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Abstract: - In this study, the modal flexibility method, which is a vibration-based damage detection 
technique, was tested in order evaluate the performance of the modal flexibility, using the displacement of 
nodes to detection damage. The method was tested on a honeycomb composite beam structure. By using 
this technique, damage was identified from the change in displacement responses data, obtained from the 
free vibration analysis method. This is the first study of evaluation of the modal flexibility method using 
the displacement of nodes. The location of the damage was determined by the flexibility diagrams. The 
finite element (FE) analysis was conducted using the commercial FE package ABAQUS. MATLAB was 
employed for numerical analysis. The purpose of the paper is a present application of the displacement 
responses for structural damage detection using the modal flexibility method. The results showed that the 
modal flexibility method was able to detect damage through the displacement of nodes. Also, this study 
highlighted the importance of applying simulation methods to develop VBDD techniques, especially in 
complex structures. 
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1. INTRODUCTION  
 

The honeycomb composite sandwich structure 
consists of two thin face sheets (skin) separated from 
each other by a lightweight core. It is high specific 
strengths and stiffness, thus is widely used in 
aerospace industries [1, 2]. During the manufacturing 
process or impact loads, debonding can occur 
between the skin and the honeycomb core. 
Debonding can produce catastrophic failure of the 
overall structure. In addition, it effects on mechanical 
properties. Thus, detection debonding is crucial at an 
early stage [3, 4]. Traditional Non-Destructive 
Testing (NDT) methods have been proposed for 
detecting of structural damage. However, they cannot 
always detect structural defects, especially in the 
core. In recent years, Vibration-Based Damage 
Detection (VBDD) methods are widely used for 
detecting defects in sandwich structures and 
components [5-10]. An increase in structural 
flexibility can use as a good indicator of the degree of 
structural deterioration. Modal flexibility, which 
depends on both natural frequencies and mode 
shapes, is measured parameters related to vibration 
tests were adopted as the original information in 
structural damage detection. Previous studies indicate 
that the changes in flexibility in structure apply for 
damage detection and Structural Health Monitoring 
(SHM) and it can be applied successfully to real life 
structures [11, 12]. The modal data of the intact and 
damaged structure must be acquired under the same 
or similar ambient conditions [13]. This method has 

been utilized applied for damage detection such as in 
bridge [14, 15], in timber structures [16], the cable 
stayed bridge [13], honeycomb structure in reinforced 
concrete beam models [17-19], a suspension bridge 
[20-22], in suspended cables [23, 24]. The flexibility 
method has advantages and disadvantages like other 
methods of detecting damage in the structure. This 
method is very sensitive to local damages and it is 
also accurate in localizing single-damage. But, the 
flexibility method’s accuracy is not sufficient when 
there are multiple damages located in the beam 
structure [13, 25]. 

Static test and dynamic test are widely applied for 
SHM. Each has one its own advantages and 
disadvantages. The focus of previous research has 
been on dynamic strain, frequency, mode shape 
measurements for the utilized damage detection 
method. In [26] the comparison showed that the 
dynamic load test can supplement the static load test 
for the structural evaluation of new viaducts; it may 
also be taken as an alternative for the monitoring of 
operational viaducts. In this study, dynamic test is 
applied to obtain displacement responses data. This 
paper presents a performance evaluation of the modal 
flexibility method using the displacement of nodes for 
damage detection. In recent years, the use of 
simulation models to develop vibration based damage 
detection techniques has become very popular, 
because it’s a less expensive and time-consuming 
procedure than real structures or experimental models 
[27-29]. Also, experimental setup is also a fairly 
difficult process. Since the Finite Element (FE) 
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method has been widely accepted as an analysis tool 
in SHM the above mentioned constraints can be 
overcome by using a validated FE model to simulate 
the real structure [2, 6-8]. In this paper, FE analysis is 
performed using the commercial package ABAQUS, 
with the use of MATLAB for applied numerical 
analysis. The remainder of this work is structured as 
follows: Section 2 introduces the theory of modal 
flexibility. FE modeling and analysis of a honeycomb 
composite sandwich beam is presented in Section 3. 
The conclusion is reported in Section 4. 
 
