shown to

strongly influence amplitudes of scattered waves around a

delamination in CFRP,14 with focusing along the fiber orien-

tation of the outer layers of the composite laminate,23 which

could impact the accuracy of sparse array imaging.24

The theoretical basis for wave propagation in aniso-

tropic materials has been well established. Ogilvy25 intro-

duced the divergence D, a dimensionless quantity describing

the rate of widening of an acoustic beam due to anisotropy,

defined as the change in group direction hgroup, with respect

to phase direction hphase,

D ¼ dhgroup

dhphase

����
����: (1)

An isotropic material would have no additional beam

divergence due to anisotropy (D¼ 1, phase and group direc-

tion aligned), while D> 1 indicates an increased rate of

beam widening and D< 1 a reduced rate of beam widening

due to anisotropy. Newberry and Thompson26 represented a

bulk ultrasonic beam propagating in an anisotropic medium

using a series of Gauss-Hermite solutions in the far field.

They introduced the anisotropy factor, which was shown to

be related to the divergence as

A ¼ cos hskewð Þð Þ �2 � D; (2)

where hskew is the wave skew angle. Karmazin developed an

asymptotic solution in the far field for Lamb waves excited in

composite plates. Wave energy focusing in anisotropic

materials has been shown to be analogue to the phonon focus-

ing effect that occurs in crystalline structures27 and the “walk

off” angle terminology in the field of crystal acoustics is

equivalent to the wave skew angle.28,29 Chapuis et al.30

derived an analytical expression of the Green’s function for

Lamb waves in the far field and showed that the anisotropy of

the propagation direction induced strong focusing of Lamb

modes in CFRP plates. They found that focusing directions

correspond to the minima of the slowness curves. Potel

et al.31 used plane wave decomposition of the incident wave

beam to determine the wave skew angle. Experimental and

numerical results illustrated the strong deviation towards

fibers in a unidirectional plate predicted by the theoretical

results. Chronopulos32 expressed the wave skew angle as a

function of the material properties of an anisotropic structure

and proposed an efficient Finite Element Analysis (FEA)

method that matched the theoretical predictions. Biot’s

energy approach was extended to derive the Lamb wave

group velocity and subsequently skew angle in a composite

plate33 and showed good agreement with FEA predictions.34

Relatively few studies have considered anisotropic

wave propagation effects experimentally. Several studies

have considered the directionality of the group/energy

velocity in anisotropic materials,4,16,35–37 but relatively few

have experimentally measured phase velocities in multiple

wave propagation directions.38 Lamb wave propagation in

monocrystalline silicon wafers was investigated experimen-

tally and numerically. Measured wave skew angles were

well matched for the A0 mode but a systematic offset was

observed for the S0 mode.19 Beam spreading was also shown

to increase as the orientation of the incident guided wave

beam moved away from the high stiffness directions, but

comparison to theoretical predictions was not investigated.

Putkis et al.4 measured strong directional dependency of the

energy velocity for the S0, SH0, and A0 modes in a unidirec-

tional CFRP plate. Chapuis et al.39 demonstrated energy

focusing along the fiber directions of the A0 and S0 modes

generated by a lead zirconate titanate (PZT) disk in cross-

ply CFRP through wavefield measurements and demon-

strated that the energy focusing effect can be described by

the Maris factor. Salas and Cesnik40 used a ring-shaped

transducer with multiple elements to launch waves in differ-

ent directions and used wavefield imaging to qualitatively

demonstrate the wave steering behavior in unidirectional,

cross-ply, and quasi-isotropic laminates, but skew angles

were not quantified or compared to theoretical predictions.

Potel et al.31 measured the wave skew angle of the S0 mode

in a single wave propagation direction, showing good agree-

ment with predicted angles. Lowe et al.5 used a line source

consisting of multiple PZT discs to launch waves at 20� to

the fiber direction in unidirectional CFRP and measured a

steering angle consistent with theoretical predictions.

This contribution aims to systematically investigate

wave skew angles and beam spreading in a highly aniso-

tropic plate, comparing FE modelling and experimental

measurements with theoretical predictions. Phase and group

velocities of the A0 guided wave mode in a unidirectional
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CFRP plate were measured for multiple wave propagation

directions. Full 3D FEA simulations were developed to

model wave propagation from both point and line sources.

