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Abstract In this paper experimental and numerical results
concerning the dynamic response of composite sandwich
beams with curvature and debonds are reported. Sandwich
beams made of carbon/epoxy face sheets and polyurethane
foam core material were manufactured with four different
radii of curvature and debonds between the top and bottom
interface of face sheet and foam core. Dynamic response
was obtained using the impulse frequency response
technique under clamped-clamped boundary condition.
Experimental results were compared with numerical finite
element model results. A combined experimental and
numerical FE approach was used to determine the material
properties of the skin and foam core materials based on
modal vibration and static flexure tests. Results indicate
that the fundamental frequency increases with increasing
curvature angle, however, for higher frequencies; the
natural frequencies are not significantly affected. Also, it

is found that face/core debond causes reduction of the
natural frequencies due to stiffness degradation.

Keywords Layered structures . Debonding . FEA .

Non-destructive testing

Introduction

Sandwich composites are a special class of composite
materials used in structural applications (aircraft, spacecraft,
submarine, ships and boats, etc.) due to their high strength
and stiffness to weight ratios [1]. Such sandwich compo-
sites comprise of two thin and stiff face sheets joined
together by a relatively thick, lightweight and compliant
slab known as the core. The faces possess high elastic
modulus and strength to carry axial and bending loads
while the core carries the through-the-thickness shear loads
and holds skins in place away from neutral axis to maintain
high flexural stiffness. Structural members having variable
curvature show very complex structural behavior. There-
fore, the accurate prediction of the behavior of curved
sandwiches is of fundamental importance in the design of
these structures. The effects of curvature on the vibration of
a curved beam were determined earlier in references [2, 3].
It was shown that even a slight amount of curvature has a
significant effect on the fundamental frequency for simply
supported and clamped beams. However, earlier studies are
limited to beams made of isotropic material [4, 5]. In the
case of curved sandwich beams, the finite element (FE)
method has been used by Ahmed [6] to determine the effect
of various geometric parameters on the resonant frequen-
cies. Theoretical models for analyzing composite sandwich
panel structural behavior have been developed by Zenkert
[1], while a detailed classification of computational models
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for sandwich panel and shells was listed by Noor et al. [7].
It appears that even though the influence of curvature on
the vibration behavior of composite sandwich beams has
been shown to be significant by analytical and numerical
methods, little or no effort has been made to experimentally
investigate the effect of curvature and debonds on the
dynamic behavior of composite sandwich beams. Recently,
Sakiyama et al. [8] presented a detailed method to analyze
the free vibrations of sandwich arches with elastic or
viscoelastic cores, and various axis-shape and boundary
conditions were considered in the study. Vaswani et al. [9]
investigated vibration and damping analysis of curved
sandwich beams with a viscoelastic core. The frequency
parameter of a curved sandwich beam is seen to decrease
with increasing curvature. On the other hand, Kwon [10]
observed the general tendency of the natural frequencies
and loss factors of cylindrical hybrid composite panels with
various damping treatments.

Strength and stiffness of the sandwich structure are
significantly affected due to debonds, because of loss of
shear and tension transfer between face sheet and core.
Debonds at the face/core interface can easily occur during
the manufacturing process or under service conditions such
as impact loading and wave slamming [11], and they may
propagate further leading to total collapse of the sandwich
composite [12, 13]. It has been shown that dynamic
characteristics such as the natural frequencies and mode
shapes are significantly affected because of the presence of
debonds [14–16]. Also, modal parameters such as natural
frequencies, mode shapes and damping loss factors have
been used effectively to detect damage and monitor the
structural integrity of the structure [17–20]. Rossettos [21]
investigated fundamental frequencies of slightly curved sand-
wich beams with delamination using non-dimensionalized
variational principle based on the principle of minimum
potential energy, where the strain energy is based on the model
by Hoff [22] developed for straight sandwich beams. The
results clearly indicate that even a slight curvature tends to
increase the fundamental frequency sharply.Studies found in
the literature discuss the mechanical and dynamic properties
of flat sandwich panels containing face/core debonds [13,
23–27]. However, vibration response of curved sandwich
composite beams containing face/core debonds is not fully
understood. Thus,there is a need to study the effect of debonds
and curvature on the vibration response of sandwich beams
using a combined experimental/numerical approach.

In this paper, a combined experimental and finite
element (FE) method is presented to analyze the free
vibration response of flat and curved composite sandwich
beams containing debonds/delaminations. Composite sand-
wich beams with four different radii of curvature with
debonds (at the top and bottom interface of face sheet and
core) are tested and compared with flat beams with and

without debonds, respectively. The effects of key variables
such as curvature and the location of debonds on the natural
frequencies and mode shapes of the sandwich beam are
investigated. Material properties of the carbon/epoxy face
sheets and polyurethane foam have been determined using
the combined experimental/numerical approaches based on
static and vibration methods. The material properties are then
used in the two-dimensional (2D) and three dimensional (3-D)
FE models and predicted modal responses are compared with
those of experiments. The results can be useful in providing
the foundation for the non-destructive detection and evalua-
tion of debonds in flat and curved sandwich beams.

