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Streszczenie. Prezentowany artyku³ dotyczy wykrywania delaminacji w cylindrycznych lami-

natach epoksydowych wzmacnianych w³óknem szklanymw oparciu o metodê propagacji fal sprê-

¿ystych. Badania prowadzone na strukturach kompozytowych ze sztucznie wprowadzonym

defektem obejmowa³y analizê numeryczn¹ metod¹ elementów skoñczonych oraz weryfikacjê eks-

perymentaln¹ z u¿yciem czujników piezoelektrycznych. Na podstawie uzyskanych wyników

mo¿liwe jest okreœlenie wp³ywu delaminacji na globalne zachowanie dynamiczne analizowanej

struktury. Metoda propagacji fal sprê¿ystych mo¿e byæ wykorzystana do okreœlenia wp³ywu ró¿-

nych parametrów na uzyskane wyniki dla struktur bez uszkodzeñ i z uszkodzeniami. Bezpoœred-

nie porównanie dynamicznej odpowiedzi struktury nieuszkodzonej i uszkodzonej mo¿e byæ

wykorzystane do zlokalizowania i oszacowania rozmiaru uszkodzenia.

METODA PROPAGACJI FAL W ANALIZIE KOMPOZYTOWYCH PANELI CYLIND-

RYCZNYCH Z DELAMINACJ¥

Summary. The presented paper is focused on the identification of delamination in cylindrical

glass/epoxy lamina based on the elastic wave propagation method. The current analysis of com-

posite structures with the artificial square delamination was conducted numerically with the

help of the finite element method and verified experimentally using piezoelectric sensors. Based

on the computed results it is possible to determine the effect of delamination on the overall struc-

tural dynamic behaviour. The wave propagation technique can be used to quantify the difference

between the results related to various parameters in the cases of intact and defected structures.

The direct comparison of the dynamic response of the intact and defected structure can be applied

to localize and size assessment of the structural damage.

1. Introduction

The safety and reliability of structures most-

ly depend on the effectiveness of the monito-

ring methods. The necessity of permanent mo-

nitoring of the structure state and prognosis of

the service life, as well as the economical as-

pects associated with the optimal utilization of

the machines and the limitation of the mainte-

nance time brought about the development of

the Structural Health Monitoring (SHM) me-

thods and systems. During the past two deca-

des, extensive studies were conducted in the

area of vibrational based damage and detec-

tion methods. The number of non-destructive

inspection techniques is growing and depends

on the engineering application [1-3]. A basic

assumption of SHM systems was presented by

Worden et al. [4-5]. A literature review which

summarizes the methods of data acquisition,

signal processing, feature extraction and data

fusion techniques can be found in Refs. [6-9]. In

spite of many commercially used SHM sys-

tems and methods, most of the popular dam-

age detection techniques do not give complete

satisfaction because of their limitations. How-

ever, only few methods can be applied in va-

rious types of constructions made of different

materials. One of the most efficient methods is

the guided wave propagation method. A classi-
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fication of dynamic-based SHM techniques as

a relationship between the interrogation fre-

quency and the size of the damage was presen-

ted by Gopalakrishnan et al. [10]. Several tech-

niques of inspection have been developed over

time. Jeong et al. [11] presented a time reversal

method for damage detection and localization

in plates. Several modifications of this method

were introduced by Sohn et al. [12]. A

time-of-flight (TOF) method with techniques of

data fusion was presented by Xu, Yu and Giur-

giutiu [13]. A direct comparison of the signals

from defected and intact structures was utili-

zed by Kessler [14] and Giurgiutiu [15]. To de-

scribe the state of the structure based on time

history data, the statistical measure must be

applied to characterize the damage size and

type. A variety of parameters and functions

summarized by Adams [8] may be used in da-

mage detection and description algorithms.

The efficiency of the damage index definition

depends on many parameters like size and

type of the defect.

Delaminations in composite materials are

one of the most dangerous failure mode results

typically from impact damage or manufactu-

ring imperfections. The presence of delamina-

tion leads to a reduction in the overall buckling

strength of the structure and usually tends to

grow rapidly causing a fatal structural failure.