Non-contact laser measurements were performed to validate

simulations. The wave skew angles from a line source were

investigated numerically and experimentally and compared

to theoretical predictions. The beam spreading phenomena

is quantified and compared to theoretical predictions. The

paper is structured as follows: Sec. II describes the finite ele-

ment simulations used to model wave propagation, followed

by details of the experimental measurements in Sec. III.

Section IV provides a comparison between experiment,

FEA, and theoretical predictions for velocity variation with

propagation direction, wave skewing, and beam spreading.

Conclusions are drawn in Sec. V.

II. FINITE ELEMENT MODELING

Full 3D FEA simulations of a unidirectional CFRP plate

section with dimensions 600 mm � 400 mm � 3.6 mm were

carried out in ABAQUS/Explicit. A model input file, speci-

fying parameters and geometry, was generated in MATLAB

before being imported into ABAQUS 2018 for analysis. The

plate was modelled as an anisotropic, homogenized structure

with material properties given in Table I. Eight node solid

brick elements (C3D8R) were selected for the model with

an element size of 0.5 mm � 0.5 mm � 0.45 mm to obtain

eight elements through the plate thickness and at least 30

elements per wavelength in the in-plane direction. The time

increment was set to 5 ns and the simulation time was set to

150 ls, fulfilling the usual stability criteria.41 Stiffness pro-

portional Rayleigh damping was included to model attenua-

tion in the plate. The damping coefficient was set to b ¼ 70

ns. Point source excitation of the A0 mode was implemented

by applying an out-of-plane force to a single node. The nar-

rowband excitation pulse was a 75 kHz, 5-cycle sine wave

modified by a Hanning window. A line excitation was gen-

erated by applying simultaneous out-of-plane forces along a

line of nodes, 40 mm in length.

For the phase and group velocity characterization, his-

tory outputs for the out-of-plane displacements were

requested along a 100 mm line of monitoring points, origi-

nating 100 mm from the excitation with a step size of 1 mm,

as shown in Fig. 1(a). Additionally, for the 40 mm line exci-

tation, a 100 mm line of measurement points directed along

the wave skew angle was defined. In order to model wave

propagation in different incident wave directions, the orien-

tation of the material properties was rotated while keeping

the model geometry and monitoring locations the same.

Material properties were rotated in 5� steps between 0� and

90�. A separate simulation was performed in each direction

for each excitation type. Wave skew and beam widening

effects were investigated for the 40 mm line excitation by

recording out of plane displacements along five lines of

measurement points (parallel to line excitation), spanning

the full width of the plate. The lines were located 100, 125,

150, 175, and 200 mm from the excitation location as shown

in Fig. 1(b). A separate simulation was again performed for

each incident wave direction.

Theoretical phase and group velocity dispersion curves

were obtained using Disperse software42 for a 3.6 mm thick

unidirectional CFRP panel with the material properties

given in Table I. A separate set of dispersion curves was cal-

culated for wave propagation directions between 0� and 90�

in 5� increments to obtain theoretical values for each angle

relative to the fiber orientation. The theoretical phase

TABLE I. Orthotropic stiffness constants and density of the unidirectional

CFRP specimen. All values in GPa unless otherwise stated. Obtained at

2 MHz at the University of Bordeaux, France (Ref. 35).

C11 12.56

C12 6.87

C13 6.47

C22 13.15

C23 5.60

C33 109.90

C44 4.70

C55 4.00

C66 2.27

q (kgm�3) 1550

FIG. 1. (Color online) Geometry of finite element (FE) model. Schematic shows excitation and measurement locations for (a) velocity simulations; (b) wave

skew simulations.
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slowness curve was calculated for the A0 mode at 75 kHz, as

shown in Fig. 2(a). Theoretical wave skew values for each

incident wave direction were then calculated from the slow-

ness curve by calculating the difference between the group

and phase directions. The group direction was calculated by

taking the normal of the tangent to the slowness curve at a

particular phase direction, as shown schematically in the

diagram in Fig. 2(a). The skew angle can then be calculated

from the difference between the phase and group directions.

The theoretical values for the wave skew angle are shown in

Fig. 2(b). As expected, zero skew angle is observed in the

principal (0� and 90�) directions. The highest skew angle of

25� is predicted in the 45� direction.

