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Abstract

The objective of this paper is to investigate the interactions linking models and experiments in the dynamics of composite
structures. It concerns the validation of predictive models and the characterization of materials. The analysis is supported by the
synthesis of four studies and two industrial applications. The numerical models essentially use the finite element method and the
experimental modal analysis focuses on natural frequencies, mode shapes, frequency response and damping. In conclusion,
certain points of the mixed approach are highlighted and it appears in particular that reciprocation between simulations and tests
is frequent and often necessary to improve the efficiency of the design process. © 1998 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The main advantages of composite structures are
lightness and anisotropic properties which can be
utilized to optimize mechanical behavior. But the
increase in stiffness and decrease in mass emphasize
vibrating problems, thus the prediction of composite
structure dynamic behavior is a very topical subject.
Varied fields such as transportation, civil engineering
and sports are particularly concerned. Natural frequen-
cies and mode shapes, damping capacities, as well as
responses to harmonics, shocks and random excitations
are studied.

In this framework, at least two trends of research
can be distinguished. The first concerns the develop-
ment of specific nuraerical models. The number of
works dealing with dynamic problems is rather
restricted in dynamics. Certain mechanical problems
such as mechanical coupling, warping, transverse shear
and damping [1-3] are studied. The second area of
research is limited to the loss of reliability of simula-
tion results due to scattering properties: thickness and
layer orientations, elastic coefficients, damping
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capacities. The dynamic characterization of composite
materials has been developed in certain experimental
works concerning composite beams and plates with
varied geometry and constitutive materials [4,5]. Thus,
it appears that a mixed approach, coupling structural
modeling to experimentation, is often required to
develop reliable dynamic analysis of composite
structures.

The main objective of this paper is to highlight inter-
actions between modeling and experimentation in
composite structure dynamics. It is based on a synthesis
of works involving the validation of predictive models
and the dynamic characterization of materials. The
numerical models essentially use the finite clement
method, well adapted to industrial structure calcula-
tions, and the structures are composite beams, plates
and shells. The experimental modal analysis focuses on
natural frequencies, mode shapes, frequency response
and damping.

The first analysis concerns the energy balances of
transverse shear for multiphase beams. Following this,
a specific multilayered shell finite element involving a
damping prediction model is presented. Then, the
dynamic characterization of the material is reported
through the updating of a composite plate and the
characterization of a carbon epoxy. Industrial applica-
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tion of the models concerns two applications: part of a
car roof and a propfan blade.

2. Predictive models
2.1. Transverse shear energies for multiphase beams

In the case of multiphase structures, the influence of
shear energy is amplified [6,7] and the damping
behavior of the structure is dependent on energy distri-
bution. The objective here is to obtain the transverse
shear energy balance for multiphase beams with any
cross-section in flexion and torsion [8,9]. The shear
energy is written in the following form:
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with 1, 7, the shear stress in phase i; G,, G, the
shear modules of phase i; U, the shear energy in
phase i.

The shear stresses are calculated using a finite
element resolution of the warping and the stress
functions, involving a high precision Hermite
element. The direct measurement of strain energy is
physically impossible so the validation of the model is
carried out by measuring overall quantities. As the
torsion loads generate complicated shear stresses,
distribution in the cross-section, the center of torsion
and the torsion rigidity are measured. The diagram of
these set-ups is given in Fig. 1. Rotations of sections
(0, 8,, 0;) are measured by inclinometers and the
beam is clamped in a torquemeter at one end. The
punctual force P is moved horizontally at the free
edge of the clamped free beam and the center of
rotation position is reached when the inclinometer
indicates no rotation. Then the beam is linked by a
cylindrical joint at the free end, in order to comply
with the free torsion hypothesis, and the torque is

applied around the center of torsion. Torsion stiffness
is given by

M (x,—x))
= 2
GJ> ) (2

with x,, x; the inclinometer position and M, the
torsion torque.

The shear energy distribution is sensitive to the
geometry of the cross-section (position and shape of
the layers) and also to the differential stiffness of the
constitutive materials. Symmetrical and
non-symmetrical sandwich structures are tested and
the constitutive materials were polyurethane—
aluminum, wood—epoxy glass. The definition of test
profiles is assisted by numerical simulation. The
discrepancy between numerical and experimental
results concerning the center of torsion position was
2%, while for the torsion stiffness it was 10%. These
results are in good agreement considering the
materials and profile dispersions. As the torsion stiff-
ness is directly dependent upon shear distribution,
the finite element model should give satisfactory
shear energy balances.