2. THEORY OF THE MODAL FLEXIBILITY 
METHOD 
 

The flexibility matrix is the inverse of the stiffness 
matrix, whose column vector represents the 
deformation pattern associated with a unit static force 
applied at a particular point of a structure. Although 
its origin lies in static, the flexibility matrix ][F  can 
be synthesized using dynamically measured modal 
properties, which is called as the modal flexibility 
matrix [11]. Derivation of flexibility matrix is as 
follows: [29, 30] 
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tu  sin                                     (2) 

 
Substituting Eq. 2 into Eq. 1, it becomes: 
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Where the mode-shape vectors have been mass-

normalized such that ][]][[][ IMT   where ][I   is 
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Where ][F  is the modal flexibility matrix; ][   the 

mass normalized modal vectors; and ]/1[ 2  a 
diagonal matrix containing the reciprocal of the 
square of natural frequencies in ascending order. If 
the modal parameters are estimated from two sets of 
data: one from the initial reference structure denoted 
by u, and another from the damaged structure denoted 

by d, the corresponding flexibility matrices ][ uF  and 

][ dF  may be constructed in a dimension of measured 
DOF. A simple damage localization method was 
proposed by Pandey and Biswas [11], which consists 
of calculating the flexibility change matrix and then 
observing the maximum value of each column. The 
change in flexibility is defined as [11, 31]: 

 
][][][ du FFF                              (6) 

 
Damage in a structure will result in higher 

flexibility values for the elements near the damage 
point. A flexibility change vector is defined as [11]: 

     
{∆𝐹௩} = ൛𝐹௝௝

ௗൟ − {𝐹௝௝
௨}                      (7) 

 
The flexibility vectors for the damage and intact 

structure are [11]: 
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3. FE MODELLING AND ANALYSIS OF 
HONEYCOMB COMPOSITE STRUCTURE 
BEAM 
 

Due to difficulties in creating internal defects in 
practice, numerical simulation is used. The use of 
simulation method provides  the  possibility  to  create 
 

 
Figure 1. Damage detection process using the Modal 

Flexibility Method. 
internal defects easily. Simulation methods are used 
as a timesaving and cost-efficient replacement to the 

1 Recording vibration responses of the 
undamaged structure

2 Creating damage in the structure

3 Recording vibration responses of the 
damaged structure

4 Calculation the modal flexibility matrix 
of structure the undamaged (𝐹௨)

5 Calculation the modal flexibility matrix 
of the damaged structure (𝐹ௗ)

6 Calculation the flexibility change vector 
( ∆𝐹௩ )

7 Results: classification the damaged and 
intact sections of a structure
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experimental methods of manufacturing, testing, 
modifying, and retesting. There are some of the 
advantages to performing a simulated the modal 
flexibility method rather than the experimental 
method. There are no limits to the number of sensor 
nodes to be simulated and objects which can be used 
in simulation. Vibration responses of the intact and 
damaged structure are obtained via numerical 
simulation with the commercial FE package 
ABAQUS, and MATLAB was used for numerical 
analysis. A typical procedure for the method is 
depicted as shown in Figure. 1. 
 
3.1. Test sample 
 

The test specimen was a light aluminum 
honeycomb composite sandwich beam. A sandwich-
structured composite is a special class of composite 
materials that is fabricated by attaching two thin but 
stiff layers to a lightweight but thick core [32]. They 
are widely used in the aerospace industry for this 
reason.  

 
The core material was closed cell 5052 aluminum 

with a total thickness of 1.2 mm (See Figure 2(a)). 
The overall dimensions of the beam were 40 × 4 ×
2 (mm), as shown in Figure 2(b), and the face sheets 
were made of 2024-T6 aluminum. The material 
properties are listed in Table 1. 
 

 
Figure 2. Geometrical dimensions of (a) the core and, (b) 

the face sheets in a composite honeycomb sandwich 
beam. 

 
 
 
 

Table 1: Material properties for 2024-T6 aluminum and 
5052 aluminum 

 Density
 (𝜌)  

(g/cc) 

Poisson's 
Ratio(𝑣) 

Modulus of 
Elasticity (𝐸) 

(Gpa) 
2024-T3 

Aluminum 
Skin 

2.78 0.33 71.3 

5052 
Aluminum 

Core 

2.68 0.33 70.3 

 
3.2. Simulation modelling and analysis of 
intact structure 

 
First, a FE model of the composite honeycomb 

sandwich beam was created using ABAQUS (See 
Figure 3). The clamped end of the beam has no 
displacement in x and y directions (See Figure 4).  
Multiple runs showed that the type of mesh has an in 
non-significant effect on results, while free meshing 
is more suitable on the damaged section, so free 
meshing with 4-node linear tetrahedron (C3D4) is 
utilized to model of a honeycomb composite beam 
structure. C3D4 is a 4-node linear tetrahedron 
element and three degrees of freedom at each node. 
Finally, the model was investigated with the free 
vibration analysis. Free vibration analysis parameters 
are showed in Table 2. As shown Essential data 
needed, including displacements responses for 21 
points of the structure were obtained from the results 
of FE analysis using ABAQUS. The position of the 
measurement points for displacements responses is 
showed in Figure 5. Displacements responses of 
undamaged structure showed in Figure 6.  
 

