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Abstract. Natural frequencies and vibration modes of laminated composite
cylinders were calculated under axial tension loading by the finite element
method using ANSYS Mechanical software package. Two types of axial
tensile load were modelled: a suspended weight and a static axial load in the
zone of weight attachment into the cylinder. The features of the modal
analysis of a prestressed system depending on the type of applied tensile
load were analyzed. The numerical results obtained were compared and the
possible reasons for their discrepancy were explained.

1 Introduction

Cylindrical multi-layered composite shells are one of the most common structural members
used in mechanical, marine, aerospace, and civil engineering structures. This is due to their
relatively low density and good strength characteristics. However, technical state of a
structure changes in the process of its intensive operation, technological defects, and random
mechanical actions, which leads to a decrease of its reliability and strength. Therefore,
structural health monitoring is required in order to ensure strength, durability and estimation
of the structure lifetime. At present, in the practice of non-destructive testing for the detection
of defects, almost all methods and techniques traditionally applied in the conditions of
production, testing and operation of the parts and unit assemblies are used. They include
optical, electrical, acoustic, radiation, magnetic, thermal, holographic, microwave, and other
control methods [1, 2].

Vibration testing is one of the effective types of non-destructive testing which is based
on monitoring and analysis of key indicators of vibrations measured during the object
investigation. The structure in this case can be excited by the loudspeaker, PZT and MFC
actuators, PCB impulse hammer or shaker depending on the investigated object’s
dimensions, weight and dissipative properties [3, 4, 5]. The dynamic response is measured in
most cases by accelerometers or by non-contact optical sensing using scanning laser
vibrometers [3]. To obtain modal parameters, such as vibration modes, natural frequencies,
and damping factors, free vibration [6], frequency [7] and transient [8] response analyses are
applied. These dynamic parameters are used as a so-called passport for estimation structural
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health monitoring of the structure during its operation. The deviation of the current modal
parameters from the initial ones indicates the origination of damage [9, 10]. To date, many
classical [11, 12] and modern works have been devoted to the study of shell vibrations [13,
14].

Static loads acting on the cylindrical structures during their operation lead to a change of
their geometry and modal parameters. The study of prestressed and unstressed systems
revealed the difference of their mechanical characteristics (natural frequencies and vibration
modes) [15]. The influence of internal stresses from an axial load on the dynamic response
was considered in the classic work of Leis and Coedel [16, 17], where the expression for the
natural frequency of a cylindrical shell, depending on the action of a tensile or compressive
force, was obtained. An increase of tensile axial force on a cylindrical shell increases its
natural vibration frequencies, whereas the action of a compressive axial force leads to a
decrease of the natural frequencies. An analysis of scientific literature has shown that many
works were devoted to the vibrations of cylindrical shells under the action of a compressive
axial force, which include experimental research, analytical and numerical calculations [18,
19].

Much less attention has been paid to the study of an influence of a tensile axial force on
the natural frequencies and vibration modes of cylindrical composite shells. With respect of
the numerical calculation of the cylindrical composite shells by numerical methods, we can
note the works of Tong [20] and Bedri [21]. Tong L., using the classical theory of shells,
calculated the natural frequencies of conical shells with different geometry and boundary
conditions under the action of axial loads. The results showed that axial tension of the conical
shells increases their natural frequencies, while axial compression reduces. Using the
ANSYS finite element program, Bedri performed a modal analysis of a metal cylindrical
cone under the action of a tensile or compressive axial force. The numerical results confirmed
the dependence of the values of natural frequencies on action of a tensile or compressive
force. The natural frequencies of a cylindrical shell decrease in the case of compressive force
and increase in the case of tensile force action.

The current work was carried out as a part of the project devoted to the development of a
prototype for a monitoring system of the existing structure. Laminated composite cylinders
are the objects of the study. One of the sections of the project investigates the experimental
effect of axial tensile force on the dynamic characteristics of a composite shell with an
embedded sensor system using Operational Modal Analysis methods. The objective of this
work is a preliminary study of the effect of axial tensile load on natural frequencies and
vibration modes of a composite cylindrical shell structure according to the planned
experiment.

