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Abstract 
This thesis presents a vibration based method for locating damage in plate-like 

structures. This procedure is a generalization from beam-like structure to this case. The 

method is based on the interpolate spline functions. In this thesis, we simulate the 

acceleration response in isotropic materials and composite materials using the software 

Abaqus, building a bi-cubic spline surface and apply the method on the plate. We try to see 

the behavior of the method in both kinds of material by changing the parameter of the 

modeling, the level of damage and the location of the damage. 

 The result obtained in this study shows the applicability of the method in composite 

damage detection. 

Key words: surface interpolation method, finite element modeling, damage detection, 

composite materials 
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Sommario   
In questa tesi viene presentato un metodo basato sulle vibrazioni per la localizzazione d

el danno in strutture piastriformi. In questa procedura vengono generalizzati i principi applic

abili a strutture traviformi. Il metodo è basato sulle funzioni spline di interpolazione. In quest

a tesi simuliamo la risposta in accelerazione di materiali isotropi e compositi utilizzando il so

ftware Abaqus, generando una superficie bicubica spline e applicando il metodo alla piastra. 

Cerchiamo di osservare i risultati del metodo in entrambi i tipi di materiale modificando i par

ametri del modello, l'entità del danno e la posizione del danno.       

I risultati ottenuti da questo studio mostrano l'applicabilità del metodo nella rilevazione dei d

anni in materiali compositi. 

Key words: metodo di interpolazione della superficie, modellazione degli elementi finiti, 

rilevamento dei danni, materiali compositi 
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Chapter 1 

1. Introduction and literature review 

1.1 Introduction 

In recent years, great process has been made to vibration-based methods for damage 

detection and identifications on the building structures, machines and facilities. This was due 

to two main reasons: the theory development of non-damage measurement techniques in 

vibration process and the development of advanced mathematical tools for damage 

calculation. This thesis focused on behavior of one vibration-based damage localization 

method in mechanical structures, like plate with isotropic and in homogeneous materials, 

especially composite plate and isotropic plate. Considering the most common damage type in 

composite materials is delamination [1]. This paper covers damage localization topics related 

to theoretical studies and software numerical simulations .To achieve these goals, we try to 

see how Surface Interpolation Method (SIM) method behaves in the detection of the damage 

and delamination location. We’ll introduce the different kinds of damage detection methods 

in chapter1, the principle of Surface Interpolation Method (SIM) in chapter 2, model method 

and matlab code in chapter 3. Chapter 4 describes the final result of simulation with 

comparisons. 

 

1.2 Damage localization methods 

1.2.1 Introduction to damage localization methods 

To introduce research in the detection of damage, we start from the damage detection 

methods using in the past few years. As the civil grows, higher operational loads, longer 

lifetime are required to a large numbers of different structures. Thus, non-destructive tests 

are widely used for effective-cost operation, safety and reliability of plants. It concerns 

methods and techniques of inspection and measurement performed without altering the 

component or harming the structure, for example, visual inspection with stereomicroscopes 

or microscopes, penetrating liquids, ultra-sound, X-ray, infrared radiation and Eddy current. 

However, they all have the drawback for long inspection time. The drawbacks of localized 

inspection techniques led the engineers to investigate new methods for global use. That is the 

reason for methods based on the vibration response that allow the engineer wherever to get 

the data of frequency and calculate the changes in the structural, such as nature frequency, 
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modal damping and mode shapes, and use them to have a prediction on damage. With 

computer science improving, the vibration-based damage detection method also takes on a 

new look.  

 

1.2.2 Introduction to Vibration-Based Damage Detection Methods 

The key principle behind vibration-based damage detection is that damage in a structure 

reduces its local stiffness, which results in changes in dynamic parameters, such as natural 

frequencies, mode shapes and damping ratio [2].The vibration parameters of natural 

frequency, mode shape and damping ratio can be extracted from techniques such as 

Experimental Modal Analysis, in which the structure is excited with an impact hammer and 

the frequency response function is measured using accelerometers or laser sensors. In 1999, 

Sampaio used frequency response function curvature method to detect damage and focus the 

change difference between damage and undamaged structure [3]. 

