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Composite shells are widely used in various industries due to their low weight and high strength.
Designing these structures involves various engineering analyses, and one of the most important
studies is the investigation of the buckling of shells under axial load. The aim of this research is
to investigate the vibrational correlation method on composite cylinders with delamination
defects. Delamination defects can occur in structures under different conditions and have a
significant impact on the strength of the cylinder. Therefore, in this study, different dimensions
and quantities of delamination defects in various specimens were examined using the vibrational
correlation method. Carbon fibers of type T300 were used as the reinforcement material, and the
epoxy resin LY556 was used as the matrix. The hardener and accelerator combined with the resin
in this research are HY917 and DY70, respectively. The layer stacking in the specimens was done
with angles [55 90 90 55] using the filament winding method, and artificial delamination defects
were created between layers 2 and 3 using Teflon sheets. The manufactured specimens were
subjected to modal testing under various compressive forces, and then the critical buckling load
of the specimens was obtained using the modal testing method. Using numerical modeling
software, critical buckling loads and natural frequencies were calculated for various axial
compressive loads through linear and nonlinear analysis. These numerical results were compared
with experimental results. The vibrational correlation method accurately predicted the critical
buckling load in defect-free specimens with a 3% error, but its accuracy was significantly lower
in specimens with delamination defects.

Extended Abstract

1. Introduction

engineering. Due to special structural features, metal shells have high strength and heavy weight, but in

f ; hells are a type of the structures that have importance role in marine, aerospace, civil and mechanical

some engineering structures, especially aerospace, low weight and high strength are important factors, so
the use of composite materials becomes important. One of these applications of composite materials is in the field
of shells, including automotive industries (in the car body), sports equipment, composite cylinders, etc. [1].
Therefore, using the vibration correlation method, which is a relation between buckling and vibrations and
investigates the natural frequency reduction in different compressive axial loads, the critical buckling load of the
component can be accurately predicted [2-4]. Due to the nature of their constituent materials, composite structures
suffer from various damages such as delamination defect. Delamination is created and grows during dynamic
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loading, impact, process of manufacturing, machining, etc. Delamination areas reduce the strength of composite
structures under compressive loadings [5. 6]. In past researches, the accuracy of the vibration correlation method
has been applied on perfect sheets, panels, and shells, and the effectiveness of the vibration correlation method for
defective composite shells has been less investigated. The researches, which conducted in this field, are mostly
focused on investigating the effect of delamination on the dynamic characteristics of composite beams [7-10],
numerical modeling to identify the internal delamination by evaluating changes in the modal parameters of
composite plates [11], studying the dynamic response and buckling behavior of the load-carrying part in aerial
structures [12], investigating the vibrational correlation in Composite sandwich panel with a rhombic mesh core
[13], the effect of delamination on the critical buckling load on several composite plates [14], the critical buckling
load in a unidirectional carbon-epoxy composite cylinder [15] and presenting a theoretical model for isotropic
cylinders in three conditions [16], internal pressure- axial load, external pressure-axial load and torsional moment-
axial load. In the studies of this field, which using the vibration correlation method, no research was found about
the effect of delamination on the critical buckling load of composite cylinder shells. In this study, the effect of
different dimensions of delamination on the prediction of vibration correlation method for composite cylinders
with delamination defect is investigated. In this research, in addition to the experimental test of vibration
correlation, linear and non-linear numerical modeling and destructive buckling test have been used to validate this
method. The innovation of this research is that due to the abundant use of composite shells in various industries
and the high cost of these structures, predicting the stability of the structure under load during the lifetime of the
part is very important, which avoids wasting excessive costs.

2. Modeling and formulation

In this section, the stages of research are presented in Figure 1.

Research Mechanical
methodolog » Materials . properties of .
y Materials

Figure 1. Flowchart of the research method

2.1. Materials

The materials used in making the samples were T300 carbon fibers as reinforcement and epoxy resin for the
polymer matrix of the composite material. The epoxy resin used is Thermoset and consists of three components:
LY556 resin, HY917 hardener and DY70 accelerator. The ratio of the final composition of this resin is 100%
epoxy resin, 98% hardener and 2% accelerator. For optimal curing, this resin was autoclaved for 8 hours at 80°C
and 4 hours at 120°C.