Experiments

Composite Sandwich Beam Specimen Manufacturing

Composite sandwich beams investigated in this study were
manufactured at Design Intent Engineering in Farmington
Hills, Michigan. Polyurethane foam with a density of
199 kgm−3 having a thickness, tf, of 12.7 mm was used
as the core material for all the composite sandwich beams.
Woven carbon fiber fabric with fibers oriented at ±45° and
having a nominal thickness of 0.3 mm was selected as the
face sheet material. Two layers of such woven fabric with
epoxy were used to make up the face sheets on each side of
the core, thus the resulting thickness of the face sheets, ts,
on each side was 0.762 mm, and the total thickness of the
sandwich, t, was 14.224 mm. The geometric configuration
of flat composite sandwich beams is as shown in Fig. 1(a).

Fig. 1 Geometry of the (a) flat sandwich beams and (b) curved
sandwich beams
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The length and width of sandwich beams were, L=254 mm
and w=25.4 mm, respectively. Curved composite sandwich
beams [Fig. 1(b)] with four different open angles, θ equal to
15 deg, 30 deg, 45 deg and 60 deg were selected, and the
corresponding radii of curvature, R, (970.2 mm,
485.08 mm, 323.39 mm, and 242.54 mm) were calculated
by keeping the arc length of the sandwich beams, Larc,
equal to the length of the flat sandwich beams, L.

The sandwich beams were manufactured using the hand
lay-up process. This method is one of the oldest methods
which is the best suited for short production series. The
process uses a two-sided mold made with wood. The
carbon fiber fabric was placed on the mold after spraying
the release agent so that the final product does not stick to
the mold. An appropriate amount of resin was applied and
distributed over the surface of the fabric uniformly with
brush. After face coat was impregnated, polyurethane foam
material was placed on top of the carbon fabric. Then
another coat of resin was uniformly distributed on the
surface of the foam core and another layer of fabric was
placed. The mold was clamped down to force the sandwich
panels such that the total thickness of the sandwich was not
greater than 14.224 mm. After curing time which is about
24 h, mold was opened and the specimens from the
manufactured panel were cut in a rectangular shape with
dimensions of 25.4*254 mm (width*length). To make the
sandwich beams with different curvatures, four molds having
radii of curvature 970.2 mm, 485.08 mm, 323.39 mm, and
242.54 mm, which corresponds to an open angle of 15°,
30°, 45° and 60°, respectively, were made out of balsa
wood and the above procedure was used to cure the
sandwich.

Flat and curved sandwich beams with debonds at the
interface between face sheet and core were made by
inserting a thin Teflon film between the face and core.
The masking tape dimensions were 50.8 mm in length and
25.4 mm in width, therefore the size of the debond was
about 20% of the length of the beam. Masking tape was
placed at the center of the beam at the top and bottom
interface to produce debonds on the top and bottom of the
beam. The masses of the composite sandwich beams were
measured and it was seen that the differences in the masses

of sandwich beams (flat and curved) with and without
debonds were less than 5%.

Vibration Tests

Modal vibration experiments were performed on flat and
curved beam specimens with and without debonds. All the
specimens (Table 1) were tested under clamped-clamped
(C-C) boundary conditions. The C-C boundary condition
was achieved by clamping the free ends of the specimen
with angular vises as shown in Fig. 2. After clamping, the
span length of the beam was reduced to 230 mm. The basic
impulse frequency response vibration test [18] was
performed using a HP 3582A Fast Fourier Transform
(FFT) spectrum analyzer with a data-acquisition computer.
A slight hammer tap excited the specimens and the
responses were detected by a miniature piezoelectric
accelerometer (PCB 309A) attached to the specimen with
bees wax. A conditioning amplifier was used to provide
power to the accelerometer and amplify signals from it. The
signals were processed by a digital FFT algorithm in the
analyzer to convert the analog time domain signals into
the frequency domain data. The frequency response
functions were plotted on a computer monitor using a
LABVIEW program, and the first five modal frequen-
cies, fn, were recorded. Vibration tests were repeated by
removing the specimen and clamping it again in the vise
and testing. For each sandwich beam specimen, three
readings were taken and since there were three identical
specimens of each sandwich beam listed in Table 1, a total
of nine readings were taken and a mean value was
calculated.