III. EXPERIMENTAL MEASUREMENTS

Guided wave measurements were performed on a 24-

ply unidirectional CFRP panel with nominal dimensions

1.14 m �0.94 m. The plate thickness was 3.6 mm, giving a

ply thickness of 0.15 mm. The previously measured material

properties are given in Table I.35

A piezoceramic transducer (5 mm diameter, 2 mm thick-

ness) with brass backing mass (5 mm diameter, 6 mm thick-

ness) was used as point source excitation of the A0 mode.

The point transducer was bonded to the plate surface with

Loctite 2-part epoxy glue. To ground the transducer, silver

conductive paint was applied to the plate surface in a small

region beneath the PZT disk transducer. The excitation signal

was a 5-cycle sine wave modulated by a Hanning window at

75 kHz center frequency, generated using a programmable

function generator (Agilent 33220 A, Agilent, Santa Clara,

CA). The excitation signal was amplified to 75 Vpp (Krohn-

Hite 7602 M wideband amplifier, Krohn-Hite, Brockton,

MA) before being applied to the transducer. A laser vibrome-

ter (Polytec OFV-505 sensor head, OFV-5000 vibrometer

controller, Polytec, Waldbronn, Germany) was used to

measure the velocity of the out-of-plane displacement at the

plate surface. The laser head was attached to a scanning rig,

shown in Fig. 3(a), allowing for horizontal and vertical

movement parallel to the specimen. Retroreflective tape was

applied to the plate to improve the laser beam reflection and

thus signal-to-noise ratio. Time signals were filtered using a

4th order Butterworth bandpass filter with cut-off frequencies

of 50 and 100 kHz, respectively. The signals were recorded

using a digital storage oscilloscope and averaged 20 times

before being saved to a PC for further analysis in MATLAB.

Radial lines, 100 mm length in 1 mm steps, were scanned at a

distance 100 mm from the transducer as shown in Fig. 3(b).

These measurements were used to calculate phase and group

velocity for different wave propagation directions.

A line transducer shown in the inset of Fig. 4(a), con-

sisting of a piezoceramic strip (PZT PIC-255, dimensions

40 mm � 5 mm � 1 mm) and a steel backing mass (40 mm

� 5 mm � 5 mm) was constructed. Aluminum conductive

tape was applied to both faces of the PZT strip as electrodes

[Fig. 4(b)]. The PZT strip and electrodes were then attached

to the backing mass using double sided adhesive tape. Blu-

tack was used as filling material at each end of the trans-

ducer to prevent short circuiting. The transducer was

mounted on the rear side of the plate and pushed on the plate

using a screw as shown in Fig. 4(a) to obtain repeatable

clamping pressure. The outer face of transducer was

wrapped in tape to protect the PZT strip as a thin layer of set

honey was used to improve coupling, increasing signal

amplitude. The line transducer was then rotated to achieve

different wave propagation directions. To capture wave

skew effects, lines of measurement points perpendicular to

the wave launching direction (parallel to the line excitation)

were scanned in 2 mm steps on the region covered with ret-

roreflective tape. The lines were located 100, 125, 150, 175,

and 200 mm from the line source.

FIG. 2. (Color online) (a) Theoretical phase slowness curve for 3.6 mm thick CFRP at 75 kHz, calculated from dispersion curves. Phase and group directions

denoted by arrows. (b) Variation in theoretical skew angle with phase direction.
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IV. RESULTS AND DISCUSSION

A. Directional dependence of velocity

The phase and group velocities of the A0 mode were cal-

culated for each wave launching direction and are shown in

Fig. 5. To obtain the phase velocity, a fast Fourier transform

(FFT) was performed on the time signals along a line of mea-

surement points shown in Fig. 1(a). The phase angle at the cen-

ter frequency of excitation / was extracted for each

measurement point and plotted against distance from the

source, removing any 2p phase jumps. A linear fit was per-

formed, and the gradient of the line extracted. The phase veloc-

ity was then calculated by multiplying the inverse of the

gradient by a factor of 2pf, where f is the center frequency of

the excitation (75 kHz). Experiments using a widely employed

PZT disk as an approximate point source do not fulfill the

assumption of a plane wave front used to calculate theoretical

dispersion curves. A correction must be performed on the raw

velocity values to account for the anisotropic wave skew

effect,38 otherwise the phase velocities will be significantly

underestimated (up to 12%) in wave launching directions with

high skew angle. Employing the assumption from the theory

that wave fronts stay parallel to the wave launching direction

(phase direction), but their energy propagates in the group

direction16 (given by the skew angle, see Fig. 2), the phase

velocity must be calculated from the wave pulses in the group

direction and then projected back in the phase direction [multi-

plication by factor cos(hskew)] to match the theoretical assump-

tion of a planar wave front.