2 Materials and methods

2.1 Solution methodology

The finite element method (FEM) was used to estimate the effect of static load on the modal
properties of the composite shell structure [22]. If damping is neglected, the natural vibrations
of the finite element (FE) model are described in matrix form by the equation:

[K{uf+ [ ]{ii} = {0}, M
Where [K] and [M] are the stiffness and mass matrices, respectively, {u} and {ii} are the

vectors of displacements and accelerations e in the nodes of FE model, respectively.
This equation has a real periodic solution of the form {u}={p}coswt if the following
condition is
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([K]-e? [M]){e}, ={0}, )

Where {p} is the eigenvector, w is the natural frequency, ¢ is the time.

For modal analysis with prestressing, the static loading problem of the structure is solved
firstly. Then, the modal analysis is performed using the stresses determined as a result of a
constant load, which can affect the natural frequency of the structure. For static analysis, the
following equation is used:

[K]{x}={F} (3)
where {F} is the force vector, {x} is the displacement vector. As a result of structural static
analysis, a stress stiffness matrix [K], is determined, which is added to the regular stiffness

matrix [K] performing modal analysis of prestressed structure. Thus, the modal analysis of
the structure, taking into account prestressing, is performed based on the following equation:

(IK ] —@? [M]) {2}, =10} )
where [Kwom=[K]+ [K],.

2.2 Laminated Composite Cylinders

The composite cylindrical structure investigated consists of a central part, which is a multi-
layered composite cylinder composed from four layers of a cross-ply fiberglass fabric. The
layers of fiberglass fabric are placed in such a way that the reinforcing fibers are oriented at
an angle of 45° to the axis of the cylinder. Plywood flanges are glued to the end surfaces of
the cylinder, which increase the mechanical rigidity of the structure (Fig. 1a). Thickness of
plywood flanges is 31 mm. The inner and outer diameters are 240 and 360 mm, respectively.

(a) (b) (c)

Fig. 1. (a) Composite structure; (b) Test bench; (c) FE model.

The total height of the cylinder is 790 mm. The wall thickness of composite cylinder is
1.45 + 0.05 mm. The total mass of each composite structure (composite cylinder, wires, and
plywood flanges) was 4.58 + 0.1 kg.

The composite structure testing under static load is planned on a test bench (Fig. 1b). The
composite structure is mounted vertically on the test stand and fixed by means the top flange
to the top plywood board attached to the top beam of the stand. The static load test is carried
out by hanging a basket with a weight to the bottom flange.
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To do this, a round plywood cover is fixed to the flange with a ring lug for attaching the
basket ropes. The thickness of the plywood cover is 18 mm. The total weight of the bottom
plywood cover with ring lug is 2.3 kg.

The problem of the effect of axial tensile load on natural frequencies and vibration modes
was solved by the finite element method using the ANSY S Mechanical software package. To
model a layered composite shell, a Shell181 four-node finite element with six degrees of
freedom at the nodes was used. The plywood flanges, cover plate, and basket with a weight
were modelled using a 3D 8-node SOLID185 element (Fig. 1c). For modelling the basket
ropes, a 3D linear beam element BEAM 188 accounting for the finite strains was chosen.

The load on the composite cylinder is varied from 167 N to 4817 N. The initial load of
167 N includes the weight of the plywood cover plate with ring lug and the weight of the
basket (Fig. 2a). The load step of 665 N was chosen taking into account the mass of concrete
blocks that will be loaded into the basket. The calculation was carried out taking into account
the own weight of the structure. The gravitational acceleration of 9.81 m/s? is included in the
calculation to account for the mass of the composite structure with the plywood cover plate,
as well as to simulate the axial tensile force arising from the weight of the loaded basket. The
distance between the bottom cover and the weight is 1 m. The diameter of ropes is 10 mm.
The basket with the weight was modelled as a rectangular parallelepiped of 340x500x840
mm in size. The suspended weight was controlled by changing the density of the
parallelepiped material. The mass of ropes was also taken onto account.