Vibration tests were also performed on polyurethane
foam and carbon/epoxy skin materials to determine their
material properties under free-free boundary conditions by
combined experimental/numerical approaches. The foam
material tested had a L»W»t ¼ 254»25:4»12:7mm, while
the composite skin had a L»w»t ¼ 254»25:4»2:54mm.
Vibration tests were performed on these specimens under
free-free (F-F) boundary conditions using the same method
described above for C-C boundary condition. The F-F
boundary condition was obtained by suspending the foam

Table 1 The dimensions and configurations of the sandwich beams

Material Curvature angle Debond Length Width Face sheet thickness Core thickness
θ (degree) L (mm) W (mm) ts (mm) tf (mm)

Carbon-epoxy face sheet/
polyurethane foam core/
carbon-epoxy face sheet

Flat No debond 230 25.4 0.762 12.7
15 Upper face/core debond
30

45 Lower face core debond
60
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and composite skin specimens using thin nylon strings. First
five natural frequencies were recorded as mentioned before
using the piezoelectric accelerometer and FFT analyzer.

Finite Element Analysis

In this section, first, two-dimensional (2-D) FE models that
were developed to determine the properties of foam core
and composite skin material will be discussed, followed by
the 2-D FE model developed to determine the modal
vibration response of flat and curved composite sandwich
beams with and without debonds. Finally, a brief discussion
on the three-dimensional (3-D) FE models developed for
flat and curved sandwich beam (15 deg only) without
debonds and the comparison of the results will also be
included. Hypermesh® 7.0 was used to develop all the FE
models and post-processing of the results. ABAQUS® V
6.5 standard was used to predict the modal frequencies and
mode shapes of the cantilever and free-free (F-F) specimens
discussed above.All the 2-D FE models were developed
using 4-noded CPS4 plane stress solid elements and the 3-D
models were developed using C3D8 hexagonal elements. For
2-D models, C-C boundary conditions for composite
sandwich beams were simulated by constraining the displace-
ments in the x, and y directions along both the edges, and for

3-D models C-C boundary conditions was achieved by
constraining the displacements in x, y and z along both the
edges. For F-F boundary condition (for foam and composite
skin specimens only) no constraints were imposed. The solid
elements do not have rotational degrees of freedom. A FE
mesh sensitivity study was performed for all the models to
ensure that the finite element meshes were fine enough to give
satisfactory results.

Two-dimensional FE Study

Material characterization models

Two-dimensional (2-D) FEmodel developed for polyurethane
foam material L»W»t ¼ 254»25:4»12:7mmð Þ had 250
elements along the length and 15 elements along the
through-the-thickness (TTT) direction. This mesh density
was found to give satisfactory results. To make the
analysis simple, the foam material was assumed to be
isotropic. Natural frequencies were extracted using the
eigenvalue extraction method in ABAQUS using the F-F
boundary condition, and Young’s modulus of the foam
material, Efoam was initially assumed to be 104 MPa. To
determine the actual modulus of the foam a combined
experimental/numerical approach was used. In this
approach, Efoam is used as the curve fitting parameter in
the FE model, which minimizes the function F, by the total
square error method:

F ¼
X

n

fP � fEð Þ2n

F Total error function to be minimized
fP Predicted frequency (Hz)
fE Measured frequency (Hz)
n mode number

The 2-D FE model developed for the carbon/epoxy
composite skin material L»W»t ¼ 254»25:4»2:54mmð Þ had
250 elements along the length and 10 elements along the
through-the-thickness (TTT) direction. This mesh density
was found to give satisfactory results. During modeling the
skin material was modeled as orthotropic and therefore
orthotropic material properties were assigned. As men-
tioned before the carbon/epoxy skin material selected was

Fig. 2 (a) Photograph and (b) schematic diagram of experimental
setup for vibration test with clamped-clamped boundary condition (1:
Length direction, 2: Thickness direction)

Table 2 Material properties of carbon/epoxy skin and polyurethane foam determined using combined experimental/numerical approach and used
in the FE model

Part Material E1 (MPa) E2 (MPa) E2 (MPa) υ12 υ13 υ23 G12 (MPa) G13 (MPa) G23 (MPa) ρ (kgm−3)

Face sheet Carbon/epoxy 10658 10658 10658 0.26 0.26 0.26 4000 4000 4000 1446

Core Polyurethane foam 115 – – 0.3 – – – – – 199
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made of woven fabric, thus the, longitudinal modulus E1,
transverse moduli E2 and E3, Poisson’s ratios υ12, υ13 and υ23
and the shear modulus G12, and transverse shear moduli G13

and G23, were assumed to be equal in all the three directions.
(i.e. E1=E2=E3, ν12=ν13=ν23 and G12=G13=G23) (See
Fig. 2 for orientation). Further, only the Young’s moduli (E1,
E2 and E3) were used as the curve fitting parameter, and the
combined/experimental approach as explained before was
used to minimize the difference between predicted and
experimental frequencies using F-F boundary conditions.