The online SHM systems based on Lamb wave

propagation are the most efficient techniques

for detecting such a defect. The waves reflected

from the delamination are used in pulse-echo

technique of the inspection [16-17]. The

pitch-catch method needs several sensors in

the analyzed area from which one is an actua-

tor and the response signal from the sensors

are taken into account in damage detection

[18]. Many researchers are focused on the de-

velopment of delamination detection methods

based on a multipoint measuring system

[19-21]. However, it is worth pointing out that

most of the vibration-based methods, presen-

ted in literature, are only applied to simple

beam-like, plate or truss structures. A study of

the damage in laminated composite in cylind-

rical shells was carried out only by Krishna-

murthy et al. [22] and Muc and Stawiarski [23].

In the presented paper the multipoint mea-

suring system based on piezoelectric (PZT) ele-

ments are used for damage detection in com-

posite multilayered cylindrical panels with the

use of the pitch-catch method (Fig. 1). Prelimi-
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Fig. 1. Damage detection scheme for composite cylindrical panel.



nary considerations and numerical results

were presented by Muc and Stawiarski [24-25].

This work is an extension of the previous re-

search carried out in this area.

2. Materials and Methods

A composite cylindrical panel made of uni-

directional glass fibers embedded in epoxy re-

sin was considered (Fig. 2). The 8 layer cylind-

rical lamina panel had a single square inter-

laminar delamination (10×10 mm) in the centre

of the structure.

The panel’s dimensions were as follows:

the length L=300 [mm], the mid-surface ra-

dius R=92 [mm] and the thickness of the

structures t=2 [mm]. The material properties

of the cylindrical panels based on the stress/

strain experimental analysis were presented

in Table 1.

Table 1. Material properties

Material Elong Ecircum G12 n12 r

glass/epoxy
lamina

GPa GPa GPa - kg/m3

46.43 14.92 5.23 0.269 2032

Piezoelectric elements were used to excite

and receive the Lamb wave signals from the

structure. PZT patches can deliver wide fre-

quency responses with a low power cost.

Moreover, light and small PZT elements are

suitable for embedding into structures (e.g.,

between laminate layers) with good coupling

capacity. The sinusoidal excitation signal, mo-

dulated by the Hanning window was used in

this study. The response signals from intact

and defected structures were compared with

the damage index definition (DI) based on the

correlation coefficient defined as follows:

where: Cxy – covariance, sx, sy – standard de-

viation of the intact and defected signals, µx, µy

– mean, xi, yi – signal value.

The damage index (2) calculated for each

path between an actuator and sensor contained

two terms from which the first was responsible

for the value of the DI and the second descri-

bed the geometry of the wave propagation

path. The width of the elliptic shape of a path

was controlled by b parameter.
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Fig. 2. Composite cylindrical panel with unidirectional

fibers along the length of the structure.
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The efficiency of the damage detection

method based on damage index depends on

proper choice of excitation signal parameters

for considered structures.

3. Damage detection

To verify the efficiency of the presented da-

mage detection method, composite multilaye-

red panels with different types of damage was

considered. The numerical results obtained

with the use of finite element method applied

in ANSYS were compared with the experi-

ment. At the beginning, the cylindrical panel

made of glass fibre with a single square of in-

terlaminar delamination in the middle of the

structure was taken into account (Fig. 3). The

multipoint measuring system contained 16

PZT elements from which one was an actuator

and all others were sensors. The 100 kHz Han-

ning window tone burst signal was considered

and the response signals from the intact and

defected structures were compared with the

use of the damage index based on correlation

between the signals.

The numerical results presented in b) de-

monstrate the parabolic shape of the defect in-

fluence zone after delamination. For a small

defect, the localization of the sensor was crucial

for efficient damage detection methods. Fig. 4

presents the comparison of response signals

from intact and defected structures for three

sensors (Fig. 3). The slight difference between

signals for which wavefronts passed through

the delaminated area could be observed (sen-

sor s9). The significant difference between the

signals was observed for sensors placed near

the edge of the defect influence zone (sensors

s8 and s10). The damage index for these sen-

sors achieves greater values and may be utili-

zed to the defect localization by the damage

detection algorithm. The numerical and experi-

mental results were qualitatively similar. For

accurate localization of damage it was necessa-

ry to use more than one actuator. The data fu-

sion schema based on summation (5) and con-

junction (6) was applied.

where Na – number of actuators, Pk(x,y) – the

damage index distribution for one actuator.