There are lots of structural vibration-based methods. Doebling published a compresive 

summary for the ages before 1998 [4]. These vibration-based methods, also have many way to 

classify: modal-based methods; nature frequency-based methods; other methods based on 

modal and non-modal based methods include the method based on the frequency response 

function which has been proposed by Ratcliffe [5].This kind of method, compared to modal 

based methods do not need time for modal identification process. 

 

1.2.3 Vibration-based methods through free vibration 

1.2.3.1 Basic principle of free vibration 

We can first set a single freedom system as an example and later expand it to multi 

degree. 
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Fig 1.2.3.1 A simple single degree free vibration without damping 

This system could get an equation from its force equilibrium 

m𝑢̈ + 𝑘𝑢 = 0                  (1.1) 

Here 𝑢̈ is the acceleration of the object. k is the elastic constants .u is the initial 

displacement. By make a small moving of the system. It’ll start oscillating in the form 

below. 

           (1.2) 

ωn is defined as √
𝑘

𝑚
 . It shows that the ball will start vibrate about its static equilibrium 

position and its movement will repeat itself every 2π/ωn seconds. This state only concerns 

about the mass and the stiffness. Thus we have the natural frequency of vibration fn =
𝜔𝑛

2π
 .If 

two systems have the same mass, the stiffer one will have the higher natural frequency. If 

two systems have the same stiffness, the lighter one will have the higher natural frequency. 

This is an ideal example, in most condition the ball will stop because its damping ratio. If we 

set the initial force is 0, we can define a equation with damping: 

                   m𝑢̈ + cu̇ + 𝑘𝑢 = 0                 (1.3) 

Here c is the damping constant which is a measure of the energy dissipated in a cycle of 

free vibration. And the solution for this equation is: 

   (1.4) 

Here ωD=ωn
√1 − ζ

2
, ζis = 

c

2𝑚𝜔𝑛
. ζ is the damping ratio or fraction of critical 

damping. The damping constant c is a measure of the energy dissipated in a cycle of free 

vibration or in a cycle of forced harmonic vibration. The damping ratio is a property of the 

system which depends on its mass and stiffness. We may meet difficulty when we want to 

measure it. The choice of the natural frequency change is attractive because the natural 

frequencies can be conveniently measured from just a few accessible points on the structure 

and are usually less contaminated by experimental noise [6]. Let’s see some application use 

this method. 
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1.2.3.2 Literature review of free vibration methods 

Actually the damage detection problems we meet in the free vibration have two kinds. 

One is the forward problem and another one is the inverse problem. The forward problem   

determines the parameters (natural frequency, damping ratio, displacement) changes due to a 

known damage case. The inverse problem figures out damage parameters (crack length or 

location) from changes in the dynamic parameters. Our final aim is to solve the inverse 

problem, for example determination of the location and size of damage using measured 

natural frequency shifts in multiple modes. The highly non-linear nature of the relationship 

between the vibration responses and the damage parameters makes the inverse problem 

difficult to solve.  

The forward problem has an example from Rashmi [7]. He builds a composite plate with 

a sandwich structural with an isotropic core and orthotropic surface and record the natural 

frequency of the first three modes. Chebyshev collocation technique has been used to obtain 

the frequency function. Chebyshev technique is an efficient method for solving the linear 

commensurate system’s frequency equation. In his paper, he uses this technique to get the 

frequency equation at different support conditions. The result is useful in design engineering 

and damage prediction. 