2.2. Mechanical properties of Materials

Due to the complexities of direct testing of composite shells and limitations in testing, the micromechanical
method is used to obtain mechanical properties. In order to obtain the mechanical properties by the
micromechanical method, the properties of the resin, fibers and volume percentage of the composite were tested
separately, and then the properties of the composite were obtained with the micromechanical equations. Centam
STM-150 device was used to obtain the material properties model. The properties of the epoxy resin were obtained
according to the ASTM D638 standard with a stretching speed of 5 mm/min by the Centam machine. This test is
used to determine the elastic modulus, Poisson's ratio and tensile strength of the manufactured polymers. To make
epoxy resin dumbbells from a metal mold and to configure the mechanical properties test, the resin was placed in
the test machine along with an extensometer to accurately measure the strain. The properties of T300 carbon fibers
were checked according to the ASTM D2256 standard, and in the fiber tensile test, the length of the samples was
chosen to be 25 mm according to the standard, 20 mm of which was placed between the two jaws of the tension
device. According to this test, the properties of longitudinal modulus of elasticity and tensile strength of fibers
were obtained and the value of density of fibers was taken from the catalog. ASTM D2584 standard was used to
obtain the volume percentage of fibers. In this test, a small piece of the composite cylinder was cut and then burned
inside the furnace at a temperature of 600 °C, at which temperature the epoxy resin was completely destroyed. By
measuring the weight of the sample before and after burning, the volume percentage of the fibers was obtained.
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2.3. Manufacturing method

Filament winding method was used to make cylindrical shells. The reason for using this method is the high
speed of production and the output of the product with volume percentage and high strength. Four different models
of the cylindrical shell with and without delamination were made, and the dimensions of the delamination were
different in the samples. Figure 2 shows the filament winding device used in this research.

Figure 2. Filament winding device

In this research, 12 carbon-epoxy cylindrical shells were made. Four different models were designed to
investigate the vibrational correlation method and the destructive buckling test, one of which was without defects
as a measure of the effect of delamination on the cylinder strength, and the other samples had different dimensions
of delamination defects. For validation, three samples were made from each model, one of which was tested by
destructive buckling test, and then two other samples were checked by vibration correlation method and finally
subjected to destructive buckling test. In all these samples, the length of the cylinders was 300 mm, the inner
diameter was 155.4 mm, and the thickness of the shells was about 1.8 mm, and the layering for each sample was
determined with the angles [55 90 90 55].The delamination defect in layers 2 and 3 was created by Teflon sheet
with a thickness of 0.67 mm. The Filament winding mold in this research had a diameter of 155.4 mm and a length
of 1600 mm. To prepare it during Filament winding and easy removal of the cylinders from the mold, the entire
surface of the mold was waxed three times at 20 minute intervals. After the Filament winding, a composite cylinder
with a length of 1450 mm was obtained, which was cut into four lengths of 300 mm by a Lathe machine. Table 1
shows the dimensions of different models. Figure 3 shows how to make and create defects in the samples.

Table 1. Dimensions of delamination in four models

Model Delamination dimensions relative to the area of the sample
First model No delamination
Second model 15% of the area with a pattern of 7.5x7.5 cm
Third model 30% of the area of 7.5x7.5 cm
Fourth model 30% of the area with two patterns of 7.5x7.5 cm
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Figure 3. (a) Sample without defects, (b) and (c) samples with defects 5.14x5.14, (d) single defect 5.7x5.7, (e) two defects 5.7x5.7,
(f) )Teflon sheets with 5.7x5.7 defects sample.

3. Experimental analysis of manufactured samples

According to the samples made with the described method and materials, in this section, three main tests which
are the subject of this research are examined. These three tests are modal test, vibration correlation test and
destructive buckling test.

