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Abstract. A damage localization method based on natural frequency was proposed in order to
complete the nondestructive diagnosis of a composite plate. The relationship between the damage
position and the natural frequency of the composite plate was studied both qualitatively and
quantitatively. Furthermore, the damage localization method proposed in this paper was proved
by simulation and experimentation, with the results showing that this method can locate the
position where the stiffness of the composite plate decreased in both simulation and experiment.
Finally, the damage localization method based on natural frequency can be applied for
non-destructive diagnosis of a delamination composite plate.
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1. Introduction

Composite plates are widely used in the shipbuilding industry because of their high
strength-to-weight ratio, good shock absorption, safety, and molding process. When the composite
plates are damaged [1], their reliability will decline seriously and may even lead to a structural
failure, which has far-reaching effects. As a result, the damage diagnosis of composite plates has
become a highly important task.

Due to the fact that the global strain region changes very little, and these changes are
accompanied with local cracking. The strain is only noticeable at the crack tip. So the strain-based
methods were proposed for the prediction of crack origin and development [2-4]. Guided waves
are now researched in the diagnosis of composite plates [5, 6]. The mechanism is straightforward:
a PZT embedded into a composite plate launches an ultrasonic pulse that propagates as an elastic
wave, which can be received by other PZTs [7, 8]. When the received signals are compared to
signals previously received, the signal distortion shall bear evidence of the destruction of the
composite plate.

According to previous researchers, a damage function composed of a natural frequency
variation ratio was proposed in this study, and the following research was completed with the
damage function. The finite element method (FEM) was used to validate the damage localization
using a damage function. After validation, a non-destructive diagnosis of delamination composite
plates with a damage function was applied to prove the experiment method.

2. Damage location theory of composite plate

The damage of composite plates often leads to a decrease in local stiffness, which causes
natural frequency variation [9]. The degree AK and position 7 of stiffness reduction have an impact
on the natural frequency of the composite plate. Thus:

Aw; = f(AK,P), (1)

where Aw; is the variation value of the i-th natural frequency of the composite plate after damage.
Expand the function Eq. (1) to the undamaged state and ignore the second-order terms:
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Aw; = f;(0,7) + AK%. )
Obviously, f;(0,7) = 0. Hence:

Aw; = AK g; (). 3)
Similarly:

Aw; = AK g; (7). 4)
By eliminating the change of stiffness AK from Eqs. (3-4):

Aw; (7

hoy 5,8 5)

Eq. (5) shows that the ratio of frequency variations in two modes is only a function of the
damage location. Because the natural frequency is easy to measure, the conclusion is of great
significance to the location of composite plate damage.

3. Dynamic analysis of damaged composite plate

In this section, the relationship between local damage and natural frequency of a composite
plate was studied. If to ignore the influence of the environment and damping, it is possible get the
dynamic equation of a composite plate:

(K — w?M)g =0, (6)

where K and M are the global stiffness matrix and mass matrix of the composite plate, and w and
@ are the natural frequency and mode shape. The effect of the stiffness matrix change shall be
considered; Eq. (6) then becomes:

{(K + AK) — (w? + Aw?*)M}(p + Ap) = 0. @)
Eq. (7) reduces to:

T
., _ ¥ MKy 8
Aw oMy (8)

Eq. (8) shows the relationship between the change of the global stiffness matrix and the
variation of natural frequency. The global mass matrix M and the mode shape ¢ can be calculated
by the FEM, and the change of natural frequency can be expressed by Eq. (8).

4. Damage function for diagnosis

The variation of the ith natural frequency can be calculated with Eq. (8) if the degree and
position of the damage are known. However, the damage degree of a composite plate is frequently
unknown in engineering. As a result, Eq. (5) can be used to find the damage position of a
composite plate.

The diagnosis process is as follows:

(1) Divide the composite plate into several elements. When an element is damaged, according
to Eq. (8), the reference values for the natural frequency variation ratio are:
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(2) Define the damage function by assuming the damage to be at position k, given frequency
changes Aw; and Aw; in modes i and j, respectively, as:

k= A AL
i=1 j=i+1 Awl/Aw]

(3) Calculate the damage function of all elements by Eq. (10). The element with the minimum
damage function is the damaged element.