 
(a) 

 
(b) 

 

 
(c) 

Figure 3. A FE model of (a) the core (b) the face sheets 
of honeycomb composite sandwich beam (c) and 

assembly parts were created using ABAQUS. 
 

0.44 120o 

0.2 (mm) 

40 (mm) 4 (mm) 
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Figure 4. Boundary condition in the modal. 

Table 2: Free vibration analysis parameters. 

Mod
e 

NO 

Eige
n 

value 

Frequency General
ized 
Mass 

Composite 
OMPOSIT
E Modal  
Damping 

(RAD 
/TIME) 

(CYCL
ES 

/TIME) 

1 192.2
1 

13.864 2.2065 68054. 0.0000 

2 312.9
6 

17.691 2.8155 68214. 0.0000 

3 9046.
5 

95.113 15.138 56957. 0.0000 

4 1433
9. 

119.75 19.058 61608. 0.0000 

5 3714
7. 

192.74 30.675 1.26154
E 

+05 

0.0000 

 

 
Figure 5. The position of the measurement points for 

displacements responses. 
 
 

 
Figure 6. Displacements responses of undamaged 

structure 

 
3.3. Simulation modelling and analysis of 
damaged structure 

 
One of the advantages of using software such as 

ABAQUS in engineering analysis is the ability to 
create very small damage in a specimen. By removing 
the very narrow strip between the core and the face 
sheet, a debonding defect was created in the model. 
The size of the debonding is 4 × 0.4 × 0.01 (mm) 
which is located at 18 (mm) from the fixed end. To 
do this, firstly, a rectangle the size of 4 × 0.01(mm) 

is selected, and then 0.4 (mm) depth is determined for 
it. Next, the selected area cut out from the specimen 
(See Figure 7). Finally, the damaged model was 
investigated with the free vibration analysis. Data 
needed, including displacement, responses, for 21 
points obtained from the results of finite element 
analysis using ABAQUS. Displacements responses 
of damaged structure are given in Figure 8. In general, 
damage decreases the natural frequency of the 
structure. With increasing number or size of defect, 
the natural frequency of the structure will be further 
reduced [8]. In this study, the size of debonding defect 
was very small; length 4 (mm), thickness 0.01 (mm) 
and widths 0.4(mm). As a result, the natural 
frequency of the structure will not change 
significantly changes and it will remain almost the 
same for the undamaged and damaged beam. 
 
 

 
 
Figure 7. The debonding defect was created in the model. 
 
 

 
Figure 8. Displacements responses of damaged structure 

 
3.3. Results and discussion 

 
The result of the modal flexibility method for the 

detection of the delamination in composite 
honeycomb sandwich beam is shown in Figure 9. As 
structural deterioration theoretically increases 
flexibility, an increase in structural flexibility can 
serve as a good indicator of the degree of structural 
deterioration [10]. Consider Figure 9, which area 
sharper than other areas are marked in red. These 
areas indicated damaged sections along the beam. As 
shown in Figure 9, damage location is predicted 
between 170 (mm) to 230 (mm) from the fixed-end of 
the beam. As it is evident from Figure 9, the modal 
flexibility method is able to detect the delamination 
in a composite honeycomb sandwich beam as well as 
its location with a close approximation. 
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Figure 9. Damage detection via analysis of displacement 

responses, employing the modal flexibility method 
technique to detect the debonding defect in a composite 

honeycomb sandwich beam. 
 
4. CONCLUSIONS 
 

This paper presents a performance evaluation of 
the modal flexibility method using the displacement 
of nodes for the detection of debonding damage in a 
composite honeycomb sandwich beam.  This is the 
first study of evaluation of the modal flexibility 
method using the displacement of nodes. The use of 
real structures or experimental models to develop 
modal flexibility technique is an expensive and time-
consuming procedure. The finite element (FE) 
analysis was conducted using the commercial FE 
package ABAQUS. Also, MATLAB was employed 
for numerical analysis. The location of the damage 
was determined by the flexibility diagrams. The 
results showed that the modal flexibility method was 
able to detect the delamination in a composite 
honeycomb sandwich beam as well as its location 
with a close approximation, in other words, the modal 
flexibility method was able to detect debonding 
damage through the displacement of nodes. 
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