3.1. Modal test

The modal test is actually a process to obtain the dynamic properties of the structure. In this test, the dynamic
properties of the structure such as natural frequency, damping coefficient and mode shape are obtained by different
methods. Due to the requirement of the vibrational correlation method for the natural frequency of the shell under
different compressive loads, the modal test was used. To perform the modal test, the hammer method was
determined due to the simplicity and smallness of the samples. To prepare the samples for impact at different
points, 10 points in the radius of the cylinder and 5 points along the axis of the cylinder were meshed. The boundary
condition used in this test was Clamped-Clamped. Due to the importance of structure weight in dynamic properties,
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a Piezotronics PCB accelerometer with a very low weight was placed at the 21st point of the meshing by a special
adhesive so as not to cause a large weight change in the cylinder. Figure 4 shows the accelerometer used in the
research.

After preparing the modal test device and the samples, this test was performed by the hammer and the raw
analog data obtained from the accelerometer sensor and the hammer was sent to the USB-4431 data logger from
NI.

Figure 4. Connecting the accelerometer to the sample Figure 5. Simcenter software

3.2. Vibrational correlation test

In the vibrational correlation test, the natural frequency at different compressive loads was calculated by the
modal test and then predicted by fitting the quadratic curve of the critical buckling load. The displacement speed
was 0.5 mm/min for applying the axial load, and the force application steps for the vibration correlation method
were 5000 N, and in each force step, the natural frequency of the cylindrical shell was determined by the modal
test.

3.3. Destructive buckling test

Destructive buckling test method was used to obtain the experimental buckling load of the samples, comparison
and to validate the vibrational correlation method. The loading speed for the destructive test was set at 0.5 mm/min
and the method of force application was determined by moving the control for the test. The configuration of the
cylinders is shown in Figure 6.

4. Validation with finite element

Numerical modeling was used to verify the results obtained from destructive buckling test and vibration
correlation method. In this method, we first take the linear buckling analysis from the ideal cylinder and modify
the linear model with a coefficient of displacement in the shape of different buckling modes and apply the
geometrical defect of the cylinder to the ideal shell in the form of coefficients of buckling modes. Abaqus 2020
software was used for numerical modeling in this research. The cylinder model in the Part module of the software
was designed as two shells with a diameter of 155.4 mm, a thickness of 0.9 mm, and a length of 280 mm. In the
Property module, the properties of the composite materials were applied from the result of micromechanical
method, and the layering of the real sample shell was placed in the “create composite layup” section. In the Step
module, Buckle and Frequency solvers were selected for linear analysis of buckling and vibrations respectively,
and Riks and Frequency solvers were used for nonlinear analysis of buckling and vibrations. In the interaction
module, the shells were partitioned to create delamination, and then the sections that do not have delamination
were connected by the Tie constraint. SAR element was chosen for the elements type of the shells. Due to the
geometry of the samples and their low thickness compared to other dimensions and the high speed of S4R element
compared to other elements, this element was used for analysis. Creating geometric defects in Abaqus software
does not exist directly in the CAE environment and keywords must be written to apply defects.

Figure 7. Cylindrical shell meshing ' ' Figure 6. Sample configuration for vibration correlation test
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The greater number of elements for meshing causes the closer accuracy to the experimental state. Due to the
increase of the element and the increase of the solution time, the minimum possible number of elements with
acceptable accuracy should be used. Figure 8 shows the independence of the mesh in the cylindrical model, in
which 14,000 elements were selected in this project.
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Figure 8. Independence diagram of the mesh

5. Results

In this section, the results obtained from the modal test, destructive buckling test, vibrational correlation and
numerical modeling were presented and compared for each delamination model with three samples.

5.1. Results of mechanical properties

According to the test standards for the mechanical properties of resin and fibers and the micromechanical
method described in the last chapter, the general properties of the composite were obtained. Figure 9 shows the
samples made to test resin properties and the stress-strain diagram for testing five standard samples.

Figure 9. Resin dumbbell samples and resin mechanical properties test chart

In table 2, the characteristics of resin and fibers were obtained from the two standard tests ASTM D638 and
ASTM D2256, and by placing these values in the micromechanical relations, the overall properties of the
composite for use in numerical modeling were calculated and placed in table 3.