5. Simulation Validation

In this section, a composite plate damaged with delamination is determined using the FEM,
and the composite plate damage localization method based on the damage function is verified.
Fig. 1(a) shows the geometric design of a composite plate (a).
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a) Geometric design of composite plate b) Finite element mesh generation

of delamination damage of composite plate
Fig. 1. Design of finite element model

The composite plate is divided into six areas, and the BC area has the fixed boundary condition
that is used to eliminate the geometric symmetry of the composite plate. The composite plate is
made of two materials: PVC foam and epoxy e-glass.

The diagnosis process begins with establishing a finite element model of the composite plate
and extracting its mass matrix. The finite element model is then modally analyzed to obtain natural
frequencies and mode shapes. Assuming that the damage reduces the stiffness of the local area by
50 %, the reference values of the natural frequency variation ratio may be calculated by Eq. (9),
and the results are shown in Table 1.

Table 1. Reference values of natural frequency variation ratio
k=1 k=2] k=3 | k=4 k=5 k=6
Sk | 5.39 | 13.61 | 105.00 | 4.00 4.18 35.00
Siax | 4.56 | 41.25 | 320.00 | 2.00 | 33.45 | 170.00
Siax | 3.05 | 68.61 | 1215.00 | 15.38 | 155.45 | 2180.00
Spzr | 0.85 3.03 3.05 0.50 8.00 4.86
Soax | 0.57 | 5.04 11.57 3.84 | 37.17 62.29
Saar | 0.67 1.66 3.80 7.69 4.65 12.82

The stiffness reduction is not a rigorous method for simulating delamination damage of
composite plates. The delamination damage is modeled using a volume split method with finite
element nodes separated by a small distance across the damage surface. In this simulation, the
damage is set in Area 2 as shown in Fig. 1(b).
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Table 2. Natural frequencies of the composite plate before and after delamination damage

Natural frequency / Hz | First order | Second order | Third order | Fourth order
No damage 5.8603 27.316 39.950 85.438
Damaged 5.7852 26.716 38.362 82.324

Table 3. Damage functions of composite plate after delamination damage
k 1 2 3 4 5 6
DF, | 427 | 2.63 | 56.90 | 6.03 | 13.36 | 79.37

Modal analysis is used to calculate the natural frequencies before and after delamination
damage as shown in Table 2. The damage functions that are calculated in Eq. (10) are shown in
Table 3. The DF; is the minimum of all the damage functions, indicating that the damage is in
Area 2 and that the damaged area is correctly located. The simulation results show that the damage
localization method proposed in this paper can be used for delamination damage localization of
composite plates.

6. Experimental validation

An experiment is made to further verify the damage localization method. Fig. 2 shows the
experiment platform. The sample is a 0.4 mx0.4 m composite plate that was customized by a yacht
factory.

The Simcenter testlab system was adopted for this experiment, and the test method was called
the impact testing method. A corner of the composite plate is fixed to eliminate the geometric
symmetry. The composite plate is damaged after the first impact test, with the damaged area
located in the upper right corner. The second impact test is then carried out. Fig. 3 shows the test
results. Natural frequencies can be found in the SUM function.
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Fig. 2. Experiment platform and delamination damage of composite plate
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Fig. 3. SUM function of composite plate before and after delamination
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The composite plate is diagnosed twice to obtain more accurate test results. First, the
composite plate is divided into four areas as shown in Fig. 4(a). The damage functions are shown
in Table 4. Table 4 shows that the damage is located in Area 2. Then Area 2 can be divided into
four areas as shown in Fig. 4(b). As per Table 5, the damage is located in Area 22. The experiment
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demonstrates that the delamination damage of a composite plate may be located by using the
damage function.

3 4

a) First area division b) Second area division
Fig. 4. Area division for diagnosis
Table 4. Damage functions in first diagnosis

k 1 2 3 4
DF, | 5.51 | 5.10 | 5.87 | 14.60

Table 5. Damage functions in second diagnosis
k 21 22 23 24
DF, | 641 | 591 | 6.82 | 15.52

7. Conclusions

It can be seen that a damage of a composite plate leads to a decrease in local stiffness, resulting
in a difference in natural frequencies. However, the natural frequency variation ratio is mainly
sensitive to the damage position.

A damage function has been proposed, and the damage to a composite plate can be located by
comparing the values of the damage functions.

Through the simulation and experimental verification, the damage function can be used to
locate the delamination damage of the composite plate.
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