Composite sandwich models

2-D FE models of flat and curved sandwich beams were
developed using Hypermesh and ABAQUS as mentioned
before. The core and face sheets were modeled as separate
components in the FE model with coincident nodes along
their boundaries. Material properties used for foam and skin
material given in Table 2 were determined using the
combined experimental/numerical approach described ear-
lier. As mentioned before, the face sheets are considered as
linear, elastic, and orthotropic, while the core is assumed
linear, elastic, and isotropic. Due to the limitations of time
and resources, only in-plane modes such as flexure in the
plane of the model was predicted and compared with the
corresponding results from experiments. 3-D FE model was
developed to confirm that the modes that are compared are
in-plane and flexural only, which will be discussed later in
section Three-dimensional FE Study.

Fine mesh density was used to model the foam and skin
material and a convergence study for the first natural
frequency was carried out. A mesh density of 15 elements
for the foam and 4 elements for the skin material along the
TTT, and 250 element divisions along the length were
found to give satisfactory results. The same model was used
for both the beams with and without debonds. Debond
regions were meshed with a set of coincident nodes at the

face-core interface. At the interface between core and face
sheets, two sets of nodes, one belonging to the face sheet, the
other to the core, were placed. These nodes occupy the same
geometric position, but they could vibrate independently.
Contact definitions cannot be defined between the skin and
foam elements, because, ABAQUS does not allow nonlinear
contacts for a simple modal analysis. The sets of coincident
nodes between the layers representing the interface between
face sheet and core were coupled together for the beams
without debond. The length of debond was always 50.8 mm
length for each case. Natural frequencies for the straight and
curved sandwich beams were extracted using the eigenvalue
extraction method using C-C boundary conditions.

Table 3 Natural frequencies of polyurethane foam and carbon/epoxy skin samples

Mode no Polyurethane foam Carbon/epoxy skin

Natural frequency (Hz) %Diffa Natural frequency (Hz) %Diff a

EXP FEA Efoam=115MPa EXP FEA (see Table2 for material properties)
fn (Hz) fn (Hz) fn (Hz) fn (Hz)

1 152 153.1 0.74 116 117 1.28

2 420 415.3 −1.12 327 324 −0.93
3 797 796.1 −0.11 659 635 −3.80
4 1276 1279.6 0.28 1113 1049 −6.10
5 1876 1850.7 −1.37 1715 1565 −8.70

a FEA as reference

Table 4 Measured natural frequencies of the sandwich beams from
vibration tests

Curvature
angle θ
(degree)

Mode
1

Mode
2

Mode
3

Mode
4

Mode
5

Sandwich beams
with no debond

Flat 541 1225 2038 2848 3688

15 627 1183 2089 2949 3805

30 741 1139 1935 2682 3496

45 1093 1213 2075 2813 3660

60 1108 1171 2006 2713 3536

Sandwich beams
with upper
debond

Flat 554 1178 2031 2817 3661

15 600 1080 1970 2665 3516

30 794 1156 2043 2779 3631

45 977 1119 1955 2585 3418

60 1100 1109 1946 2637 3473

Sandwich beams
with lower
debond

Flat 554 1178 2031 2817 3661

15 608 1162 2010 2800 3650

30 800 1156 2060 2756 3603

45 980 1200 2013 2740 3584

60 1081 1119 1911 2621 3425
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Three-dimensional FE Study

As mentioned before, 3-D FE model was developed for flat
and curved sandwich beam (15 deg only) without debond.
The main reason for developing the 3-D model was to make
sure that the predicted natural frequencies from 2-D models
that are being compared with experiments are associated
with only in-plane and flexural. Fine mesh density was used
to model the foam and skin material and a convergence
study for the first natural frequency was carried out. The
model developed had a fine mesh density of 350*20*10
elements for the foam along the length, width and TTT,
respectively. For the skin material three elements along the
TTT, and same number of elements along the width and
length were found to give satisfactory results.

Results and Discussion

Vibration Test Results

Composite skin and foam specimens

Natural frequencies of the composite skin and foam
material specimens described earlier in section “Vibration
Tests” are reported here. These results are later compared
with numerical FE results and the material properties are
determined using the combined experimental/numerical
approach as discussed before. The natural frequencies
under F-F boundary condition for polyurethane foam and
carbon/epoxy skin specimens are tabulated in Table 3.