Fig. 5 presents the first configuration of 16

PZT sensors. The square (10×10mm) delamina-

tion placed in the middle of the structure was

taken into account. The damage detection re-

sults based on comparison of the response sig-

nals from the intact and defected structures

were presented in Fig. 5 b) – e). The damage
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a) b)

Fig. 3. a) Composite panel with a single delamination and with surface-mounted PZT elements, b) fronts of propaga-

ting waves (time 0.0001s).
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index distributions based on a summation con-

vention of data fusion allows for the localizing

and assessesment of the probability of the de-

fect occurrence on the grounds of the average

value of the damage index for each wave pro-

pagation path. The normalized damage index

based on the conjunction scheme allows to pre-

cisely localize and assess the defect size on the

ground of the common area of the wave propa-

gation path for which the greatest difference

between response signals was observed. Let us

consider the second configuration of the PZT

sensor placement (Fig. 6a compare with a). Be-

cause of the same mutual position between the

sensors for both configurations of the PZT ele-

ments the response signals from the defected

structure (the second configuration) was com-

pared with the intact structure in first configu-

ration.

As it may be observed in the damage detec-

tion efficiency for second configuration of the

sensor placement was similar to the first case.

The damage detection algorithm based on

wave propagation phenomena requires a refe-

rence structure to the comparison of the res-

ponse signals.
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Fig. 4. Comparison of response signals from intact and delaminated structures for three sensors (s8, s9, s10): a) experi-

mental results, b) numerical results.



The presented results indicate that if the

analyzed structure is homogenous and has a

regular geometry only one the measurement of

the intact structure may be used for damage

detection in different regions of the structure.

The assumption of an identical wave propaga-

tion detected by multipoint measuring system

independently on the localization of the mea-

surement can be utilized when the actuated

and detected signal are not disturbed by the

wave reflected from the boundary of the struc-

ture.

4. Summary

The presented results showed the effective-

ness of the proposed damage detection method

based on the comparison between the wave
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Fig. 5. Experimental damage detection results for first configuration of PZT sensors: a) analyzed area with PZT sen-

sors, b) damage index distribution based on summation data fusion, c) normalized damage index distribution based on

conjunction data fusion, d) and e) damage index distributions on geometrical model of analyzed composite cylindrical

panel.

Fig. 6. Experimental damage detection results for second configuration of PZT sensors: a) analyzed area with PZT

sensors, b) damage index distribution based on summation data fusion, c) normalized damage index distribution based

on conjunction data fusion.



propagation for the intact and defected struc-

tures. The numerical results presented in this

paper and previous research were qualitatively

confirmed by the experiment. The direct com-

parison of the dynamic response of the intact

and defected structure can be applied to locali-

zed and size assessment of the structural fai-

lure. It is worth pointing out that the greatest

difference between the response signals do not

always indicate the position of the delamina-

tion centre. For different sizes and orientations

of the defect it is much more possible to detect

the boundary of the defect as was shown in the

numerical and experimental results. However,

accurate and efficient damage detection requi-

res the careful analysis and optimal design of

the location and number of piezoelectric actua-

tors and sensors. The number of the PZT ele-

ments used in multipoint measuring system

influences on the size of defects which can be

detected in the structure. The parameters of the

generated signal should also be carefully selec-

ted. The effect of the actuation frequency is

much more important than the number of cyc-

les in the excitation signal. The optimal range

of the excitation frequency can be determined

for theconsidered structure to obtain the maxi-

mum dynamic response.

Acknowledgements

The National Science Center Poland

(DEC-2013/09/B/ST8/00178) is gratefully

acknowledged for financial support.

References

[1] Ho³a J., Schabowicz K., State-of-the-art non-destruc-

tive methods for diagnostic testing of building structu-

res – anticipated development trends, Archives of

Civil and Mechanical Engineering, 2010, 10(3),

pp.5-8.

[2] Raiðutis R., Jasiûnienë E., Ðliteris R., Vladiðauskas
A., The review of non-destructive testing techniques

suitable for inspection of the wind turbine blades, Ul-
trasound Journal, 2008, 63(1), pp.26-30.

[3] Rao D., Pawar M.R., Review of nondestructive evalu-

ation techniques for FRP composite structural compo-

nent, Department of Civil and Environmental
Engineering, Morgantown, West Virginia, 2007.

