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Abstract— Composites are known for their significant
damping, however, both reinforcement type or layered
arrangement influence the response of material:
mechanical, thermal, electrical etc. The paper provides the
dynamic time analysis of glass fiber reinforced polymer
samples of various layups. The mechanical response to
dynamic excitation was tested by numerical simulation and
experiment. The excitation function was the unit impulse
force generating free damped vibrations. Experimental
results were evaluated in time domain to obtain damping
parameters. For numerical simulation, the commercial
software was used to visualize deformed model in
individual damping phases, Mises stress distribution in
individual laminate layers, and comparison of that for
different layups.

Keywords—damping coefficient, decay, direction, fiber,
layer.

I. INTRODUCTION

ynamic response of any material is important in many

applications. The composite material micro-structure
implies particles and short fibers (straight, curved, waved,
continuous fibers). called reinforcing elements and they cause
improvement of the physical properties. The useful
combination of reinforcing elements (shape, size, volume
fraction of reinforcing elements, arrangement etc.) and matrix
can form material with required properties.

The estimation of static properties of mixed matrix and
reinforcement by analytical, numerical, experimental, and
hybrid approaches have been preferably topic of research.
Researchers have been making efforts in the effective
numerical simulation and the suitable estimation of the
mechanical properties, such as Young's modulus of elasticity,
the shear modulus, and Poisson's ratio, of anisotropic materials
for different shapes and reinforcement arrangements.

A summary of the current state of numerical methods can be
found in [1]-[5] focusing on static properties. However, to
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understand, estimate, and control the dynamic and damping
properties of different type of composite structures is essential
for the effective use of composites in industrial applications.

The numerical approaches for dynamic modelling (not
material damping) based on various computational methods
have been developed and try to overcome the difficulties of
inner complexity of composite materials models [6], [7].

The experiments investigating the damping parameters and
vibration characteristics depending on fiber orientations in
different layup was performed in [8]-[10]. Reference [11]
stated that position and the percentage of the fibers are the
most influencing factors for damping and natural frequency.
Moreover, in [8] is stated that damping and vibration
characteristics are strongly influenced by fiber orientation and
moreover, natural frequency and damping ratio increase from
0° to 45° of fiber orientation.

The methods for the experimental investigation of energy
dissipation response are direct or indirect. In this study, the
indirect method, i.e. the method of free damped vibrations
based on time domain response was used. Depending on the
evaluation method, material and geometry of samples and goal
of testing, the various measurement setups were developed for
testing. Some researchers have developed an iterative
numerical-experimental scheme [12].

The samples are made of glass fiber reinforced polymer
(GFRP) with polymer matrix. Dimensions of samples are:
115x115 of average thickness 3-layered samples 1,1725 mm.
The fabric is twill, i.e. bidirectional, weave (280 g/m?, twill
2/2). The arrangement of layers is different in order to test
influence of inner composition to damping. The horizontal
orientation of warp corresponded to 0°, Fig, 1.

MATERIALS
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Fig. 1 GFRP samples and its inner arrangement

Numerical model involves following assumptions: matrix is
consider to be ideal, i.e. without cavities and impurities; an
adhesion between fibers and matrix is ideal, The numerical
model does not consider weave of fabric.

The p-version (“p” depicts polynomial) of the Finite
Element Method (FEM) implemented in the Creo Simulate
module of the PTC Creo Parametric System was used. In p-
version of FEM the mesh of finite elements stay the same
during the every iteration called p-loop pass and the required
convergence is achieved by increasing the polynomial order of
the polynomial shape functions at required elements [13] up to
9" order in Creo Simulate. The finite elements used in Creo
Simulate are called p-elements. Thus the shape of p-elements
can differ from ideal shape and lower mesh density can be
used comparing to h-elements in h-version of FEM.

The main steps for Dynamic Time Analysis of numerical
model of laminate, i.e. layered structure. The procedure is
similar for most of commercial software; however, it can differ
in detail. The commercial software implements the classical
lamination theory (more in e.g. [14].) The following procedure
and result windows are for the numerical finite element
analysis of laminate composite material model and dynamic
time analysis by Creo Simulate (version 4):

NUMERICAL SIMULATION - DYNAMIC TIME ANALYSIS - AND RESULTS

A. Defining the axes of material orientation regarding
global coordinate system

Since laminates are materials characterized by different
material properties in different directions, we must define the
main material axes. Usually the material axis 1 is identical
with the orientation of the reinforcing fibers. In our case, the
samples involve layers of a bidirectional fabric with a twill
weave of weight 280 g/m?. Axes 1 and 2 will be the axes of
fabric warp and weft, direction 3 is the direction perpendicular
to the fabric, Fig. 2.
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Fig. 2 Axes of material orientation; 1, 2 (warp and weft directions)

B. Defining the material properties of one lamina (one

layer).