To calculate the group velocity, the maximum ampli-

tude of the signal was obtained from the Hilbert envelope.

As the group velocity calculation is sensitive to pulse distor-

tion due to dispersion, a narrowband bandpass 8th order

Butterworth filter was applied to the time signals with cutoff

frequencies 70 and 80 kHz, respectively. The arrival time of

the maximum amplitude was plotted against the distance

from the source for each measurement point in a given

direction. A linear fit was then performed, and the gradient

FIG. 3. (Color online) (a) Photograph of CFRP specimen and experimental setup. (b) Schematic of scanning patterns for velocity and wave skew measure-

ments on CFRP specimen.

FIG. 4. (Color online) (a) Photograph of line transducer (inset) and clamp-

ing mechanism on rear of plate; (b) schematic of transducer construction.
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of the line extracted. The group velocity is equal to the

inverse of this gradient. The skew angle correction also

needs to be applied to the group velocity to match theoreti-

cal assumptions.

Figure 5(a) shows measured and simulated phase velocity

values at 75 kHz compared with the theoretical values obtained

from Disperse. Very good agreement of the FEA evaluation for

a line and point source with the theoretical values can be seen.

The maximum difference is less than 1%, indicating that the

correction for the wave skew due to anisotropy allows accurate

determination of the phase velocity for a point source.

Experimental results in general agree well and show the same

angular dependence, but a maximum offset of 2% between the-

ory and measurement can be observed in the 15� and 30� direc-

tions. This could be due to either experimental uncertainties or a

slight offset in the assumed material properties. A similar trend

can be observed for the group velocity values shown in Fig.

5(b). A small offset of up to 2% can be observed for the point

source FEA results, with agreement within 1% along the princi-

pal axes. For the 40 mm line source, the corrected group velocity

values show very good agreement within 1% of the theoretical

values. The measured velocity values are in reasonable agree-

ment with the FEA results.

These results indicate that care should be taken when

measuring phase and group velocities in an anisotropic

material, particularly if using a point source such as a PZT

disk often selected for guided wave measurements. While

the skew angle correction for a point source works well,

some knowledge of the material anisotropy and expected

wave skew angle is required. Overall, the FEA model has

been demonstrated to accurately predict wave propagation

behavior, showing good agreement with theory and experi-

mental measurements.

B. Visualization of guided wave skew

In order to understand the influence of material anisot-

ropy on wave propagation, the wave steering behavior in the

plate should be determined. The images in Figs. 6 and 7

visualize the time traces obtained along each line of mea-

surement points, equivalent to a B-scan. Figure 6 shows the

simulated out-of-plane displacement time traces from a

40 mm line source at each measurement point for lines of

points located 100, 150, 200 mm from the source in the 0�,
30�, 60�, and 90� wave launching directions. In the 0� direc-

tion (top row, Fig. 6) the wave pulse does not deviate from

the initial propagation direction and does not show signifi-

cant widening as it propagates along the plate. In the 30�

direction (2nd row, Fig. 6) significant deviation from the

wave launching direction towards the 0� direction can be

observed, in addition to slight widening of the beam. In the

60� direction, the beam is skewed towards the 0� direction

to a similar degree as the 30� direction; however, the beam

widening at 60� is much more significant. In the 90� direc-

tion no beam steering is observed, but significant beam wid-

ening occurs as the wave pulse propagates. This is partly

due to the energy focusing along the fibers, perpendicular to

the propagation direction. In each of the wave launching

directions the orientation of the wavefronts remains parallel

to the wave propagation direction, irrespective of the degree

of steering experienced, as expected.