Composite sandwich beams

In this section, first, the vibration test results for the flat and
curved sandwich beams without debonds are presented to
investigate the dependence of natural frequencies on the
curvature of the beam only. Next, results for beams with
debond between upper and lower face sheets and core are
presented. Curved sandwich beams with four different
curvature angles in the range from 15° to 60° were tested
as mentioned before (See Table 1). The first five natural
frequencies of the flat and curved sandwich beams with and
without debonds are tabulated in Table 4 and Fig. 3 shows
the variation of natural frequencies under C-C boundary
conditions with increasing curvature, where the frequencies
are normalized to the corresponding frequencies of the flat
sandwich beam without debonds (fn(FND)).

Effect of curvature It is evident from the data presented in
Fig. 3(a) that the first natural frequency increase with
increasing curvature for the sandwich beams with no
debond. For example, the fundamental frequency, f1, of

the flat sandwich beam is 541 Hz, whereas (f1)60=1,108 Hz
when the curvature angle is 60° (See Table 4). However, for
higher modes we can see that the frequencies are
approximately the same. Therefore, we can conclude that
only the fundamental frequency is significantly affected by
increasing curvature. In this study it should be noted that
the mass of all the beams are same. One of the factors
which influence the modes is boundary condition. The mass
dominated mode is sensitive to curvature because of the
boundary condition. Boundary condition affects stiffness
also. It is observed that at higher modes, the influence of
boundary condition on stiffness is more when compared
with the increase in the stiffness due to increase in
curvature. All of higher mode frequencies are affected at
same ratios. It is difficult to see the effect of the
curvature at higher modes. Finally, nearly same frequen-
cies are found at higher modes, whereas, at the initial
modes, the mass is dominant. So changing of frequencies
are related with only curvature.

Sandwich beam with no debond

0,6
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1,4

1,8

2,2

Curvature Angle (Deg)

f n
/f

n
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N
D

)

Mode 1 Mode 2 Mode 3 Mode 4 Mode 5

Mode 1 Mode 2 Mode 3 Mode 4 Mode 5
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Flat 15 30 45 60

(a)

Sandwich beam with upper debond
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Sandwich beam with lower debond
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 Note: f n(FND) = frequency of flat beam with no debond 

Fig. 3 Normalized natural frequencies for sandwich beam (a) with no
debond (b) with upper debond (c) with lower debond
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Similar results were obtained for the beams with
debonds. To observe the results of the beams with debonds
(presented in Table 4) graphically, natural frequencies of the
curved sandwich beam specimens (with upper and lower
debonds) normalized with respect to the natural frequency
of flat sandwich beams without debonds (fn(FND)) are
plotted against curvature angle and shown in Fig. 3(b)
and (c). From these figures, it can be seen that the first
frequency increases with the increasing curvature angle and
frequencies for higher modes are approximately the same.
These results are consistent with the previous observations,
in which no debonds were present.

Effect of debond As mentioned before, one of the objec-
tives of the research is to investigate the effect of debond on
vibration response of curved sandwich beams. Therefore,
sandwich beams were made with debonds at the lower and

upper interface between the face sheet and the core. The
results of natural frequency variations for the sandwich
beam with and without debonds as a function of curvature
angle are presented in Fig. 4 up to 5th mode, in which the
frequencies are normalized with respect to the
corresponding frequencies of beams with no debonds.
From this figure, it can be seen that the effect of debonds
is more obvious for the curved beams, i.e. the natural
frequencies of the curved beams are significantly affected
by the presence of the debond. For flat beams, the
differences in the natural frequencies of beams with and
without debonds are less when compared with those of
curved beams. One obvious reason for this is that the
natural frequencies of each mode and each curvature angle
decrease due to loss in stiffness caused by the presence of
the debond except for the beams with angle of 30°. This is
also true for the case of flat beam with UD, where the Mode

Mode 1 Mode 2

Mode 3 Mode 4
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fn(ND) = frequency of  beam with no debond 

Fig. 4 Measured natural
frequencies normalized with
respect to corresponding
frequencies of the beams with
no debonds (ND = no debond,
UD = upper debond, ND =
lower debond)
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1 frequency increases compared with the corresponding
frequency for the beam with ND. For 30 deg curvature
angle, it is observed that the natural frequencies increase
when debonds are present. One possible reason could be
due to manufacturing of the sample itself. Further investi-
gation is being carried out to determine this behavior.

Effect of debond location To investigate the effect of
debonds on the natural frequencies for each beam config-
uration, frequencies from Table 4 for flat and θ=15, 30, 45
and 60 degrees versus mode number are plotted as shown
in Fig. 5. For the beams with curvature angle of 15° and
45°, natural frequencies are more sensitive to the upper
debond. The presence of an upper debond reduces the
natural frequency by about 4.5–10% for each mode. The
greatest decrease of natural frequency with debond is seen
in the beam with curvature angle of 45° for the first mode.
For flat beams, the maximum decrease in the natural
frequency with debond is about 4% for the second mode.