The next stage of the calculation was the modelling of a composite cylindrical structure
without basket. An axial tensile force corresponding to the mass of the basket with the weight
was applied through the ring lug (Fig. 2b). In addition, the influence of the axial tensile load
on the natural frequencies of the cylinder without weight was studied, when the tensile force
was applied in the zone of the ends of the cylinder, which corresponds to pure tension (Fig.
2c).

The mechanical properties of plywood, steel, and fiber rope are presented in Table 1.

Table 1. Mechanical properties of materials.

Elastic constants Plywood [23] Steel Fiber rope [24]
Ei, GPa 17.0 210 130
v 0.3 0.3 0.3
p, kg/m’ 685 7850 2000

It should be noted that, taking into account the manufacturing technology of the
composite structure, the density of plywood flanges is assumed to be p = 810 kg/m?, which
differs from the nominal value (685 kg/m?). This is due to the peculiarities of gluing the
composite cylinder and flanges. The steel ring lug was modelled in the form of a rod, to
which the ropes were attached. The dimensions of the metal rod were chosen so that, taking
into account the density of plywood and metal, the total mass of the model of the bottom
plywood plate and the ring lug was 2.3 kg. Dyneema fiber ropes are made from Ultra-High
Molecular Weight Polyethylene.

The density of the composite material is assumed to be p=1850 kg/m?>. The total mass of
the FEM model was 4.58 kg, which corresponds to the weight of a real composite structure
consisting of a composite shell and plywood flanges. The mechanical properties of fiberglass
were determined by calibrating the finite element model by the method of identification of
the elasticity characteristics of the material. The size of the finite element of the FEM model
was chosen by means of a series of calculations and evaluation of the convergence of the
solution. According to the results of convergence, the size of the finite element is 10x10 mm
[25].
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Fig. 2. Modelling of axial tensile force: (a) basket with the weight; (b) axial tensile force applied
through the ring lug; (c) axial tensile force applied to the ends of the cylinder.

2.3 Calibration of Finite Element Model

To refine the elastic properties of the composite monolayer, the finite element model was
calibrated. The properties of the composite material were determined using an identification
method based on solving the inverse problem [26, 27] and including several stages based on
[28].

At the first stage, to determine the natural frequencies and vibration modes, we performed
an experimental modal analysis of a composite structure consisting of a layered shell and two
plywood flanges. The experimental values of natural frequencies and vibration modes are
taken from [29]. The dynamic characteristics of the specimen 3 were chosen for further
calibration of the FEM model. At the next stage, we developed an experiment plan for all
characteristics of the composite material (Young's moduli: £;, E>= E3, shear moduli: G,>=
G 3, G23, Poisson's ratios: v;>= vy3, v23) with a deviation from some a priori values of the
material taken on based on the data published in literature and estimates [30]. Then, a FEM
model was developed and, according to the experimental plan developed, a numerical
calculation was carried out. Based on the results of numerical simulation, approximation
functions were constructed for each frequency. The main stage of the identification procedure
of material properties is the usage of the approximation functions obtained and experimental
data. The solution of the problem of identification of a composite material was considered as
an optimization problem [31] with the objective function:

®,(x) = ig—ffzf‘f;;w — min. )
i=1 ;

where f,-FEM and [ are the calculated and experimental values of the first natural

frequency, respectively.
The elastic characteristics determined are presented in Table 2.
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Table 2. The identified engineering constants.

Engineering constants E;, GPa E:=FE3; GPa Gi12=G13,GPa  G2,GPa vi2=vi3 vz
Value 41.39 11.75 1.75 2.86 0.407 0.35

To estimate the accuracy of the composite structure model developed, the first 14 natural
frequencies and vibration modes were calculated with the elastic characteristics of the
composite material identified. A comparison of the calculated values of natural frequencies
with the experimental ones is presented in Table 3. For structures with axial symmetry, the
presence of multiple natural frequencies is characteristic, therefore, the calculated values of
natural frequencies have paired values. The discrepancy between the calculated and
experimental data is mainly within 6%. The difference in the values of the natural frequencies
for the mode (1,2) and the mode (1,1) drops out somewhat.