An industrial application is presented in order to
illustrate the interest of this predictive model in a
design process. It concerns part of a car roof [9], see
Fig. 2. The design parameters are the Young’s modulus
(E) and the thickness (#) of the foam, the Young’s
modulus of the adhesive (E,) and the thickness of the
glass layer (). These parameters are modified and the
sensitivity analysis concerns the ratio of the modified
shear energy AU, versus the reference shear energy U,
of the cross-section. The results shown in Fig. 2
highlight the prominent influence of the foam thickness
() in flexion and the glass thickness (ty) in torsion.
The interest of a validated predictive model appears
clearly in this application when seeking increased
damping. Experimental studies concerning different
roofs have confirmed that when the foam thickness is

Fig. 1. Torsion test.
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Fig. 2. Part of a car roof.

increased (+50%), damping in flexion increases by
about 100%.

rotations. This element is adapted to predict thin and
thick shell dynamic behavior involving cross-section

warping:

{5}t= {ula Vis Wis ooy Olgy ﬁ89 coey Xky ﬁlk: .

2.2. Multilayered shell finite element DQ8 050 Bad (3)
The damping model, first suggested by Adams and
Bacon [4], has been completed including coupling
terms in the dissipated energy. The material properties
are assumed to be linear visoelastic and the structures
are excited by harmonic excitations. The modal
damping capacity, eqn (4), involves the specific

The shell finite element DQS8 [8] is based on the
volume breakdown of the shell [10] and the displace-
ment field is assumed to be linear by section along the
shell thickness, see Fig. 3. The nodal displacement
vector expressed by eqn (3) involves supplementary
degrees of freedom oy, B, corresponding to layer

z S sup

element k

(0,x,y,z): global referencz frame
(0',xy"z"):local reference frame
(0'.1,2,3):0rthotropic reference fram ea

V2i
Fig. 3. DQ8 element characterized by a field of linear displacement by section.
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damping capacities [8] in [Ka]. It is linked to the
damping factor obtained from the —3 dB bandwidth
measurement [11]:

{¢i}t p [Ka]e{¢i}
T (o) T Ko}

with [Ka] the damped stiffness matrix; [K] the stiffness
matrix; {¢;} the mode shape; » the damping factor
(—3 dB bandwidth measurement).

The application considers a clamped-free aluminum
shell partially recovered with a sandwich damping
device composed of a viscoelastic layer and an
aluminum skin, Fig. 4. The most suitable sticking zone
corresponds to a common zone of the nodal pattern of
the first six modes, where the damping capacity of the
viscoelastic layer would be solicited. The dynamic
behavior of the structure with and without a damping
device is investigated and compared. The frequency
response is obtained using white noise excitation in the
range 0-500 Hz. The results are given in Table 1. First,
the natural frequencies of the isotropic shell are
predicted and good agreement with the experimental
results is achieved (see Table 1). The discrepancies in
the frequencies and the modal damping capacities of
the damped shell are less than 7% and 13%, respec-
tively. According to Reissner’s model [12], the shear
effects are corrected in the composite zone using a
global shear factor k, or layer by layer shear factors &;.
The contribution of the covered composite to the total
strain energy is low. The slight decrease in frequency
induced by the increase in mass is not compensated by
an increase in stiffness. This phenomenon, well
predicted by the finite element model, involves a
somewhat limited sensitivity to shear factors. On the
other hand, the viscoelastic material energy and
especially the shear energy mostly contribute to the

2

27y; 4)

damping of the whole structure, so the discrete
correction is considerable. It has been observed that
global correction k, might lead to false modal damping
capacity values; discrepancies as high as 20% have
been obtained.

In conclusion, the progressive correlation between
numerical simulation and experimentation has allowed
the validation of the finite element, the analysis of
specific local phenomena and the testing of the
damping model.

