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This paper deals with detection of multiple through-the-width delaminations for a laminated beam using smart

magnetostrictive material patches. A dynamic analytical model is developed using the classical beam theory and the

assumption of constant peel and shear strains through bond line thickness. A magnetostrictive patch is perfectly

bonded on the top surface of a host laminated beam. One of the magnetostrictive patch segments is employed as an

actuator to excite the beam system, whereas the rest are employed as sensors to measure the required magnetic flux

density passing through each magnetostrictive patch segment. A typical multiple delamination pattern, namely the

original-pattern, is considered in this investigation. By monitoring the variation trend of magnetic flux density

distributions along beam length, multiple delaminations within a laminated beam system can be clearly identified. A

comparison of thefirst three frequencies between the present analytical andfinite element analysismodels shows that

there is a good agreement between these two models.

I. Introduction

D ELAMINATION may result from foreign object impact, poor
manufacturing process, stress concentrations at the free edge,

local or global buckling of laminated composites, and fatigue from
environmental cycling. Low velocity foreign object impact is
considered as one of the major causes for delamination. In general,
delaminations occur subsurface and are usually barely visible. The
presence of delamination can significantly reduce the compression-
after-impact strength of laminated composites, and thus can severely
reduce their load-carrying capability or compromise structural
reliability and safety. To improve the safety and serviceability of
laminated structures, it is important to develop reliable and effective
nondestructive techniques and methods for detecting delaminations.

Over the past decade, there has been a considerable volume of
work for development of methods and techniques for delamination
detection, such as the lamb wave method [1–3], vibration based
method [4–6], electric resistance change method [7–10],
delamination detection methods using fiber bragg grating sensors
[11,12], and those using piezoelectric sensors with distributed
electrode strips [13–15]. However, all of them deal with an idealized
case of single delamination, and there is only limited attention to
multiple delamination detection for laminated structures.

Recently, investigation of multiple delaminations for laminated
composites has drawn more and more attention. For example, Parhi
et al. [16–18] developed a simple multiple delamination model for
dynamic analysis of multilayered laminated composite plates with
arbitrarily located multiple delaminations, and presented a failure
analysis of multiple delaminated plates subjected to transverse static
load and impact, and a dynamic analysis of multiple delaminated
composite shells. Kim et al. [19] proposed a procedure for
investigation into the effects of delamination location and number of

delaminations on dynamic response of composite laminates. Lee
et al. [20,21] carried out free vibration analysis of through-the-width
multidelaminated composite beams using the classical laminated
beam theory. It was reported that the size, location, and number of
multidelaminations have significant effects on the natural frequency
and elastic buckling load. Cho et al. [22,23] developed a higher-order
Zig-Zag theory for studying the dynamic behavior of a laminated
composite structure with multiple delaminations. Wang and Yuan
[24] employed a prestack reverse-time migration technique to locate
multiple delaminations in a laminated plate. However, research on
multiple delamination identification using smart materials is very
limited. Hence, this paper will focus on modeling development for
identification of multiple delaminations in laminated beams using
smart material actuators and sensors.

It was noted from literature that most sensors being considered for
delamination detection are passive, such as fiber optics. They can
only be used for inferring the integrity and safety of a laminated
composite structure under an external loading. The reliability and
confidence of a delamination detection technique would be signifi-
cantly improved if active, instead of passive, sensors are used
because they can be used to generate preselected diagnostic signals
and transmit them to neighboring sensors whose responses can then
be measured and interpreted in terms of delamination location and
size within a laminated structure. Magnetostrictive material is an
active material having amagnetostrictive effect (i.e., when magneto-
strictive material is placed in a magnetic field, they are mechanically
deformed, and vice versa [25]). The recent development of giant
magnetostrictive materials, e.g., Terfenol-D, has enabled for the first
time the production of strains and forces sufficiently large to facilitate
the use of this material in the area of actuators and sensors. Recently,
magnetostrictive sensors/actuators were proposed to be used in
damage detection of composite structures. An exploratory investi-
gation was conducted by Krishnamurthy et al. [26] for studying the
feasibility of detecting delaminations in polymeric laminates using
magnetostrictive particle layers. However, there has been minimal
research in the field of modeling development for multiple delami-
nation detection using magnetostrictive materials.

