
1 INTRODUCTION 

Fiber reinforced polymer composites are very 
attractive for use in civil infrastructures due to their 
high strength-to-weight and stiffness-to-weight 
ratios, corrosion resistance, light weight and 
potentially high durability [Einde et al. 2003]. 
However, as composite structures usually operate in 
uncertain and extreme environments, they are 
susceptible to damage such as delamination. The 
presence and growth of damage in composite 
structures may lead to severe problems of reliability 
and safety, such as a reduction of structural stiffness 
that may lead to structure failure. Safety and 
reliability are critical factors in composite 
infrastructures. Recent advances in sensing 
technologies combined with current developments in 
smart materials have enabled new developments in 
damage detection and structural health monitoring 
systems for composite infrastructures. These 
systems overcome the shortcomings of traditional 
inspection systems with disadvantages such as off-
line monitoring, need for disassembling structural 
system. 

Over past few years, smart magnetostrictive 
materials have been used for damage detection and 
health monitoring for composite structures because 
of their comparatively large magnetostriction. 
Various applications of magnetostrictive actuators 
and sensors for damage detection and structural 

health monitoring are available in literature, such as 
Monaco et al [2000] carried out an experimental test 
for damage detection using magnetostrictive 
actuators and Kim and Kim [in press] conducted 
wave experiments for estimating the damage size 
using magnetostrictive sensors. Tan and Tong 
[2004a] developed an analytical dynamic model to 
identify delaminations in composite structures using 
magnetostrictive sensors and actuators. It was noted 
that by monitoring the difference of the predicted 
magnetic flux passing through the coil which 
encircles the beams with and without a 
delamination, the presence, location and size of the 
delamination embedded in a laminated composite 
beam can be identified. However, the weak 
mechanical properties such as brittleness in tension 
and high cost of these materials limit their 
applications [Feng et al. 2003]. 

Magnetostrictive composites combine a 
particulate or fibre form of magnetostrictive material 
with polymer binder to form a new material with 
reduced brittleness and increased operational 
frequencies. Due to the unique magnetoelastic 
coupling effects arising from the magneto-
mechanical interaction, the magnetostrictive 
composite have attracted great attentions of 
researchers and engineers for design of intelligent or 
active structures [Giurgiutiu et al. 1999, 2001, Or et 
al, 2003, Anjanappa 1997]. For example, several 
experimental tests using magnetostrictive 
composites were conducted for self-monitoring the 
health of composite structures, and the clear 
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relationships between the magnetic flux density and 
load were found [Giurgiutiu et al. 1999, 2001, 
White, 1999, Trovillion, 1999]. However, there is 
very limited research on delamination detection 
using magnetostrictive composites. Recently, an 
exploratory investigation of using magnestostrictive 
composite was conducted by Krishnamurthy et al., 
and it was reported that the open-circuit voltage 
induced in the sensing coil changes significantly 
with the occurrence of delamination [Krishnamurthy 
et al. 1999].  

In this paper, an analytical dynamic model is 
developed for identification of a delamination within 
a laminated composite beam using integrated or 
distributed MFRC patches. The required 
magnetoelastic properties are evaluated following 
the similar procedure for prediction of the properties 
for piezoelectric/magnetostrictive composites [Tan 
& Tong, 2002, 2004b]. A numerical study is 
conducted to investigate the effects of 
magnetostrictive fiber volume fraction and fiber 
orientation on the Young’s modulus E11 and 
piezomagnetic coefficients q11 and q31 for the 
MFRCs. The influence of the magnetostrictive fiber 
volume fraction and orientation on the difference of 
the predicted magnetic flux density for the beams 
with and without a delamination is also discussed. A 
quantitative comparison of the first three order 
frequencies between the present analytical and finite 
element models is carried for the beam systems with 
various fiber orientations, and a good agreement is 
noted. 

2 ANALYTICAL DYNAMIC MODEL FOR 
DELAMINATION DETECTION USING THE 
MFRC PATCHES 
 
In this investigation, a cantilever laminated carbon 
fiber reinforced composite beam embedded with a 
single delamination is considered. The delamination 
is assumed to occur throughout the width of the host 
composite beam and the delamination front lines to 
be straight and perpendicular to the length direction 
of the beam. In order to identify the delamination, an 
integrated or several distributed MFRC patches, 
which are bonded on the top surface of the host 
beam, are used as actuators for exciting the host 
beam and then as sensors for measuring the 
magnetic flux density passing through the integrated 
sensing and actuation coil (ISAC) (see Fig. 1 for the 
case with horizontal ISAC and integrated MFRC 
patch and Fig.2 for the case with vertical ISACs and 
distributed MFRC patches). 