3. Dynamic characterization of composite materials
3.1. Dynamic updating of a thin carbon epoxy plate

It is generally difficult to control the material and
geometrical properties of industrial applications due to
manufacturing process scattering. The applications
concerns a thin unidirectional carbon epoxy (T300/914)
rectangular plate [13], Fig. 5. The updating parameters
are the elastic coefficients Ey, E;, vy, G2, Gy and ply
orientations §. The undamped frequencies obtained
from the multilayered shell finite element model
presented above are updated using a sensitivity method
based on perturbation analysis. Experimental frequen-
cies are used as reference. Starting from the first-order
Taylor expansion, the updating parameters p; are
updated by solving eqn (5)

{@ei} ={ww} +[S;1{Ap;} %)

with [S;] the sensitivity matrix; w,, w, the numerical
and experimental frequencies; Ap; the updating
parameters.

S; terms are obtained using an order one finite
difference formulation. The iterative evaluation of eqn
(5) might not converge or might lead to physically

displacement probe
Vibrometer TQ 102

shaker
B&K 4810

force gage
B&K 8200

charge amplifier charge amplifier conditioner
B&K 2706 Endevco Vibrometer 1QS 603
signal generator data acquisition system HP 35650 B

Fig. 4. Clamped-free partially composite twisted shell.
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unacceptable values. In order to limit this problem, the associated equations of eqn (5) are retained. Thus
greater terms of the sensitivity matrix are localized and eqn (5) is reduced to its minimum size, as shown in
Table 1

Composite shell, numerical and experimental results

Mode shape Isotropic shell Composite shell

Vew (%) few (H2) foos (Hz) Vexp (%) ¥oas (%) fow (Hz) foas (Hz)
Rz

3.6 18.1 28.2 (0.2%) 5.5 5.8 (52%) 26.6 26.7 (0.6%)
ez

1.9 168.3 173.3 (3%) 19.8 174 (—12%) 167.3 178.2 (6.5%)
A
ey

0.8 205.7 209.8 (2%) 6.2 6.9 (12%) 205.8 2121 (3.1%)

0.7 236.2 234.6 (—0.7%) 12.7 12.54 (—1.2%) 2333 234.4 (0.5%)

0.6 4318 425.7 (—1.4%) 13.8 15.01 (8.6%) 434.9 418.9 (—3.6%)

l 0.9 325.5 334.8 (2.8%) 15.8 13.9 (- 12%) 3376 344.2 (1.9%)

shaker

t ) 4

a=190mm h=1.9mm
b=235mm 0=(x,x1)=0°

probe positionning carbon -epoxy plate

Fig. 5. Carbon epoxy plate.
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Table 2. Two different boundary conditions are
considered to obtain better uncoupling of the updating
parameters. The frequency response of the free plate is
obtained using a modal damping model [14]. The
frequency and frequency response correlation criteria
[15] are defined by eqns (6) and (7), respectively:

172
E,= [Z (wni_wei)zl ; (Dfu:| (6)

”Hni'_Hci”

Ey= ——" )
I H.

with H,, H, the numerical and experimental
frequency responses.

After updating, the discrepancies are less than 3%
for frequencies and 13% for amplitudes. These
results are satisfactory. The observation of sensitivity
matrices highlights the coupling of E, and 0, the
complete uncoupling of the influence of E, and G,
and the negligible influence of v, and G,,. In conclu-
sion, this work has permitted updating of the material

properties using a structured analysis of dynamic
phenomena.

The mode shapes are very sensitive to the orienta-
tion of the plies and boundary conditions. These
remarks must be taken into account when the validated
models are used as predictive models by development
engineers in the composite material industry. This
phenomenon is shown in the following shell finite
element computation of a NASA SR-3 composite
propfan blade [16]. As shown in Fig. 6, the orientation
of the plies has been changed by 15°, the variation of
frequencies is only 6% and very different mode shapes
appear. This phenomenon involves considerable conse-
quential effects for the prediction of the aeroelastic
behavior.

3.2. Measurement of dynamic elastic coefficients

The scattering of elastic coefficients and damping
capacities is rather wide. Furthermore, the static
properties of certain materials are different from their
dynamic ones due to their viscoelastic behavior. The
study is carried out using the experimental natural

Table 2
Sensitivity matrix
Boundary conditions Mode shapes dwn/OF, by /OE, 0wnl0G 3 0yl 6G 3 dwyn/ovyy Own/60
F-F-F-F
fi=T70Hz 7.8x107? 3.7x1072 1 25x10°2 59x107* —9x107?
f=126Hz 0 1 0 0 0 —-75x1073
fi=292Hz 1 38x107° 0 51x107? 6.4x107 8.1x107!
C-F-F-F
ez
fi=24Hz ~23x107° 1 0 0 45x10"* —44x1072
fr=121Hz 0 1 0 0 3.7x1073 —~25%x107?
I | fs=288Hz 1 3.3x1072 43x10°? 54x%x1073 1.4 x 1072 6.1x10™!
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clamped zone