In this paper, a dynamic analytical model is developed for identi-
fying multiple delaminations embedded in a laminated beam, which
is surface-bonded with an integrated magnetostrictive layer. The
model that includes parameters characterizing multiple through-the-
width delaminations is developed using the classical beam theory
and the assumption of constant peel and shear strains through the
bond line thickness [27]. For simplicity, the delamination front lines
are assumed to be straight and perpendicular to the longitudinal
direction of a beam. The contact and friction between the upper and
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lower delaminated surfaces are not considered by assuming that there
is no stress transferring between them. The influence of noise on the
measured magnetic flux density is ignored in this preliminary study.
An actuation coil is employed to excite the beam system and a
sensing coil is used tomeasure the requiredmagneticflux density. By
monitoring the difference of the predicted magnetic flux densities
passing through the coils which encircles the beam with and without
delaminations, the presence, location, and size of the multiple
through-the-width delaminations embedded in a laminated beam can
be identified. A quantitative comparison of the first three frequencies
between the present analytical and finite element models is carried
for verifying the present analytical model.

II. Multiple Delamination Modeling Development

A laminated beam system with multiple through-the-width
delaminations and bonded with an integrated magnetostrictive patch
on its upper surface is considered and shown in Fig. 1. Since the
governing equations are different for the beam segments with and
without delamination, and for the magnetostrictive patch segments
used as actuator or sensor, the multiple-shooting method [28] is
employed to solve this problem. The beam system is first subdivided
into a number of spanwise regions and the simple shootingmethod is
used to obtain solutions by adjusting the initial values of each region.
By combining the solutions for each region, a set of linear algebraic
equations can be obtained and numerically solved by imposing the
corresponding boundary condition at both fixed and free ends as well
as the continuity conditions at the interface between two adjacent
regions.

For the original-pattern case shown in Fig. 1, the beam system is
divided into nine regions (see Fig. 2) and each region is composed of
the magnetostrictive patch, host beam, or delaminated beam seg-
ments. Because only the delamination opening mode is considered,
the stress transferring between any two adjacent delaminated beam
components is ignored. Using the classical beam theory and the
assumptions mentioned in the preceding section, the required
dynamic equations ofmotion for each component can be derived. For
example, the dynamic equations of motion for the components
located in region 6 shown in Fig. 2 are given by

�A �u� @T=@x� �b (1)

�A �w� @Q=@x� �b (2)

@M=@x�Q� �bt=2� 0 (3)

where �, A, b, t, u, w, T, Q, M, �, and � stand for density, cross-
sectional area, width, thickness, longitudinal displacement,
transverse displacement, longitudinal force, shear force, bending
moment, and peel and shear stresses in the adhesive layer between
the magnetostrictive patch and the top (or first) delaminated beam
component. The values ofT,M,�, and � can be evaluated byEqs. (8–
11) in [13]. The corresponding symbols and values for each
component can be obtained from Table 1.

By taking the Fourier transformation with respect to time for all
dynamic equations of motion required for the beam system, we have
the following differential equations

d �Uk=dx� Ak
�Uk (4)

Where over-bar represents the Fourier transformation with respect

to time, �Uk is the state vector and Ak is a matrix for the region k
(k� 1–9 stand for the regions 1–9).

For the case of region 6, its corresponding state vector and matrix
are given by

U 6 � �U6m U6del�1 U6del�2 U6del�3 U6del�4�T (5)

where U6l � �u6l w6l @w6l=@x T6l Q6l M6l�, l�m;
del � 1; del � 2; del � 3, and del � 4, respectively.

A6 �

A11
6 A12

6 0 0 0

A21
6 A22

6 0 0 0

0 0 A33
6 0 0

0 0 0 A44
6 0

0 0 0 0 A55
6

2
66664

3
77775

The matrices A11
6 , A12

6 , A21
6 , A22

6 , A33
6 , A44

6 and A55
6 can be found in the

Appendix. By solving Eq. (4), we have

U k�xk� � Cke
Akxk (6)

in which k� 1–9 for the regions 1–9, and xk � 0–lk (lk is the length
of region k),Ck � Uk�xk�jxk�0. For the beam system shown in Fig. 1,
the boundary condition after the Fourier transformation can be
expressed as

�B10� U1m

U1b

� �
x�0

� �B9Lb
� U9m

U9b

� �
x�Lb

� 0 (7)

The matrices �B10� and �B9Lb
� are given in the Appendix.
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Fig. 1 Schematics of a beam system encircled by horizontal sensing and

actuation coils.
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Fig. 2 Schematics of a beam system bonded with an integrated

magnetostrictive patch (for the case of original-pattern).