The laminate can be defined as a transverse isotropic
material, the plane of isotropy is plane 12 (axes orientation is
in Fig. 2). The material constants are the Young's modulus of
elasticity in the direction 1, 2, 3, the Poisson's ratio and the
shear modulus of elasticity in the planes 12, 23, 13. Material
constants can be determined analytically, experimentally or
numerically using the concept of a representative volume
element.

In our case, we determined the material constants
analytically using the Rule of Mixture as follows: We had six
different samples differing by their layup, Fig. 1. Finding the
dimensions and weight of samples, the density was
determined: 1.345 g/cm?. In general, volume percent of fibers
is 35 % and resin consumption 232 g/m? for standard hand
laminate. It corresponds for our sample 0,0,0. For our samples,
average fiber and matrix volume percentage was Vi=29% a Vi,
=71%. Then
E, =V;E; +V,E, = 1)

=0.29x71GPa+0.71x3.5GPa = 23.075GPa

where Ef and En are Young's modules of elasticity of E-glass
fiber and matrix, respectively. Since it is a bidirectional fabric,
it can be considered: E; =E,. Then Es

Em

E, = =—=4.832GPa )
1-Vi(1-—"
f
Poisson's ratio is:
/'112 zvfﬂf +Vm/um = (3)

=0.29x0.22+0.71x0.33=0.2981=0.3

where ur and um are Poisson's ratio of E-glass fibers and

matrix, respectively. With respect to the transverse isotropy po1

and w1 are the same as Poisson's ratio of matrix, i.e. 0.33.
Shear modulus of elasticity is:

Gpp=——om o IO 1 7316Pa (9)
1-v; - Smy  1-0.290-125P2
G 30GPa

where Gt and Gy, are shear modules of elasticity of E-glass
fibers and matrix, respectively. With respect to the transverse
isotropy Giz and Gz3 are the same as shear modules of
elasticity of matrix.
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C. Defining of laminate layup.

The laminate layup is characterized by several parameters
such as the number of layers, layer thickness, orientation in the
global coordinate system. The mentioned parameters was
assigned for corresponding sample layup.

D. Shell definition by assigning the layup and material axes

orientation to model.

3-dimentional model used the composite shell elements (111
triangles and 310 quadrilaterals, Fig. 3b). That elements consist of
one or more materials whose properties may vary through the
thickness of the shell.

E. Boundary conditions definition.

A predefined impulse function is added as the excitation
function. This is the so-called The Dirac delta function, which
has a value of one at the point of excitation, which corresponds
to the impact of a modal hammer in measuring. The numerical
model with boundary conditions is shown in Fig. 3a.

F. Defining of mesh density and Measures for dynamic
analysis.

impulse force

L"(“‘-‘n

»
) #

%—waag '
-F - - - - -

fixed lower part

a
Fig. 3 FEM model (a) and mesh of 421 shell finite p-elements (b)

Maximum finite p-element size was set to 8 mm in whole
model. The final mesh created by automatic geometric element
mesher (AutoGEM) is in Fig. 3b. Combination of triangles and
quadrilaterals is default option for shell elements generation.
In areas where AutoGEM cannot use quadrilateral elements
due to the model geometry, Creo Simulate use triangular
elements as fillers. For meshing, the default settings (e.g.
aspect ratio and maximum edge turn) of AutoGEM were used.
The higher density of mesh is not applied as in “critical” areas
the convergence and accuracy is obtained by use of higher
polynomial order (up to 9" order).

Output measures for the dynamic time analysis are
displacement, displacement in the direction of the Z axis
(direction of impulse force, see Fig. 3a), Mises stress,
vibration velocity and acceleration.

When defining a dynamic time analysis, one of input
quantities is the damping coefficient entered in percent. The
mentioned coefficient is a damping ratio according to [15].
The disadvantage is that damping coefficient is an input
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quantity and therefore it is not possible to determine the
damping coefficient (i.e. damping ratio ¢) using numerical
analysis, as it is able to do in the laboratory experiment. The
following Fig. 4 compares the time response depending on
different damping coefficients. The material is the same for
each graph in Fig. 4.
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Fig. 4 Comparison of displacements (only positive ones are shown)
and velocity for different damping ratio values in time period 0-0.3s
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The following Fig. 5 compares the behavior of laminate
samples with its individual damping ratios estimated in
laboratory experiment during free damped vibration decay.
The vales in right side of graphs are the amplitudes (mm) in
time 0.998s.