In order to identify the presence, location and size 
of a delamination embedded in a laminated 
composite beam, it is necessary to evaluate the 
variation trend of the magnetic flux density vs the 
coil location along the x direction, and thus we 

divide the beam system into several pan-wise 
regions. Each region is considered to be made up of 
component segments that can be modelled as an 
Euler-Bernoulli beam, Such as, for the case of 
integrated MFRC patch, we divide the beam system 
into nine major span-wise regions, namely I to IX 
shown in Fig. 3. For the case of distributed MFRC 
patch, the number of pan-wise region is chosen to be 
the same as that of the distributed MFRC patches 
which are bonded on the top surface of the host 
beam (see Fig. 4 for the case of a beam system 
bonded with nine distributed MFRC patches). It is 
worth mentioning that for simplicity, the gap 
between two consecutive distributed MFRC patches 
is assumed to be zero. The contact and friction 
between the upper and lower delaminated beam 
segments are not considered in this investigation, 
and thus it is assumed that there is no stress 
transferring between these two segments. By using 
the classical beam theory and the corresponding 
free-body diagrams, the dynamic equations of 
motion for each component segments can be 
obtained, such as for the MFRC patch shown in Fig. 
3 or Fig. 4, the corresponding dynamic equations for 
the region i are given by  
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mp, ρ, A, Y, b, t, q, Q, T, M, τ, σ, Hj, μ and w stand 
for the MFRC patch, density, cross-sectional area, 
complex Young’s modulus, width of beam system, 
thickness, piezomagnetic constant, shear force, 
longitudinal force, bending moment, shear and peel 
stresses in the adhesive layer between the MFRC 
patch and host beam, magnetic field applied to the 
MFRC patch segment along the j direction, 
longitudinal displacement and transverse 
displacement respectively. For the shear and peel 
stresses, they can be evaluated using the equations 
(3)-(5) in Ref.[Tan & Tong, 2004c] under the 
assumptions of constant peel and shear strains 
through the adhesive layer thickness in adhesively 
bonded joints [Tong & Steven, 1999]. 



By numerically solving the dynamic equations of 
motion for all component segments together with 
their boundary and continuity conditions, the 
required natural frequencies (ωi) and absolute values 
of the strain (εm) induced in the MFRC patch which 
is encircled by an ISAC can be obtained. Thus, for a 
selected natural frequency ω, the magnetic flux 
density Bc(Xc, ω) passing through the coil with zero 
applied magnetic field Hj and located at Xc can be 
obtained by 

),(),( 1 ωεω cmmjcc XqXB =               (4) 

where Xc is the distance of the ISAC centre from the 
fixed end (see Fig.1 for the case of integrated MFRC 
patch and Fig. 2 for the case of distributed MFRC 
patch). Hence, the required magnetic flux density 
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c XB  for the beam with delamination and 
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c XB  for the beam without delamination can 

be evaluated using the equation (4), and the 
difference between them is given by 
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Figure 1. A schematics of a beam system bonded with an 
integrated MFRC patch encircled by a horizontal ISAC. 

 
 
 

 
 

Figure 2. A schematics of a beam system bonded with 
distributed MFRC patches encircled by vertical ISACs. 

 

 
 

Figure 3. A schematics for a beam system divided into nine 
regions and bonded with an integrated MFRC patch. 

 

 
 

Figure 4. A schematics for a beam system divided into nine 
regions and bonded with nine distributed MFRC patches. 

3 PROPERTIES OF MAGNETOSTRICTIVE  
COMPOSITES  

When using the present dynamic model for 
delamination detection, the Young’s modulus and 
piezomagnetic coefficients for MFRC patches with 
different fiber volume fraction Vf and fiber 
orientation θ are required, and they can be evaluated 
using the analytical model previously developed by 
the authors for the piezoelectric/magnetostrictive 
composite behavior [Tan & Tong, 2002] and the 
corresponding transformation matrix. For the 
magnetostrictive CoFe2O4 fiber reinforced 
composite whose constituent properties can be 
obtained in Ref. [Pan & Heyliger, 2002] for 
CoFe2O4 and in Ref [Bent et al. 1995] for matrix, 
the corresponding variation trends of Young’s 
modulus and piezomagnetic coefficients with Vf for 
the case of θ=60° are shown in Fig. 5(a) and (b). 
From Fig.5, it is noted that for the case of θ=60°, the 
Young’s modulus E11 and piezomagnetic 
coefficients qj1 (j = 1 for the case that the MFRC is 
encircled by a horizontal ISAC and j = 3 for that the 
MFRC is encircled by a vertical ISAC) increase 
slightly with Vf until Vf =0.8, beyond that the value 
of E11 and qj1 increase significantly. These findings 
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are consistent with those reported for piezoelectric 
fiber reinforced composite [Tan & Tong 2001]. 
Figures 6(a) and (b) reveal that the variation trends 
of E11 and qj1 with θ  for the case of Vf =0.6. It is 
interesting that with the increase in θ, the value of 
E11 and q11 increases and attain the maximum values 
at θ=90°, and that of q31 increases with θ until θ is 
around 50, beyond that q31 decreases with θ. 
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Figure 5. Variation trend of Young’s modulus and 
piezomagnetic coefficients with Vf for the case of θ=60°. 
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Figure 6. Variation trend of Young’s modulus and 
piezomagnetic coefficients with θ for the case of  Vf =0.6. 