Table 3. Comparison of calculated and experimental values of natural frequencies of composite

structure.
Mode Exp. FEM Error
Order (m,n) Hz Hz %
1. (1,1 78.8 92.8 -
2. (1,1 104.0 92.8 10.8
3. 1,4) 179.5b 178.4 0.6
4. (1,4 178.9° 178.4 0.3
5. (1,3) 183.3° 194.8 6.3
6. (1,39 188.4° 194.8 34
7. (1,5) 238.7° 234.9 1.6
8. (1,59 239.2b 234.9 1.8
9. (1,2) 257.0° 304.9 18.6
10. (1,29 263.5° 304.9 15.7
11. 2,5) 324.20 317.4 2.1
12. 2,5 324.2° 317.4 2.1
13. (1,6) 333.7 329.5 1.3
14. (1,6 - 329.5 -

2 Eigenmode with multiple frequency; ® Frequencies involved in identification process.

3 Results and discussion

At the first stage, a static problem was solved for three types of loading of composite
cylinders: with a weight in the basket, with a force applied through the ring lug, and a force
applied to the bottom end of the cylinder. For all calculations, the similar graphical
dependence of the structure displacement on the tensile force was obtained (Fig. 3). The
displacement was captured at the bottom end of the composite cylinders. The resulting
dependence shows the coincidence of the basket weight calculated and the force applied.

At the second stage, the problem of determining the natural vibration frequencies of a
cylindrical composite structure was solved. Table 4 shows the calculation results of natural
vibration frequencies for cylinders with a force applied through the ring lug and with a force
applied to the bottom end of the cylinder. To determine the percentage difference of an
influence of the tensile force on the natural frequencies of the cylinders, the results of
calculating the natural frequencies of vibrations at the minimum and maximum values of the
tensile force are given. The total values of pair frequencies for each mode are presented.
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Fig. 3. Dependence of displacement vs. tensile force.

As follows from the data in Table 4, the calculations of natural vibration frequencies of
cylinders with two types of tensile load application gave practically the same results and,
accordingly, the same values of percentage change.

Table 4. Percentage change for cylinders with a force.

Force applied through the ring lug Force applied to the bottom end of

cylinder
Order Mode Percentage Percentage
(m,n) Tensile force, N Tensile force, N
change change
167, N 4817,N A, % 167, N 4817,N A, %
1. (1,1 60.24 60.62 0.64 60.24 60.63 0.65
2. 1.4 179.51 182.66 1.75 179.51 182.62 1.73
3. (1,3) 203.09  206.04 1.45 203.09 205.95 1.41
4. (1,5) 235.11  237.55 1.04 235.11 237.54 1.03
5. (1,0) 25235 25253 0.07 - - -
6. 2,5 318.35  324.89 2.05 318.35 324.81 2.03
7. (1,6) 329.54  331.38 0.56 329.54  331.37 0.55
8. (1,0) - - - 252.35 252.55 0.08
9. 1,2) 341.35  343.26 0.56 341.31 343.15 0.54
10. 2.4 350.25  356.36 1.75 350.25 356.24 1.71
11. (2,6) 37591  381.46 1.48 37591 381.42 1.47
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Fig. 4. Percentage change in the case of force applied through the ring lug.
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The sequence of the main vibration modes is preserved. The exception is the vibration
mode (1,0), which appears earlier in the model with a force applied through the ring lug. The
maximum percentage difference of ~2.0% corresponds to the vibration mode (2,5). The
graphical dependence of percentage changes on the tensile force applied through the ring lug
is shown in Fig. 4. The force of 167 N was chosen as a reference one. The results of the modal
analysis in the form of vibration modes of the layered shell are presented in Fig. 5. The
vibration modes are presented as diagrams of the structure displacements in the relative

values.
P OSLO
Mode (1,1) Mode (1,4)
OO0
Mode (1,3) Mode (1,5)
& {3
Mode (1,0) Mode Hz (2,5)
&)
Mode Hz (1,6) Mode (1,2)
ARy XS

Mode Hz (2,4) Mode (2,6)
Fig. 5. Axial and circumferential eigenmodes.

Table 5 demonstrates the results of calculations of the minimum and maximum values of
natural vibration frequencies of a cylinder with a suspended weight. The graphical
dependence of the percentage changes in the range of applied tensile load is presented in
Figures 6a and 6b.
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Table 5. Percentage change for cylinder with a suspended weight.