The inverse problem can be solved in two ways: One is transformed non-linear mapping 

from the frequency to delamination parameters; another one is we first model a forward 

model and have the predict damage in it. Then we test the real model and see the difference 

of data between the predict one. The direct mapping can be released using approximation 

techniques such as Artificial Neural Networks (ANNs). Zhang presents a new surrogate 

assisted optimization (SAO) method for predicting the location and the size of the damage in 

FRP plates [8]. This method’s principle is near to the ANN methods. It needs to build an 

approximation finite element model and also an ANN based approximation model. Then a 

feed and back process is undergoing, after generations of selecting the nodes and comparing 

with the predicting frequency shifts. A range of place will be selected as a damage location. 

A comparison between the real location and the predict position is followed. The result 

showed both methods are accurate, but ANN failed in the delamination detect when the 

damage become smaller. 

 

1.2.4 Vibration-based methods through mode shape curvature 

1.2.4.1 Basic principle for mode shape curvature method 
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The dynamic response of a system with classic damping and classic natural frequency 

response can be determined by classical modal analysis. Their equation solutions of motion 

can be transformed into modal coordinates and become uncoupled. Thus the response in each 

natural vibration mode can be computed independent of the others. We can take this as a 

premise. At a moment, a reduction of stiffness can result in the change in curvature. These 

curvatures calculated using center differentiation of displacement mode shapes, can be 

expressed: 

                𝜑′′ =
𝜑𝑖+1−2𝜑𝑖+𝜑𝑖−1

ℎ2
                         (1.5) 

Where h refers to the distance between the points i+1 and i-1 

The location of the damage is then assumed at the place where largest absolute value of 

Δ𝜑′′ is, but we could see the drawback:it cannot tell the damage level and also cannot 

locate complex number of damage. In the application, it also have the disadvantage for 

example, it need lots of sensors. However, the modal Curvature based methods mostly gives 

better results than the Modal Displacement Method. It is sensitive to the local damage and 

less sensitive to the environment noise reason (temperature). This method has improving 

method in the next section. 

1.2.4.2 Literature review for mode shape curvature method  

Mode shape curvature squared method is an improving method of mode shape curvature. 

It is presented by Ewins and has the form as : 

         (1.6) 

It has an increasing change when the size of damage grows. This can be used to obtain 

the level of damage in the structure [9]. 

 

1.2.5 Vibration-based methods through Frequency Response Function  

1.2.5.1 Basic principle for Frequency Response Function 

The Frequency Response Function-based Method is an extension of the mode shape 

curvature method. It uses all the frequency not only the natural frequency in the damage 

detection. Nowadays, the Laplace and Fourier transforms provide powerful tools for the 

solution of linear differential equations. Thus there are lots of papers concerned the FRF 

method. Here introduce a basic idea of FRF from defining the frequency response function, 



6 

 

which is shown to contain the steady response to harmonic forces. If the force is not periodic, 

Fourier transform is then added. 

We use the simplest example, used in section1.2.3.A viscously damped single degree 

freedom system acted in the internal force p(t). The equation of the motion can be: 

m𝑢̈ + cu̇ + 𝑘𝑢 = 𝑝(𝑡)          (1.7) 

The solution of this equation for harmonic force is then calculate : 

If p(t) = po sinωt ,u(t) =
𝑝𝑜

𝑘

[1−(
𝜔

𝜔𝑛
)

2
]𝑠𝑖𝑛𝜔𝑡−[2𝜁(

𝜔

𝜔𝑛
)]𝑐𝑜𝑠𝜔𝑡

[1−(
𝜔

𝜔𝑛
)

2
]2+[2𝜁(

𝜔

𝜔𝑛
)]

2         (1.8) 

If p(t) = po cosωt, u(t) =
𝑝𝑜

𝑘

[1−(
𝜔

𝜔𝑛
)

2
]𝑐𝑜𝑠𝜔𝑡−[2𝜁(

𝜔

𝜔𝑛
)]𝑠𝑖𝑛𝜔𝑡

[1−(
𝜔

𝜔𝑛
)

2
]2+[2𝜁(

𝜔

𝜔𝑛
)]

2         (1.9) 

 

Now consider the force like p(t)=poe
iωt ,where i=√−1 and for convenient we set po =1 as an 

unit form. The response of the motion can thus be expressed as:  

                  u(t)=Hu(ω)eiωt              (1.10) 

Hu(ω) is later we defined as the frequency response function. It describes the steady state 

response of the system to force. 