Combined Experimental/Numerical Analysis Results

Composite skin and foam specimens

In this section, the material properties that are indirectly
determined using the combined experimental/numerical
approach will be discussed. First, to determine the
properties of the foam material, all the first five modes
were used and the value of Efoam was indirectly determined
to be 115 MPa. The predicted natural frequencies agree
well with the measured values as shown in Table 3. As
mentioned before, the density of the foam material was
equal to 199 kgm−3. Then, to determine the material
properties of skin material, the shear modulus, G12=
4,000 MPa and Poisson’s ratio ν12=0.26 were kept
constant. Semiempirical micromechanical model approach
was used to estimate shear modulus based on Tsai-Hahn
[28]. Further, only the Young’s moduli (E1, E2 and E3) were
used as the curve fitting parameter, and the combined/
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Fig. 5 Data from Fig. 4
replotted to show variation of
measured frequencies with
mode number for flat and
curved beams

864 Exp Mech (2011) 51:857–868



experimental approach as explained before was used to
minimize the difference between predicted and experimen-
tal frequencies using F-F boundary conditions. The material
properties obtained for foam and composite skin using the
combined experimental/numerical method are tabulated in
Table 2. It is observed again in Table 3 that the predicted
natural frequencies (for skin material) agree very well with
the measured values.

Composite sandwich beams

Comparison of 2-D and 3-D FE model results Table 5
shows the comparison of first five predicted natural
frequencies of flat and curved sandwich beams (15 deg
only) with no debonds from 2-D and 3-D models with
experiments. The results agree very well with the measured
values. The first five mode shapes from 2-D and 3-D
models for flat and curved sandwich beam are given in
Fig. 6(a) and (b), respectively. It is clear from these figures
that the modes being compared are in-plane and flexural
modes. Since there was good correlation between the 2-D
and 3-D model results, it was decided to use only 2-D
model results for further analysis. In the following section
more detailed 2-D analysis of the sandwich beams with
debonds are modeled and compared with experimental
results.

Comparison of 2-D FE model results with experiments The
comparison of measured and predicted natural frequencies
of flat and curved beams with and without debonds are
presented in Table 6. The results from the experiments and
finite element analysis are found to be in good agreement.
The difference between experimental and predicted results
range from 0.2% to 11%. The predicted results agree very
well for flat sandwich beams without debonds, but for
beams with debonds the differences in the results are
significant. From the predicted results, it is observed that
for beams without debonds, the fundamental natural
frequency increases with the increasing curvature. However,
for higher modes, the frequencies are approximately the same,
This is similar to the observations made from the experiments.

Natural frequency (Hz)

Mode no Flat sandwich beam Curved sandwich beam with 15deg curvature

EXP 2-D 3-D EXP 2-D 3-D

1 541 572 574 627 644 646

2 1225 1246 1248 1183 1262 1264

3 2038 2029 2030 2089 2059 2062

4 2848 2846 2847 2949 2878 2882

5 3688 3677 3678 3688 3717 3722

Table 5 Comparison of
measured natural frequencies
with predicted from 2-D and 3D
models for flat and curved
sandwich beams without debond

 
 

Mode1, 572.6 Hz Mode1, 573.7 Hz 

  
Mode2, 1246.7 Hz Mode3, 1247.8 Hz

  
Mode3, 2029 Hz Mode5, 2030 Hz

 
Mode4, 2846.4 Hz Mode8, 2847.3 Hz

 
 

Mode5, 3677.1 Hz Mode9, 3678.2 Hz

(a) 

  

Mode1, 644.2 Hz Mode1, 645.6 Hz 

 
Mode2, 1262.7 Hz Mode3, 1264.6 Hz

  
Mode3, 2059 Hz Mode5, 2061.6 Hz

 
 Mode4, 2878.4 Hz Mode8, 2882 Hz

 
Mode5, 3717 Hz Mode9, 3722.2 Hz

(b) 

Fig. 6 Comparison of first five mode shapes from 2D and the
corresponsing flexural modes from the 3D FE models (a) for flat
sandwich beams without debond (b) for 15 Deg curved sandwich
beam without debond
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When compared with experimental results, the predicted
results generally tend to yield higher values.

The predicted and experimental natural frequencies
versus curvature angle for all beams are given in Fig. 7.
Similar to the experimental results, predicted results show
that increasing the curvature angle of the sandwich beam
does not have a significant effect on the higher natural
frequencies of the intact sandwich beam. However, increas-
ing the curvature angle from 15° to 60° increases the
fundamental natural frequency of the intact sandwich beam

80%. Similarly, the variation of frequency of curved beams
is sensitive to the curvature angle for mode 1, but the
frequency variation for higher modes shows insensitive
results when comparing the mode 1. For all curved beams,
frequencies for the first mode increase with curvature angle.