4 DIFFERENCE OF MAGNETIC FLUX DENSITY 
BETWEEN BEAMS WITH AND WITHOUT 
DELAMINATION  
 
For identifying the presence, location and size of a 
delamination in a laminated composite beam using 
the present model, a baseline case is considered, in 
which a cantilever composite beam is assumed to 
have a beam length of Lb=0.3m, a width of b=0.02m 
and a thickness of tb=1.9mm. A delamination with 
delamination length ld=0.1m and delamination gap 
tg=0 is located at the host beam mid-plane (i.e., 
Zd=0.95mm) and mid-length (i.e., Xd=0.15m), where 
Zd is the distance of the delamination from the top 
surface of the host beam and Xd is the distance of the 
delamination centre from the fixed end. The 
thickness of MFRC patch tmp is selected to be 0.4mm 
and that of adhesive layer tad is chosen to be 
0.15mm. The value of Xc is chosen to be 0.06, 0.08, 
0.12, 0.14, 0.16, 0.18, 0.22, 0.24m, respectively. The 

required complex Young’s modulus for the host 
beam and adhesive layer are chosen as 
65.68(1+0.011i)GPa, and 2.15(1+0.011i)GPa, 
respectively [Tan & Tong, 2004c], and that for the 
MFRC patch can be evaluated using the data and 
method mentioned in section 3. The density for the 
host beam made of T300/GY260 plain weave 
composite, magnetostrictive CoFe2O4, matrix and 
adhesive layers are selected to be 1527.38kg/m3, 
5300kg/m3, 1200kg/m3 and 1600 kg/m3, 
respectively. Using the equation (5) and the 
corresponding data for the baseline case, the 
required value of DIFFB can be gained. Figure 7 
shows the variation trends of DIFFB with Xc for the 
case of vibration mode I and integrated MFRC patch 
with Vf =0.6 and θ=60°, in which the ISAC length is 
chosen to be 0.01m and 0.02m respectively. It is 
noted from Fig. 7 that for both cases of lc=0.01m and 
lc=0.02m, the values of DIFFB  are sensitive to the 
delamination. For example, when the ISAC is 
located around the delamination tip (i.e., Xc =0.12 or 
0.16m), the value of DIFFB  changes significantly, 
and when the ISAC encircles the beam segment 
without delamination, the value of DIFFB  change 
slightly. Hence, by monitoring the value of DIFFB , 
the presence, location and size of a delamination 
within a laminated composite beam can be 
identified. Figure 7 also reveals that for the cases 
considered here, the value of DIFFB  is affected by 
ISAC length. 
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Figure 7. Variation trends of DIFFB with Xc for the cases of 
lc=0.01m and lc=0.02m (Vf =0.6 and θ=60°). 

In order to investigate the effect of MFRC patch 
on DIFFB for the case of vibration mode I, a beam 
system bonded with nine distributed MFRC patches 
having length lmp=0.033m is considered. The coil 
length lc is chosen to be the same as lmp for both 
cases of integrated and distributed MFRC patches. 
The value of Xc is chosen to be 0.05, 0.1167, 0.1833, 
0.25m, respectively. Using the present model, the 
required values of DIFFB for the case of Vf =0.6 and 
θ=45° are obtained and plotted in Fig. 8. It is worth 
pointing out that for the case of θ=45°, the value of 



q11 is the same as q31. Hence, the variation trend 
shown in Fig. 8 for the case of q11 overlaps that for 
q31. It is revealed from Fig. 8 that for the case 
considered here, the value of DIFFB measured from 
an integrated MFRC patch is more sensitive to a 
delamination than that from a distributed MFRC 
patch. 
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Figure 8. Variation trends of DIFFB with Xc for the cases of 
lc=0.01m and lc=0.02m (Vf =0.6 and θ=60°). 
 