Figure 7 shows the measured out-of-plane displacement

time traces (B-scan equivalent) at 100, 150, and 200 mm

from the 40 mm line transducer in the 0�, 30�, 60�, and 90�

directions. As expected, the measured wave pulse is less

uniform than for the simulations, however the wave steering

and spreading behavior is similar. In the 0� direction, the

main wave pulse remains focused along the wave launching

direction with limited beam spreading. In the 30� direction

the wave pulse consists of two regions of high amplitude,

which is not observed in the FEA. Significant wave steering

from the initial direction can be observed, consistent with

the FEA predictions. Some beam spreading can be observed,

particularly at 200 mm, where the gap between the two

wave pulses has significantly increased. In the 60� direction,

FIG. 5. (Color online) Measured, simulated, and theoretical (a) phase and (b) group velocity variation with propagation angle at 75 kHz center frequency.
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the main central pulse shows wave skewing behavior as

expected. The central pulse, originating from the front of the

line source, is more difficult to distinguish in this direction,

particularly at 100 mm from the source, but also displays

beam spreading. No steering is observed in the 90� direction

as expected, but spreading of the central pulse occurs. The

measurements show that beam spreading increases with

wave launching angle. As seen from the FEA results, the

wavefronts remain oriented parallel to their initial launching

direction. In the experimental measurements the amplitude

of guided waves decays more severely as the propagation

angle is increased, compared to the FEA.

In order to analyze the energy distribution of the line

wave excitation in more detail, the maximum amplitude of

the wave pulse was calculated at each measurement point

along the five parallel lines of measurement points. Figures

8(a) and 8(b) show the simulated and measured amplitudes

for the A0 mode propagating along the 0� wave launching

direction. The measurement lines at 125 and 175 mm from

the source have been omitted for clarity. No wave skew is

observed for simulated results [Fig. 8(a)] as the peaks are

aligned. No beam spreading is visible due to energy focus-

ing effects. The main peak of the experimentally measured

wave pulse also shows no wave skewing and limited beam

FIG. 6. (Color online) Normalized displacement time traces along a single line of measurement points (parallel to the excitation line source) for A0 mode

obtained from FEA (the equivalent of a B-scan). Wave launching angles of 0�, 30�, 60�, and 90� at three lines of measurement points located 100, 150, and

200 mm from the excitation location, respectively. The wave launching direction is represented by a dashed line at y¼ 0 mm.
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spread [Fig. 8(b)]. The second peak to the right of the main

peak is caused by nonuniformity in the experimental line

excitation and is due to waves being generated from the

ends of the transducer. Figures 8(c) and 8(d) show the simu-

lated and measured amplitudes along the 90� wave launch-

ing direction. In both measurement and simulation no wave

skew is observed as the peaks are aligned, but significant

beam widening, consistent with the images in Figs. 6 and 7,

can be observed.

The measured and simulated amplitudes along the 30�

and 60� wave launching directions are presented in Figs.

9(a) and 9(b) and Figs. 9(c) and 9(d), respectively. Wave

skewing can be observed as the main amplitude peaks shift

to the left with increasing distance from the source. In the

30� direction some beam spreading is observed in the FEA,

but this is more difficult to observe in the experiments due

to the double amplitude peak present. The double peak is

not present in the FEA initially, although as the wave pulse

propagates, a secondary peak starts to develop to the right of

the main pulse. The double peak in the experiments is likely

due to the imperfect line excitation, but in this case, could

be caused by destructive interference at the center of the

transducer (length approximately twice wavelength at

75 kHz). For the 60� wave launching direction beam skew-

ing again is observed in both the experiment and simulation.

Beam spreading in the 60� direction is more severe than in

FIG. 7. (Color online) Experimentally measured displacement time traces along a single line of measurement points (parallel to excitation line source, equiv-

alent to B-scan) for A0 mode generated by line transducer (40 mm length). Wave launching angles of 0�, 30�, 60�, and 90� at three lines of measurement

points located 100, 150, and 200 mm from excitation location, respectively. The wave launching direction is represented by a dashed line at y¼ 0 mm.
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the 30� direction as expected, however, slightly counterintu-

itively, appears to also be greater than the spreading

observed in the 90� direction.

C. Calculation of guided wave skew angles and beam
spreading

The previous results have shown that the position of the

wave pulse changes with propagation direction in the non-

principal directions, where there is a non-zero skew angle.