Mode shapes (Mode 1 and 2) of flat and curved beams
with no debonds are given in Fig. 8. It is observed that the
mode shapes are not affected with increasing curvature
(open angle) of the beams. However, if the mode shapes of
sandwich beam with curvatures are compared with those of
the flat beam [Fig. 6(a)], it is seen that the locations where
the maximum displacement points occur change for each
mode.

The measured natural frequencies of sandwich beams
presented in Fig. 5 show the effect of debonds on the
natural frequency. For flat beams with and without
debonds, it is observed that reduction in Mode 2 frequency
is greater than other modes. It seems that sandwich beams
with curvature also behave in a similar manner with
presence of debond for the second mode.

Conclusions

In this paper, predictions and measurements of the natural
frequencies of flat and curved sandwich beams with and
without debonds have been presented. The configurations
considered were sandwich beams containing two debonds
of the same length between the upper and lower face sheets
and core. Debond length was 20% of the beam length. Only
clamped-clamped boundary conditions were studied. The
experimental vibration responses were studied using a
frequency spectrum analyzer. 2D and 3-D finite element
models were developed using the ABAQUS computer code
for the numerical investigation. The results of the finite
element analysis and experimental data showed good
agreement except for the differences discussed earlier that
deserve further investigation. The conclusions based on
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Fig. 7 Natural frequency comparisons of experimental and numerical
results for sandwich beams (a) with no debond (b) with upper debond
(c) with lower debond

 
Mode 1 Mode 2 

 
30 Deg curvature (Mode 1: 815.1 Hz)

 
30 Deg curvature (Mode 2: 1269.3 Hz) 

 
45 Deg curvature (Mode 1: 987.5 Hz)

 
45 Deg curvature (Mode 2: 1242.3 Hz) 

 
60 Deg curvature (Mode 1: 1182.3 Hz)

 
60 Deg curvature (Mode 2: 1226.3 Hz) 

Fig. 8 Mode shapes (modes 1 and 2) of curved sandwich beams from
without debonds from 2D FE model under clamped-clamped (C-C)
boundary condition
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vibration tests and finite element analyses can be summarized
as follows:

– The values of the frequencies produced by the FE method
agree with the experimental results. Maximum difference
between experimental and predicted results is about 11%.

– The results show that the frequencies of sandwich beams
considered in this study are quite sensitive to the presence
of a face/core debond. Generally, reductions of the natural
frequencies with debonds are seen to be greater for curved
beams than for flat beams. Maximum reduction in natural
frequency is 3.8% for flat beams, whereas for curved
beams the maximum reduction in natural frequency is
10.6% due to the debond.

– It was found that decreasing the curvature angle
diminishes the first natural frequency for each beam
configuration. For higher frequencies, the curvature of
the beam does not influence tremendously the natural
frequency.

Acknowledgment This work was sponsored by TUBITAK (The
Scientific and Technological Research Council of TURKEY) under
the project “Effects of a delamination/debond and curvature on the
vibration response of sandwich composites” numbered 107 M615.

References

1. Zenkert D (1995) Introduction to sandwich construction. Chame-
leon Press, London

2. Petyt M, Fleischer CC (1971) Free vibration of a curved beam. J
Sound Vib 18:17–30

3. Rossettos JN, Perl E (1978) On the damped vibratory response of
curved viscoelastic beams. J Sound Vib 58:535–544

4. Tüfekci E, Arpaci A (1998) Exact solution of in-plane vibrations
of circular arches with account taken of axial extension, transverse
shear and rotatory inertia effects. J Sound Vib 209(5):845–856

5. Öz HR, Pakdemirli M, Özkaya E, Yilmaz M (1998) Non-linear
vibrations of a slightly curved beam resting on a non-linear elastic
foundation. J Sound Vib 212(2):295–309

6. Ahmed KM (1971) Free vibration of a curved sandwich beam by
the finite element method. J Sound Vib 18:61–74

7. Noor AK, Burton S (1998) Computational models for sandwich
panels and shells. Appl Mech Rev 49(3):155–159

8. Sakiyama T, Matsuda H, Morita C (1997) Free vibration analysis
of sandwich arches with elastic or viscoelastic core and various kinds
of axis-shape and boundary conditions. J Sound Vib 203(3):505–522

9. Vaswani J, Asnani NT, Nakra BC (1998) Vibration and damping
analysis of curved sandwich beams with a elastic core. Compos
Struct 10(3):231–245

10. Kwon O (2007) Dynamic characteristics of cylindrical hybrid panels
containing viscoelastic layer based on layerwise mechanics. Compos
B Eng 38:59–171