“Order Mode Tensile force, N Percentage change
(m,n) 167, N 4817, N A, %
I. (1,1 54.82 22.51 -58.94
2. (1,1 57.51 29.78 -48.21
3. (1,09 96.84 17.64 -81.78
4. (1,19 190.12 124.61 -34.46
5. 1,4 179.51 182.61 1.73
6. (1,3) 203.09 205.95 1.41
7. (1,1) 254.24 194.77 -23.39
8. (1,5) 235.11 237.53 1.03
9. 2,5) 318.35 324.81 2.03
10. (1,6) 329.54 331.37 0.55
11. (1,2) 341.31 343.15 0.54
12. 24 350.25 356.23 1.71
13. (2,6) 375.91 381.42 1.47

2 Eigenmode with multiple frequency that were defined since 1440 N.

During calculations, the ropes were modelled with one finite element in thickness,
because the use of several elements increases the processing time of the results,
demonstrating not only the vibration modes of the cylinder, but also the ropes (Fig. 7a). The
change of the number of elements for modelling the ropes did not affect the vibration modes
and values of natural frequencies of the cylinder.

As can be seen from the data in Table 5, there are several bending modes (1,1), the value
of natural vibration frequencies of which decreases with increasing the tensile load. This
trend is also observed for the tension mode (1,0). The largest percentage change of ~82%
was observed for vibration mode (1,0). Percentage change for these modes is nonlinear (Fig.
6b).

Visual analysis of the tension (Fig. 7b) and bending (Fig. 7¢) vibration modes shows the
combined operation of the cylinder and the suspended weight. For all other modes, an
increase of the values of natural vibration frequencies was observed depending on the
increasing the weight of the basket (Fig. 6a).

24 r

20 F

Percentage change, %
o

0.0 L L L L
500 1500 2500 3500 4500
Tensile force, N
——(L.4) ——(1,3) ——(1.5) ——(2.,5)
——(L.,6) ——(1.2) ——(2.4) (2,6)
a)

Fig. 6. Percentage change dependence on tensile force: (a) positive dependence.
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Fig. 6 continued. Percentage change dependence on tensile force: (b) negative dependence.

Vibration modes only were originated in the composite cylinder (Fig. 7d and 7e). The
values of natural vibration frequencies coincide with the results of the modal analysis of the
cylindrical composite structure with a force applied through the ring lug.

One of the possible explanations of the decreasing the natural frequencies of the vibration
modes (1,1) and (1,0) is the coupled vibrations of the system, which includes the vibration
modes of the cylinder and suspended weight. Accordingly, the values of natural vibrations
frequencies decrease with an increasing the system mass.

(2) (b)

(©) (d) (e)

Fig. 7. Axial eigenmodes: (a) vibration mode in the wire rope; (b) mode (1,0); (c) mode (1,1); (d)
mode (1,4); (¢) mode (2,5) of the composite cylinder.

10
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4 Conclusion

In current work, the FEM models of the composite cylindrical structure with and without the
suspended weight were developed. For the models, natural frequencies and modes of
vibrations were determined using the ANSYS Mechanical software package. An analysis of
the influence of the suspended weight on the natural frequencies of vibrations is carried out.
From the results obtained, the following conclusions can be drawn.

Static loads have an effect on the excitation frequency. For the model without basket with
a weight, the increase of the value of the tensile force leads to increase of the vibration
frequency, which is consistent with the known solutions available in the scientific literature.
At that, the effect of load on the frequencies is not significant. The difference in natural
frequencies of vibrations for the minimum and maximum values of tensile force does not
exceed ~2%.

Composite cylinder with the suspended basket with the weight operates as a common
system for the vibration modes (1,1) and (1,0), which leads to a decreasing the values of
natural frequencies with an increasing the tensile force. For other modes of vibrations of the
composite structure with the loaded basket, the values of natural frequencies coincide with
the results of the modal analysis of the cylindrical composite structure with tensile force
applied to the bottom end of cylinder or through the ring lug and do not exceed the percentage
change of ~2%.
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