One method to estimate the position of the wave pulse is to

simply take the location of the maximum amplitude of the

wave pulse at each location.43 However, this procedure

becomes inaccurate when the excitation consists of multiple

peaks, e.g., as shown in Fig. 9(b). In order to estimate the

position of the wave pulse the weighted sum of three stan-

dard Gaussian functions was fitted to each amplitude curve,

f xð Þ ¼ a1exp � x� b1

c1

� �2
" #

þ a2exp � x� b2

c2

� �2
" #

þ a3exp � x� b3

c3

� �2
" #

; (3)

where the coefficients an represent the amplitude of each

Gaussian peak, the coefficients bn represent the centroid of

each peak, and coefficients cn are related to the width of

each peak. To estimate the true center of the wave pulse, a

weighted average of the peak centroids was performed (i.e.,

bn weighted with respect to an). Several types of fitting func-

tions were investigated including Gaussian and Lorentzian

functions and the sum of multiple Gaussian functions. For

smooth amplitude curves [e.g., Fig. 8(a)] a single Gaussian

already provided a good fit. However, the weighted sum of

three Gaussian functions, as given in Eq. (3), provided the

best fit (R2 > 0:99) for all cases, as shown in Fig. 10 for the

FEA [Fig. 10(a)] and experimental [Fig. 10(b)] results, as it

was able to match the multiple peaks.

The fitting procedure was performed on both the simu-

lated and experimental curves for each wave launching

direction. The skew angles were calculated by plotting the

averaged center location of each amplitude curve against

distance from the source. A linear fit was then performed,

and the wave skew angle was calculated from the inverse

tangent of the line gradient. Skew angles from the fitted

curves were compared with the theoretical values obtained

from the phase slowness curve [Fig. 11(a)]. In the principal

directions, zero skew angle is observed as expected. The

maximum skew angle of 28.3� is measured for the 45� wave

launching direction with almost symmetric skew angles

either side of this. The skew angles are slightly higher for

the 0�–45� directions than for the 45�–90� directions, likely

due to the effect of energy focusing causing greater beam

steering in these directions. Overall, there is good agreement

between theory and FEA. However, the experimentally

measured skew angles are slightly higher than expected in

the high skew directions (from 30� to 60�). As the experi-

mentally measured point source velocities showed good

agreement with theory, the experimental error in the wave

skew angles could likely be caused by the quality of the line

source excitation leading to a more complicated amplitude

pattern. The measured skew angles follow the overall

FIG. 8. (Color online) Normalized maximum wave pulse envelope (Hilbert transform) amplitude along lines of measurement points located 100, 150, and

200 mm from line source for (a) 0� direction FEA; (b) 0� direction experiment; (c) 90� direction FEA; (d) 90� direction experiment.
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pattern of the theoretical values and agree well with theory

in the directions with lower skew angles. These results show

that severe skew angles can occur in this unidirectional

CFRP specimen, which could impact guided wave SHM.

High skew angles could lead to errors in locating damage,

as the beam is steered away from the wave launching direc-

tion, potentially leading to regions where guided waves do

not propagate due to the severe steering.

To estimate the beam spreading, the full width at half

maximum (FWHM) of the wave pulse was tracked over dis-

tance. The FWHM of a three term Gaussian function can be

calculated as

FWHM ¼ 2cav

ffiffiffiffiffiffiffiffiffi
2ln2
p

: (4)

Here, cav is the average of the cn coefficients in Eq. (3)

weighted with respect to the corresponding amplitude coef-

ficients an. The FWHM was calculated for each of the five

amplitude curves (shown for 30� wave launching direction

in Fig. 10), plotted against distance from the source, and a

linear fit was performed. The gradient was extracted from

the fit and the beam spreading angle was estimated by taking

the inverse tangent of this gradient.

The measured and simulated beam spread angles were

calculated for each wave launching direction and are shown

FIG. 9. (Color online) Normalized wave pulse envelope (Hilbert transform) amplitude along lines of measurement points located 100, 150, and 200 mm

from line source for (a) 30� direction FEA; (b) 30� direction experiment; (c) 60� direction FEA; (d) 60�direction experiment.