[4] Worden K., Dulieu-Barton J.M., An overview of

intelligent fault detection in systems and structures,
Structural Health Monitoring, 2004, 3(1), pp.
85-98.

[5] Worden K., Rarrar C.R., Manson G., Park G., A

fundamental axioms of structural health monitoring,
Proc. Royal Society A, 2007, 463, pp. 1639-1664.

[6] Chang P.C., Flatau A., Liu S.C., Review paper:

health monitoring of civil infrastructure, Structural
Health Monitoring, 2003, 2(3), pp. 257-267.

[7] Carden P.E., Fanning P., Vibration based condition

monitoring: a review, Structural Health Monitoring,
2004, 3, pp. 355-377.

[8] Adams D.E., Health Monitoring of Structural Mate-

rials and Components, Methods and Applications,
John Wiley & Sons Ltd., 2007.

[9] Ostachowicz W., Güemes J.A., New Trends in

Structural Health Monitoring, Springer, 2013.
[10] Gopalakrishnan S., Ruzzene M., Hanagud S.,

Computational Techniques for Structural Health Mo-

nitoring, Springer, London, 2011.
[11] Jeong H., Lee J.S., Bae S.M, Defect detection and

localization in plates using a lamb wave time reversal

technique, International Journal of Precision Engi-
neering and Manufacturing, 2011, 12(3), pp.
427-434.

[12] Sohn H., Park H.W., Law K.H., Farrar C.R., Dam-

age detection in composite plates by using an enhanced

time reversal method, Journal of Aerospace Engine-
ering, 2007, 20(3), pp. 141-151.

[13] Xu B., Yu L., Giurgiutiu V., Advanced methods for

time-of-flight estimation with application to Lamb

wave structural health monitoring, Proc. Internatio-
nal Workshop on SHM, 2009, pp. 1202-1209.

[14] Kessler S.S., Piezoelectric-based in-situ damage detec-

tion of composite materials for structural health moni-

toring systems, PhD thesis, Massachusetts Institute
of Technology, 2002.

[15] Giurgiutiu V., Structural Health Monitoring with Pie-

zoelectric Wafer Active Sensors, Elsevier Inc., 2008.
[16] Yang M., Qiao P., Modeling and experimental detec-

tion of damage in various materials using the pul-

se-echo method and piezoelectric sensors/actuators,
Smart Materials and Structures, 2005, 14, pp.
1083–1100.

Przetwórstwo Tworzyw 1 (styczeñ – luty) 2014

98 Adam STAWIARSKI, Aleksander MUC, Ma³gorzata CHWA£



[17] Guo N., Cawley P., The interaction of Lamb waves

with delaminations in composite laminates, Journal of

the Acoustical Society of America, 1993, 94, pp.

2240–2246.

[18] Ihn J-B, Chang F-K., Pitch-catch active sensing me-

thods in structural health monitoring for aircraft

structures, Structural Health Monitoring, 2008,

7(5), 2008, pp 5-19

[19] Yeum C.M., Sohn H., Ihn J.B., Lim H.J., Instantane-

ous delamination detection in a composite plate using

a dual piezoelectric transducer network, Composite

Structures, 2012, 94, pp. 3490-3499.

[20] Su Z., Ye L., Identification of damage using Lamb

waves: From fundamentals to applications, Springer,

2009.

[21] Su Z., Ye L., Lamb wave-based quantitative identifica-

tion of delamination in CF/EP composite structures

using artificial neural algorithm, Composite Struc-

tures, 2004, 66, pp. 627-637.

[22] Krishnamurthy K.S., Mahajan P., Mittal R.K.,

Impact response and damage in laminated composite

cylindrical shells, Composite Structures, 2003, 59,

pp. 15–36

[23] Muc A., Stawiarski A., Modeling damage in cylind-

rical shells using elastic wave-based techniques, Proc.

ICCM18, 2011.

[24] Muc A., Stawiarski A., Identification of damages in

composite multilayered cylindrical panels with delami-

nations, Composite Structures, 2012, 94, pp.

1871-1879.

[25] Stawiarski A., Muc A., Kêdziora P., Damage detec-

tion, localization and assessment in multilayered com-

posite structure with delaminations, Key Enginee-

ring Materials, 2013, 542, pp 193-204.

Przetwórstwo Tworzyw 1 (styczeñ – luty) 2014

Wave propagation method in the analysis of composite cylindrical panels with delamination 99