Fig. 6. Propfan blade, [90, —a, +a, 90];, modes 3 and 4, a = 30° and 45°.

frequencies of a unidirectional carbon epoxy
rectangular beam, Fig. 7. Their slenderness ratio is
equal to 20 and they are tested in the range 0-500 Hz
to limit shear and inertia effects. The experimental
stiffnesses are given by analytical relation (8) in flexion
and (9) in torsion:

AL S 3
= D ®

2rd 2
Gry=&ED ©)

with f; the natural frequency; X; the dynamic coeffi-
cient; L the beam length; S the section area; p the
density; I the torsion inertia.

According to the transverse isotropic behavior of the
material, coefficients £, and E, are obtained using eqn
(8) for 0° and 90° beams. In torsion, a specific model

thick beam

Fig. 7. Characterization of thin and thick carbon epoxy beams.
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has been developed based on stress function determi-
nation. The approximation of the torsion energy using
the Ritz method leads to the torsion stiffness as
follows:

GI5= T3 256b°1°G1,G1s 10

N m on Tmtn (MG +n*b*G,3) (10)
For 6 =0°, the transverse isotropy is verified, so eqns
(9) and (10) give G1; and G3. For 6 = 90°, eqns (9) and
(10) give Gy, substituting Gy; by G, due to the
rotation of the reference frame. A sensitivity analysis
of eqn (10) shows that the sensitivity of {(GJ) to Gy
decreases when the thickness decreases. Tests carried
out on a thick beam with a square cross-section restrict
this phenomenon. As the torsion stiffness is high, an
inertia disk has been added to reduce torsion
frequency, see Fig. 5.

Recent studies [17] have been developed to measure
the dynamic Poisson ratio and associated damping
capacities using extensometric techniques on unidirec-
tional beams (0°, 90°). At least two perpendicular strain
gages (i, j) are used. The transfer function H(jw),
relation (11), obtained from a spectrum analyser gives
the real and imaginary parts of the dynamic Poisson
ratio. The associated damping capacities are given by
eqn (12):

ejw)
eljw)

H(jo)= (11)

In conclusion, these characterization processes
involve important couplings between analytical, semi-
analytical developments and experimentation in
dynamics.

4. Discussion and conclusion

The synthesis of activities highlights certain
important points of a mixed numerical experimental
approach for the design of composite structures in
dynamics. It appears that if calculations are made
before experimentation, design efficiency is improved.
Design and production times of experimental devices
are decreased, and the models help to analyze the
experiment results.

The quality of a model can be checked using calcula-
tion—experiment comparison criteria. In statics, the
comparative difference between predicted and experi-
mental results is used. It concerns deflection, strain,
rupture load value, etc. In dynamics, comparative
criteria are not single valued. As shown previously,

they concern natural frequencies (6), dynamic response
(7) and mode shapes (Section (A3)3.1). Furthermore,
because of their sensitivity to ply orientations and
boundary conditions, the correlation of mode shapes is
critical in the case of composite structures. The
conventional scalar or matricial criteria, such as MAC
[15], can be used, but the reliable reconstitution of
experimental modes requires many measurements.
Field measurement devices well adapted to the experi-
mental modal analysis of composite structures should
be used to advantage in the future.

Model updating is achieved using the lowest number
of experimental applications, and the analysis of
robustness enhances reliability. Numerical and experi-
mental sensitivity analysis provides useful information
in order to verify the robustness of the models and the
reliability of experimental results. They allow definition
of the best adapted tests. The use of statistical
techniques is an interesting approach [18]. Generally
speaking, the coupling of reliability methods and FEM
could be utilized in a judicious manner to predict the
dynamic behavior of composite structures [17]. Finally,
the utilization of models to predict the dynamic
behavior of industrial structures can be achieved within
the limits of the family of structures. In the field of
composite structures they may be characterized by the
constitutive materials, the global geometry and the
manufacturing process.

To conclude, it appears that the mixed approach
coupling modeling and experimentation is not linear.
Reciprocation between simulations and tests is
frequent and often necessary. Referring to the optimi-
zation concept, the convergence of the process with an
‘objective goal’ should be considered.
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