For the sake of investigating the effects of θ  
and Vf on DIFFB, Vf is chosen to be 0.2, 0.4, 0.6, 0.8 
for the case of vibration mode I and θ=60°, and θ is 
set to be 15°, 30°, 45°, 60°, 75°, 90° for the case of 
vibration mode I and Vf =0.6. The ISAC is located at 
Xc=0.1167m. Hence, by using the present analytical 
model, the required variation trends of DIFFB with 
Vf and θ for the case of Xc=0.1167m can be obtained, 
and plotted in Fig. 9 for the case of Vf and Fig. 10 
for the case of θ. It is worth mentioning that in Figs. 
9 and 10, dist MFRC (q11) and dist MFRC (q31) stand 
for the distributed MFRC patches encircled by 
horizontal and vertical ISAC respectively. It is noted 
from Fig. 9 that for all three cases, the increase in Vf 
results in an increase in the value of DIFFB, 
especially for the case of integrated MFRC patch. 
Figure 10 reveals that for those cases of integrated 
MFRC patch and distributed MFRC patch with 
horizontal ISAC, the values of DIFFB increase with 
θ  until θ=60°, beyond that the influence of θ on 
the value of DIFFB is minor. It is interesting from 
Fig. 10 that for the distributed MFRC patch with 
vertical ISAC, the value of DIFFB increases with θ  
until θ=45°, beyond that the value of DIFFB 
decreases with θ. This may be caused by the 
variation trend of q31 with θ  (see Fig. 6(b)). Figure 
10 also reveals that the value of DIFFB obtained 
using the distributed MFRC patch with vertical ISAC 
is greater than that with horizontal ISAC in the range 
of θ<45°, beyond that the value of DIFFB obtained 
using vertical ISAC is less than that using horizontal 
ISAC.  
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Figure 9. Variation trends of DIFFB with Vf for the cases of 
integrated and distributed MFRC patches. 
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Figure 10. Variation trends of DIFFB with θ for the cases of 
integrated and distributed MFRC patches. 

5 COMPARISON OF THE FREQUENCIES 
BETWEEN THE PRESENT ANALYTICAL AND 
FINITE ELEMENT ANALYSIS MODEL  
 
In order to verify the present analytical model, six 
2D plane strain FEA models for a cantilever 
laminated composite beam bonded with integrated 
MFRC patch are established using the FEA software 
Strand7 [G+D computing Pty ltd, 1999]. A 
comparison of the first three order frequencies 
between the present analytical and FEA models is 
conducted, in which a delamination with 
tg=0.059mm, ld=0.1m and Xd=0.15m is located in the 
mid-plane of a beam. The fiber volume fraction Vf is 
chosen to be 0.6 and the fiber orientation θ is chosen 
to be 15°, 30°, 45°, 60°, 75° and 90°, respectively. 
By using the present FEA and analytical models, the 
required first three order frequencies are obtained. 
The difference between two models ranges from 
0.1% to 3.6% for the first order frequency, 0.1% to 
4% for the second order frequency, 0.1% to 3.4% for 
the third order frequency. It is also revealed from the 
results predicted using the present analytical and 
FEA models that for the first three order frequencies, 
an increase in θ  causes an increase in natural 
frequency of the beam system. 



6 CONCLUSIONS  
 
An analytical model has been developed for 
detecting a delamination embedded in a cantilever 
laminated composite beam using an integrated or 
several distributed MFRC patches. It is revealed 
from this investigation that the presence, size and 
axial location of a delamination can be clearly 
identified using the present analytical model. A 
parametric study indicates that the magnetostrictive 
fiber volume fraction and fiber orientation 
significantly affect the value of DIFFB, which is 
used as a parameter for monitoring the health of a 
laminated composite beam. The value of DIFFB 
increases obviously with Vf for all three cases 
considered in this paper. For the case of integrated 
MFRC patch and distributed MFRC patch with 
horizontal ISAC, the value of DIFFB increase with θ  
until θ=60°, beyond that the influence of θ on 
DIFFB is minor, while for the distributed MFRC 
patch with vertical ISAC, the value of DIFFB 
increases with θ  until θ=45°, beyond that the value 
of DIFFB decreases with θ. It is also pointed out 
from the parametric study that the value of DIFFB 
for the case of distributed MFRC patch is closely 
related to the type of ISAC. For the considered cases, 
it is noted that DIFFB obtained using the distributed 
MFRC patch with vertical ISAC is greater than that 
of horizontal ISAC in the range of θ<45°, beyond 
that DIFFB obtained using vertical ISAC is less than 
that using horizontal ISAC. For the first three order 
frequencies, a good agreement between the present 
analytical and finite element models is noted for all 
six cases with different values of θ. 
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