FIG. 10. (Color online) Normalized maximum Hilbert amplitude for 30� wave launching direction with triple Gaussian curve fitting for (a) FEA and (b)

experiment.
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in Fig. 11(b). The theoretical anisotropy factor A [Eq. (2)]

was calculated for each of the wave launching directions

and is also plotted. The additional factor of ðcos ðhskewÞÞ �2

in A compared to the divergence D [Eq. (1)] gave a slightly

better match to the FEA and experimental results. It should

be noted that the anisotropy factor is a dimensionless quan-

tity and thus cannot directly be compared to the calculated

beam spread angle. However, the overall physical behavior

described by the anisotropy coefficient is similar. For exam-

ple, A reaches a maximum in the 75� wave launching direc-

tion. This indicates that the beam will be widening most

rapidly at 75� (A> 1), matching the measured maximum

beam spread angles calculated from the FEA and experi-

mental evaluation. The anisotropy factor is dependent on the

curvature of the slowness curve and so accurate knowledge

of the variation of phase velocities with propagation direc-

tion in anisotropic materials is required. It should be noted

that the Maris factor, which can be used to predict energy

focusing,39 is distinct from the anisotropy factor, but also

related to the curvature of the slowness curve.

Low beam spreading is observed for the FEA results at

0� and 15�, as there is a large degree of energy focusing

along the fiber direction at these wave launching angles. The

spreading angle then steadily increases as the wave launch-

ing direction diverts from the fiber orientation. The highest

beam spreading, slightly counterintuitively, is observed at

75�. This is likely due to a combination of energy focusing

along the almost perpendicular fiber directions stretching

the beam, as seen in the 90� direction, in addition to wave

skewing effects enhancing the degree of spreading.

Severe beam spreading, as observed in Fig. 11(b), could

lead to significantly lower detected signal amplitudes in cer-

tain directions, indicating regions where damage could be

difficult to detect. The measured beam spread angles gener-

ally follow a similar pattern to the FEA results; however,

the FEA predicts slightly higher beam spreading for most

propagation directions. The accuracy of the experimentally

measured beam spread angles is limited by the quality of the

line excitation, which did not match the assumed uniform

amplitude distribution. It should be noted that the aniso-

tropic wave propagation effects in a unidirectional laminate

will be larger than that of a cross-ply or quasi-isotropic

CFRP layup. The beam steering and spreading behavior in

these laminates will be smaller but could be significant

enough to reduce the accuracy of guided wave based SHM.

V. CONCLUSIONS

Anisotropic guided wave propagation effects were inves-

tigated for the A0 mode in a unidirectional CFRP laminate.

The directional dependence of phase and group velocity from

a point and a 40 mm line source was investigated through

experimental measurements and finite element modelling.

Good agreement between measurements, FEA, and theoreti-

cal velocity values was observed, provided that a velocity

correction is applied to incorporate anisotropic wave skewing

effects. Numerical and experimental studies of the wave

skewing behavior in multiple incident wave directions were

performed. Zero skew angle was observed in the principal

(0�, 90� relative to fiber orientation) directions with maxi-

mum skewing occurring at 45� for the experimental, FEA,

and theoretical analysis. The skew angles calculated from the

FEA showed good agreement with theoretical values calcu-

lated from the phase slowness curve. The measured skew

angles were slightly higher than predicted in directions with

the largest degree of skewing (30�, 45�, 60�). Beam spread-

ing was estimated from the experimental and simulation

results. Limited spreading occurs in the 0� and 15� directions

due to energy focusing along the fibers occurring in these

directions, leading to higher observed amplitudes. As the

wave launching direction moves away from the fiber direc-

tions, the beam spreading increases significantly. The beam

spreading angle was compared with the anisotropy factor,

calculated from the theoretical slowness curve. While a direct

FIG. 11. (Color online) (a) Measured, simulated, and theoretical skew angles for wave launching directions between 0� and 90�; (b) estimated beam spread

angle with wave launching direction from FEA and experimental measurement, overlaid with anisotropy factor.
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comparison cannot be made, the physical behavior observed

in the experiments and simulations matched the theoretical

prediction. Guided waves propagating in unidirectional com-

posite laminates, such as the specimen used for this study,

will experience greater anisotropic effects than in other lay-

ups. However, the effects studied here will also occur to

some degree in specimens with cross-ply and quasi-isotropic

layups. Anisotropic effects such as severe skew angles and

beam spreading, as observed for this specimen, could lead to

reduced accuracy in damage location or regions where little

to no guided wave amplitude can propagate in composite

plates. Therefore, anisotropic effects should be considered

when designing guided wave SHM systems.
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