Table 2. Mechanical properties of epoxy resin

properties T300 fibers Resin
Modulus of elasticity (GPa) 180 2.5
Poisson's ratio 0.26 0.3

Density (Kg/m3) 1760 1230

Table 3. Properties of carbon/epoxy composite

4 Gy3 Gi3 Gy V12 E, Ey
1570 Kg/m3 1.8 GPa 1.5 GPa 1.5 GPa 0.28 5.1 GPa 70 GPa

5.2. The results of the first model

Table 4 shows the natural frequency obtained from the linear numerical modeling method for the ideal
composite cylinder of the first model in which there is no delamination defect. Forces have been applied to the
model in steps of 5 kN and up to 70 kN.

Table 5 shows the average natural frequency of the first three modes obtained from the modal test for the two
tested samples, which is in good agreement with previous research on the vibration correlation method in
composite cylinders.

The results of modeling and experimental test are in good agreement with each other. The natural frequency
before applying the load showed a lower value compared to the first step, which was contrary to expectation. This
frequency increase in the first step of the force was also observed by Laban et al [17]. Table 6 shows the difference
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in the natural frequency of the first vibration mode in linear and non-linear numerical modeling compared to the
experimental test.

Table 4. Natural frequency of linear modeling of the first model

Load (KN) First mode (Hz) Second mode (Hz) Second mode (Hz)
0 1020 1135 1198
5 1014 1131 1193
10 1008 1125 1188
15 1002 1120 1183
20 996 1114 1178
25 990 1108 1173

30 984 1103 1168
35 978 1097 1163
40 972 1031 1158
45 968 1085 1151
50 962 1079 1145
55 956 1073 1138
60 948 1064 1125
65 936 1058 1118
70 929 1051 1108
Table 5. natural frequency of the experimental test of the first model

Load (KN) First mode (Hz) Second mode (Hz) Second mode (Hz)
0 874 989 1041
5 880 998 1048

10 871 985 1036
15 862 956 1016
20 850 926 1007
25 839 917 996
30 827 908 989
35 815 894 974
40 803 881 962
45 791 875 951
50 779 861 938
55 767 850 924
60 754 839 913
65 743 827 905
70 731 815 897

Table 6. The percentage difference of the natural frequency of the first experimental mode with linear and non-linear modeling in
the first model

Load (KN) 0 5 10 15 20 25 30 35 40 45 50 55 60 65 70
Linear difference (%) 14 14 14 15 15 16 16 16 17 17 18 18 19 19 19
Nonlinear difference (%) 13 13 13 13 13 13 13 13 12 12 12 13 12 12 12

5.3. The results of the second model

Table 7 shows the natural frequency obtained from the linear numerical modeling method without applying
geometric defects for the composite cylinder of the second model. The delamination defect in the second model
was considered as 15% of the cylinder area with dimensions of 7.5x7.5 cm.

Table 7. Natural frequency of linear modeling of the Second model

Load (KN) First mode (Hz) Second mode (Hz) Second mode (Hz)
0 1012 1063 1116
5 1002 1058 1104
10 990 1038 1093
15 979 1027 1079
20 967 1016 1063
25 951 1004 1045
30 943 991 1032
35 934 980 1019
40 921 968 1008
45 911 954 992
50 899 938 979

Table 8 shows the average natural frequency of the first three modes obtained from the modal test for the two
tested samples. These natural frequency values in the experimental test are lower compared to the linear and non-
linear modeling, which can be due to the limited degree of freedom of the modeling samples and the presence of
defects in the sample. The results of different force steps in the modeling method and experimental test are in good
agreement with each other. In the second model, the natural frequency increases in the first three steps, which is
different compared to the numerical modeling and the results of the first model. This increase was also observed
in the first step of force application in the first model, but in the second model, the distortion of 7.5 cm in the
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samples are continued at higher loads and the reason for this increase in frequency up to the force of 10 kN can be
attributed to the presence of delamination.

Table 8. Natural frequency of the experimental test of the second model

Load (KN) First mode (Hz) Second mode (Hz) Second mode (Hz)
0 831 881 1035
5 850 908 1038
10 848 904 1049
15 843 902 1046
20 837 898 1044
25 833 894 1040
30 829 891 1037
35 825 886 1041
40 820 884 1033
45 813 875 1025
50 806 867 1012

Table 9 shows the percentage difference of the natural frequency of the first vibration mode in linear and non-
linear numerical modeling compared to the experimental test. In the linear mode, due to not considering the
geometrical defect, it shows a higher frequency compared to the experimental and non-linear test, but in the non-
linear mode, due to the considering of the geometrical defect, it is closer to the experimental test.