Table 1 The corresponding symbols and values for the components in region 4

Component �, A, t u, w, T, Q, M �, �

Magnetostrictive patch �m, Am, tm u6m, w6m, T6m, Q6m,M6m �6m, �6m
First delaminated beam component �b, Adel�1, tdel�1 u6del�1, w6del�1, T6del�1, Q6del�1,M6del�1 ��6m, ��6m
Second delaminated beam component �b, Adel�2, tdel�2 u6del�2, w6del�2, T6del�2, Q6del�2,M6del�2 0, 0
Third delaminated beam component �b, Adel�3, tdel�3 u6del�3, w6del�3, T6del�3, Q6del�3,M6del�3 0, 0
Fourth delaminated beam component �b, Adel�4, tdel�4 u6del�4, w6del�4, T6del�4, Q6del�4,M6del�4 0, 0

2548 TAN AND TONG



At the interface between two consecutive regions, the continuity
conditions of all displacements and the equilibrium conditions of the
stress resultants must be imposed, followed by taking the Fourier
transformation with respect to time.

By numerically solving differential Eq. (6) together with its
corresponding boundary conditions and continuity conditions, we
can obtain the natural frequency of the beam system and the average
strain in each region, and then the magnetic flux density passing
through each region for a selected natural frequency. To obtain the
magnetic flux density distributions along the beam length, the
regions 1–9 can be further divided into N1 to N9 subregions. The
required magnetic flux density passing through a subregion k,
Bk�xk; !� can be calculated by

Bk�xk; !� � qj1mj�m�xk; !�j (8)

where xk is the distance of the center for the subregion k from the
fixed end,qj1m is the piezomagnetic constant for themagnetostrictive
patch subjected to an electric field in the j direction, �m�xk; !� is the
average strain measured from the magnetostrictive patch segment
bonded on the beam subregion k, and ! stands for a selected natural
frequency.

III. Numerical Results and Verification

To identify multiple delaminations embedded in a cantilever
laminated composite beam, a baseline case with the beam length of
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Fig. 3 Variation trends of themagneticflux density and its normalized quantity vs x for the beamswith andwithoutmultiple delaminations (for the case

of vibration mode 1).
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0.3 m, width of 0.02 m, and thickness of 1.9 mm is considered. The
thickness of the magnetostrictive patch and adhesive layer are
chosen to be 0.4 and 0.15 mm, respectively. The composite beam
and magnetostrictive patch are made of T300/GY260 plain weave
composite and Terfenol-D material. The complex Young’s modu-
lus for the host beam, Terfenol-D patch, and adhesive layer are
chosen to be 65:68�1� 0:011i� GPa, 22:35�1� 0:011i� GPa, and
2:15�1� 0:011i� GPa, respectively. The piezomagnetic constant
for the Terfenol-D layer q11m is selected to be 200 Wb=m2. The
density for the host beam, Terfenol-D patch, and adhesive layer are
chosen as 1527:38 kg=m3, 9250 kg=m3, and 1600 kg=m3,
respectively [29–31]. The magnetostrictive segment bonded on
region 2 functions as an actuator for exciting the beam system and the
rest of the magnetostrictive segments are employed as sensors for
recording the required magnetic flux density. The magnetic field
applied along the magnetostrictive layer (i.e., in the x direction) in
region 2 is selected to be 1000 A=m. The values of delamination
length Ldel�1,Ldel�2, and Ldel�3 are 0.01, 0.02, and 0.03 m, and those
of delaminated beam component thickness tdel�1, tdel�2, tdel�3, and
tdel�4 are selected to be 0.475 mm. The values of delamination gap
tgap�1, tgap�2, and tgap�3 (see tgap�3 in Fig. 2) are chosen to be zero.

For the beams with and without multiple delaminations, the
variation trends of the magnetic flux density and its normalized
quantity vs x for the baseline and original-pattern case are obtained
using the present analytical model, and are shown in Figs. 3–5 for the
cases of vibration mode 1, 2, and 3, respectively. In Figs. 3–5, the
blank parts in the curves indicate the size and location of the
magnetostrictive segment used as actuators. The abrupt axial
discontinuities in the magnetic flux density or its normalized
distributions, which are measured from the magnetostrictive
segments employed as sensors, clearly indicate the tips for multiple
delaminations embedded in the beam system. For example, the
distances between point a and a0, b and b0, and c and c0 in Figs. 3b,
4b, and 5b are consistent with the delamination length Ldel�1, Ldel�2,
and Ldel�3, respectively. This has proven that the present model can

be used to identify the presence of multiple delaminations in a beam
system and to evaluate their locations and sizes.