Naturally, in case of different fiber orientation in individual
layers the stress field distribution is different in each layer.
Muises stress field distribution for sample 0,15,30 in individual
plies 1, 2, 3 and in all plies is provided in Fig. 6. The stress
field is not symmetrical although the boundary conditions are
symmetrical. It is caused by material arrangement.
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Fig. 5 Displacement in direction of impulse force in time period 0-1s
for individual samples and its experimentally determined damping
ratios
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Fig. 6 Mises stress distribution in time 0.012 s corresponding with
the maximum of first amplitude of sample 0,15,30
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IV. LABORATORY EXPERIMENT AND RESULTS

The samples were fixed (Fig. 3a) in jaw-vice and excited
using the impulsive type of the excitation generated by the
modal hammer NI PCB. The equal impulse force was applied
in the perpendicular direction (Fig. 3a, z-axis direction) to
initiate beam vibrations. One side of the laminate samples is
free to vibrate. The excited vibrations were free damped
vibrations that were scanned by Polytec laser vibrometer. The
laser beam point of vibrations recording was situated in point
of modal hammer excitation. The obtained data were recorded
using signal processing software LabVIEW. The time domain
curves (example in Fig. 7) that has character of the exponential
decaying response was obtained for each sample.

The damped free vibrations are the quasi-periodic because
the amplitude X; of the previous vibration cycle is not the same
as the subsequent one Xi+1. The decay of vibration amplitudes
is exponential. The denser vibration cycles at the beginning of
plot in Fig. 7 are the unsteady short period just after hammer

bump.
"

i

Fig. 7 Time domain decaying response (Velocity vs. Time)

The damping parameters (logarithmic decrement ¢ and
damping ratio ¢) were determined by the method of free
damped vibrations based on time domain response (Fig. 7).
According to mentioned method, the logarithmic decrement ¢
was calculated over a number of cycles n from time domain
response

523.,{LJ
n xi+n

where X; and X, are the i-th and (i + n)-th amplitudes values
of the i-th and (i + n)-th vibration cycles, respectively. The
logarithmic decrement § was estimated using n=30, 60 and 100
cycles and its averaging.

1 2 3 4 5 6

Sample

®)

0,007
0,006
0,005
0,004

0,003

Damping ratio

0,002

0,001

Fig. 8 Experimentaly estimated damping ratios (1- 0,0,0; 2 — 0,45,0;
3 -45,45,45; 4 - 0,15,30; 5 - 0,60,120; 6 — 0,45,45,45,0)
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Subsequently indirectly from logarithmic decrement o the
damping ratios ¢ was estimated using (6)
1
(= ®)
1 4
+?

Damping ratio can be estimated also directly from frequency
domain curve by the half-power bandwidth method [16].
Damping ratios for individual samples from Fig. 1 are in Fig.
8. See also [17].

V. CONCLUSIONS

The response to dynamic excitation differs depending on
inner material arrangement. It is confirmed by different
damping ratios obtained by equal force excitation and
boundary conditions. Composites are characterized by the
possibility of achieving a different internal structure having a
equal volume percentage of fibers. The damping is different at
the same fiber volume percentage (Vf=29%). This was proved
both experimentally.

Benefits of simulation are: 1. visualization of different
response due to damping at the same material in period 0-0.3s
(Fig. 4), 2. visualization of different responses in period 0-1s
of the same sample composition but different layup orientation
(Fig. 5), 3. visualization of stress distribution in individual
layers of sample in first maximum amplitude (Fig. 6), 4.
visualize deformed model shape in individual damping phases
(deformed model is visible in Fig. 6)

Using commercial computational software is unable to
estimate the damping parameters as the experiment allows.
The damping can be only input value of dynamic numerical
analysis. It is disadvantage of numerical modeling in field of
estimation of material damping.

Moreover, the facts referred in introduction were confirmed:
1. Damping parameters depend on fiber orientation in different
layups, even in case of same material composition (not
arrangement) and same volume percentage of fibers, 2.
Damping parameters increase from 0° to 45°. In our case
damping had the highest value for layer orientation 45,45,45.
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