Table 9. The percentage difference of the natural frequency of the first experimental mode with linear and non-linear modeling in
the second model

Load (KN) 0 5 10 15 20 25 30 35 40 45 50
Linear difference (%) 16 14 13 13 12 11 11 10 9 9 9
Nonlinear difference (%) 15 13 11 11 10 9 8 8 8 7 6

5.3. The results of the third model

Table 10 shows the natural frequency obtained from the linear numerical modeling method without applying
geometric defects for the composite cylinder of the third model. The delamination defect in the third model was
considered as 30% of the area of the cylinder with dimensions of 14.5x14.5 cm. Forces have been applied to the
model in steps of 5 kN and up to 40 kN. By introducing 5 kN, the natural frequency of the cylinder decreases
compared to the no-load mode, which is due to the reduction of the stiffness of the structure, and also with the
increase of force steps, the reduction of frequency increases. The first three modes of the linear natural frequency
of the third model have a lower value than the first and second models, which is due to the increase of the
delamination surface and the further decrease of the cylinder hardness. As a result, increasing delamination area
reduces the natural frequency of the system.

Table 10. Natural frequency of linear modeling of the third model

Load (KN) First mode (Hz) Second mode (Hz) Second mode (Hz)
0 794 826 1045
5 781 817 1033
10 772 807 1024
15 761 796 1012
20 753 787 933
25 739 775 981
30 727 766 972
35 715 744 959
40 703 731 947

Table 11 shows the average natural frequency of the first three modes obtained from the modal test for the two
tested samples. These natural frequency values in the experimental test are lower than the linear and non-linear
modeling, which can be due to the limited degree of freedom of the modeling samples and the presence of various
defects in the sample. The results obtained in different force steps in the modeling method and experimental test
are in good agreement with each other. In the third model, the natural frequency increases in the first five steps,
which is different compared to the numerical modeling and the results of the first two models. Although this
increase was also observed in the first two models, but in the third model, the existence of a delamination of 14.5
cm in the samples, it continues at higher loads and the reason for this increase in frequency up to 20 kN force can
be considered the presence of delamination and the increase of delamination area in the sample.

Table 12 shows the percentage difference of the natural frequency of the first vibration mode in linear and non-
linear numerical modeling compared to the experimental test. In the linear mode, due to not considering the ideal
mode, it shows a higher frequency compared to the experimental and non-linear test, but in the non-linear mode,
it is closer to the experimental test due to the application of geometric defects.

Table 11. Natural frequency of the experimental test of the third model
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Load (KN) First mode (Hz) Second mode (Hz) Second mode (Hz)
0 749 842 1020
5 774 861 1051
10 823 870 1079
15 842 881 1087
20 847 890 1075
25 842 896 1063
30 840 893 1058
35 837 889 1051
40 832 881 1042

Table 12. The percentage difference of the natural frequency of the first experimental mode with linear and non-linear modeling
in the third model

Load (KN) 0 5 10 15 20 25 30 35 40
Linear difference (%) 6 12 -15 -7 -11 -12 -14 -15 -16
Nonlinear difference (%) 5 1 -6 -8 -12 -14 -15 -17 -19

5.4. The results of the forth model

Table 13 shows the natural frequency obtained from the linear numerical modeling method without applying
geometric defects for the composite cylinder of the fourth model. The delamination defect in the fourth model was
considered as 30% of the cylinder area with two defects measuring 7.5x7.5 cm and on both sides of the cylinder.
Forces have been applied to the model in steps of 5 kN and up to 55 kN. By introducing 5 kN, the natural frequency
of the cylinder decreases compared to the no-load mode, which is due to the reduction of the stiffness of the
structure, and also with the increase of force steps, this reduction of frequency increases. Although the area of the
delamination is equal in the third and fourth model, but the natural frequency in the fourth model has a higher
value than the other models, which is due to the symmetry of the defects and the increase in the hardness of the
cylinder.