11. Shipsha A, Hallstrom S, Zenkert D (2003) Failure mechanisms
and modeling of impact damage in sandwich beams-a 2D
approach: part I: experimental investigation. J Sandw Struct Mater
5:7–31

12. Kim WC, Miller TC, Dharon CKH (1993) Strength of composite
sandwich panels containing debonds. Int J Solids Struct 30:211–
223

13. Vadakke V, Carlsson LA (2004) Experimental investigation of
compression failure of sandwich specimens with face/core
debond. Compos B Eng 35:583–590

14. Kim HY, Hwang W (2002) Effect of debonding on natural
frequencies and frequency response functions of honeycomb
sandwich beams. Compos Struct 55(1):51–62

15. Li Z, Crocker MJ (2006) Effect of thickness and delamination on
the damping in honeycomb-foam sandwich beams. J Sound Vib
294:473–485

16. Lee J (2000) Free vibration analysis of delaminated composite
beams. J Sound Vib 301:252–277

17. Salawu OS (1996) Detection of structural damage through
changes in frequency: a review. Eng Struct 19(9):718–723

18. Gibson RF (2000) Modal vibration response measurements for
characterization of composite materials and structures. Compos
Sci Technol 60:2769–2780

19. Yan YJ, Chang L, Wu ZY, Yan LH (2007) Development in
vibration-based structural damage detection technique. Mech Syst
Signal Process 21:2198–2211

20. Lee YS, Chung MJ (2000) A study on crack detection using eigen
frequency test data. Comput Struct 77(3):327–342

21. Rossettos JN (1998) Effects of a delamination and initial curvature
on the fundamental frequency of sandwich beams. J Sound Vib
210(1):153–161

22. Hoff NJ (1956) The analysis of structures. Wiley, New York
23. Majundar P, Srinivasagupta D, Mahfuz H, Joseph B, Thomas

MM, Christensen S (2003) Effect of processing conditions and
material properties on the debond fracture toughness of foam-core
sandwich composites: experimental optimization. Compos Part A-
Appl Sci Manufact 34(11):1097–1104

24. Srinivasagupta D, Joseph B, Majundar P, Mahfuz H (2003) Effect of
processing conditions and material properties on the debond fracture
toughness of foam-core sandwich composites: process model
development. Compos Part A-Appl Sci Manufact 34(11):1085–1095

25. Aviles F, Carlsson LA (2007) Post-buckling and debond propa-
gation in sandwich panels subject to in-plane compression. Eng
Fract Mech 74:794–806

26. Frostig Y, Thomsen OT (2005) Non-linear behavior of delami-
nated unidirectional sandwich panels with partial contact and a
transversely flexible core. Int J Non-linear Mech 40:633–651

27. Givli HS, Robinovitch O, Frostig V (2007) Free vibrations of
delaminated unidirectional sandwich panels with a transversely
flexible core-a modified Galerkin approach. J Sound Vib
301:253–277

28. Tsai SW, Hahn HT (1980) Introduction to composite materials.
Technomic Publishing Co, Lancaster

868 Exp Mech (2011) 51:857–868


	Experimental and Numerical Investigation of Free Vibrations of Composite Sandwich Beams with Curvature and Debonds
	Abstract
	Introduction
	Experiments
	Composite Sandwich Beam Specimen Manufacturing
	Vibration Tests

	Finite Element Analysis
	Two-dimensional FE Study
	Material characterization models
	Composite sandwich models

	Three-dimensional FE Study

	Results and Discussion
	Vibration Test Results
	Composite skin and foam specimens
	Composite sandwich beams

	Combined Experimental/Numerical Analysis Results
	Composite skin and foam specimens
	Composite sandwich beams


	Conclusions
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e5c4f5e55663e793a3001901a8fc775355b5090ae4ef653d190014ee553ca901a8fc756e072797f5153d15e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc87a25e55986f793a3001901a904e96fb5b5090f54ef650b390014ee553ca57287db2969b7db28def4e0a767c5e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020d654ba740020d45cc2dc002c0020c804c7900020ba54c77c002c0020c778d130b137c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor weergave op een beeldscherm, e-mail en internet. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for on-screen display, e-mail, and the Internet.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <FEFF004a006f0062006f007000740069006f006e007300200066006f00720020004100630072006f006200610074002000440069007300740069006c006c0065007200200037000d00500072006f006400750063006500730020005000440046002000660069006c0065007300200077006800690063006800200061007200650020007500730065006400200066006f00720020006f006e006c0069006e0065002e000d0028006300290020003200300031003000200053007000720069006e006700650072002d005600650072006c0061006700200047006d006200480020>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing false
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