For the purpose of verifying the present analytical model, a two-
dimensional plane strain finite element analysis (FEA) model for a
cantilever laminated composite beam bonded with magnetostrictive
patch are developed using the FEA software Strand7 [32]. A
comparison of the first three frequencies between the present
analytical and FEA models for the baseline case is conducted. It is
observed that the first three natural frequencies predicted using the
present analytical model are in good agreement with those predicted
using the FEA model. The difference between these two models is
2.1% for mode 1, 2.1% for mode 2, and 1.5% for mode 3.

IV. Conclusions

A multiple through-the-width delamination detection modeling
approach has been developed for cantilever laminated beams
surface-bonded with a smart magnetostrictive patch. The model was
established using the classical beam theory, and under the
assumptions of constant peel and shear strains through the bond line
thickness, as well the assumption that there was not contact and
friction between the delaminated surfaces. A magnetostrictive patch
was employed as actuator for exciting the beam system and as sensor
for measuring the required magnetic flux density. By monitoring the
variation trend of the magnetic flux density distribution along the
beam length, the presence, size, and location for the case of original-
pattern can be clearly identified. A comparison of the first three
natural frequencies predicted using the present analytical model with
those obtained using the FEAmodel has revealed that there is a good
agreement between these two models. This has proven that the
present analytical model can be used for identifying multiple
through-the-width delaminations.

Appendix: Matrices for Eqs. (4) and (6)

A11
6 �

0 0 0 1
bYmtm

0 0

0 0 1 0 0 0

0 0 0 0 0 � 12
bYmt

3
m

bGad

tad
� �mAm!

2 0 � bGadtm
2tad

0 0 0

0 bYad
tad

� �mAm!
2 0 0 0 0

bGadtm
2tad

0 � bGadt
2
m

4tad
0 1 0

2
666666664

3
777777775

A12
6 �

0 0 0 0 0 0

0 0 0 0 0 0

0 0 0 0 0 0

� bGad

tad
0 � bGadtdel�1

2tad
0 0 0

0 � bYad
tad

0 0 0 0

� bGadtm
2tad

0 � bGadtmtdel�1
4tad

0 0 0

2
66666664

3
77777775

A21
6 �

0 0 0 0 0 0

0 0 0 0 0 0

0 0 0 0 0 0

� bGad

tad
0 bGadtm

2tad
0 0 0

0 � bYad
tad

0 0 0 0
bGadtdel�1

2tad
0 � bGadtmtdel�1

4tad
0 0 0

2
66666664

3
77777775

A22
6 �

0 0 0 1
bYbtdel�1

0 0

0 0 1 0 0 0

0 0 0 0 0 � 12
bYbt

3
del�1

bGad

tad
� �bAdel�1!2 0 bGadtdel�1

2tad
0 0 0

0 bYad
tad

� �bAdel�1!2 0 0 0 0

� bGadtdel�1
2tad

0 � bGadt
2
del�1

4tad
0 1 0

2
666666664

3
777777775

Akk
6 �

0 0 0 1
bYbtdel��k�1�

0 0

0 0 1 0 0 0

0 0 0 0 0 � 12
bYbt

3
del��k�1�

��bAdel��k�1�!2 0 0 0 0 0

0 ��bAdel��k�1�!2 0 0 0 0

0 0 0 0 1 0

2
66666664

3
77777775
; where k� 3; 4; 5
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B10 �

0 0 0 1 0 0

0 0 0 0 1 0

0 0 0 0 0 1

0 0 0 0 0 0

0 0 0 0 0 0

0 0 0 0 0 0

1 0 0 0 0 0

0 1 0 0 0 0

0 0 1 0 0 0

0 0 0 0 0 0

0 0 0 0 0 0
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2
6666666666666666664

3
7777777777777777775

;

B9Lb
�

0 0 0 0 0 0

0 0 0 0 0 0

0 0 0 0 0 0

0 0 0 1 0 0

0 0 0 0 1 0

0 0 0 0 0 1

0 0 0 0 0 0
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