Table 14 shows the average natural frequency of the first three modes obtained from the modal test for the two
tested samples. The results obtained in different force steps in the modeling method and experimental test are in
good agreement with each other. Compared to the first and second models, the fourth model has an increase in
frequency in more force steps, which can be attributed to the increase in the delamination area compared to the
two models. However, despite the fact that the delamination area is equal to the fourth model, the third model
experiences an increase in frequency at the beginning of force application in a higher force range than the fourth
model, which can be attributed to the asymmetry of the delamination defect in the cylinder. The fourth model
experiences an increase in natural frequency up to a load of 15 kN.

Table 13. Natural frequency of linear modeling of the fourth model

Load (KN) First mode (Hz) Second mode (Hz) Second mode (Hz)
0 981 994 1022
5 971 984 1012
10 960 973 1001
15 952 961 992
20 940 951 981
25 931 940 970
30 921 928 962
35 910 918 951
40 898 908 942
45 877 898 929
50 868 888 918
55 856 876 906

Table 14. Natural frequency of the experimental test of the fourth model
Load (KN) First mode (Hz) Second mode (Hz) Second mode (Hz)
0 825 878 902
5 833 882 915
10 865 901 941
15 864 898 953
20 861 892 951
25 858 889 948
30 853 884 943
35 851 878 938
40 845 876 933
45 839 870 928
50 833 864 923
55 829 857 916

The table shows the 24% difference in the natural frequency of the first vibration mode in linear and non-linear
numerical modeling compared to the experimental test. The linear mode shows a higher frequency than the

Mechanics of Advanced and Smart Materials Journal 3(2) (2023) 236 — 266



Interlaminar Defect Identification using Vibration Correlation Technigue in Filament Winding Cylinder under Axial ... = 244

experimental and non-linear test due to considering the ideal mode, but in the non-linear mode it is closer to the
experimental test due to the application of geometric defects.

Table 15. The percentage difference of the natural frequency of the first experimental mode with linear and non-linear modeling
in the fourth model

Load (KN) 0 5 10 15 20 25 30 35 40 45 50 55
Linear difference (%) 15 14 10 9 8 7 7 6 5 4 4 3
Nonlinear difference (%) 15 13 9 8 7 6 6 5 4 3 3 2
6. Conclusion

Despite many studies on cylindrical shells, there is a few method that can predict the critical buckling load
with high accuracy without causing damage to the shells, especially in composite cylinders where defects are
inevitable in the manufacturing process and the dimensions of these defects can have a significant impact on
strength of the cylinder. In this research, the vibration correlation method has been investigated in cylinders
without defects and cylinders with delamination defects, the results of which can be seen as follows:

1- The delamination defect causes a significant decrease in the strength of the composite cylinder, so that in
the cylinder with a delamination defect with an area of 30% of the cylinder, the buckling strength is 32% less
compared to the case without a defect.

2- By applying geometric defects to the numerical modeling samples, it makes the results of the numerical
model closer to the experimental samples.

3- Increasing the area of the delamination reduces the stiffness of the cylinder and then reduces the natural
frequency of the structure.

4- Reduction of natural frequency in composite cylinders with two delamination defects symmetrically
compared to a single defect with equal area has a lower reduction.

5- In clamped-clamped boundary conditions, by applying axial compressive load in the composite cylinder, its
stiffness decreases, which causes the natural frequency to decrease in the structure, and the more the axial load
increases, the more negative effect it has on the stiffness.

6- In the first few steps of applying compressive axial force on the composite cylinder, the natural frequency
increases, but as the axial load increases, the natural frequency decreases again.

7- Increase in natural frequency in the first few steps of applying axial force in cylinders with delamination
defects, compared to the normal state, the frequency increases in more load ranges, which of course increases with
the increase of the delamination area.

8- The vibrational correlation method using the results of non-linear numerical modeling is highly accurate for
samples without defects.

9- The vibration correlation method for the composite cylinder without delamination defect in the compression
force range above 64% of the destructive buckling test predicted the buckling critical load with an accuracy of 8%.
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