                        
𝐻𝑢(𝜔)

(𝑢𝑠𝑡)𝑜
 = 

1

[1−(
𝜔

𝜔𝑛
)

2
]2+[2𝜁(

𝜔

𝜔𝑛
)]

2          (1.11) 

As a remind of the section 1.2.3. (ust)o=po/k, ζ is the damping ratio or fraction of critical 

damping. ωn is natural angular speed and fn =
𝜔𝑛

2π
 is the natural frequency, k is elastic constant. 

Thus the frequency response function defines the amplitude and phase angle of the response. 

The application of this method is widely, because the FRF can be measured in many 

locations and has special software which can easily calculate it. Sometimes it will be used on 

the base of mode shape methods. 

 

1.2.5.2 Literature review of FRF methods 

As time passed many methods of this kind were developed to suit different conditions, for 

instance, Guo Jia tried to make the damage identification with incomplete frequency 

response data [10]. The minimum constitutive relation error approach and the sparse 

regularization were used here to compute the missing information or extraction errors. 

 

1.2.5.3 Gapped smoothing method 



7 

 

It is a non-modal method based on frequency response function has been proposed by 

Ratcliffe [22] and is known as a powerful method, especially in locating a sudden change in 

the beam and small amounts of damage. The basic concept consists of interpolating the 

curvature at each grid using cubic spline which is similar to the method I use in the thesis: 

φ′′(x) = a0 + a1x + a2x2 + a3x3 (1.12) 

Where x is the position of the grid and the coefficients ai are determined using four 

neighbor points.  

The damage index δi at ith position of the curvature Ci is calculated as follow: 

𝛿i =[(a0+a1xi+a2xi
2+a3xi

3)-Ci]
2   (1.13) 

Separate gapped cubic polynomials and damage index values are determined at each 

grid point in turn. Mostly this method is conducted on simple plates, because it doesn’t take 

the real situation into account. The real structures can contain sharp shapes which should not 

be treated as damage, such as holes and discontinues. 

 

 

 

 

1.2.6 Other methods 

1.2.6.1 The Use of Artificial Neural Networks for Predicting Structural Damage 

Artificial Neural Networks (ANNs) or we can call it NNs is a kind of method which can 

simulate the neural network in human brain, for example, the reaction when the hand touch 

the high temperature object. The hand gives the signal to brain, and brain gives the order 

back to the hand. The principle of ANN follows the same step as the example. It builds layer 

with different functional and a training algorithm is needed for determining the final value of 

the biases. 

The ANNs has many advantages and potential for the engineering usage. 

•ANN can have a fast computation after deep learning by itself and don’t need to build 

mathematical model        

•ANN can use any dynamic or even not dynamic parameters as input, and the output 

data is also flexible to choose 

•ANN has noise filtering capability as long as you teach it the algorithms   
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•ANN can deal with uncertain data and incomplete information, make it highly 

promise to detect the damage. 

Therefore how to build an efficient ANN architecture has received considerable 

attention. There are several forms of ANN, such as feed forward neural networks, Hopfield 

networks. Feed forward neural networks are widely used in damage identification.  

It is known that ANNs are powerful computational tools in the detection of damages. If 

it has the right treatment, especially with statistical aid, ANNs can further improve their 

performance. Asif Khan proposes a convolution neural networks(CNNs) based approach for 

the classification and prediction of various types of delamination. This system could 

incorporate to distinguish the damage [11]. The architecture of CNN has six layers and 

ten-fold cross-validation .After the training, the system can have 90.1% accuracy through 

13000 data base. Here we can see one of the major advantages of deep learning is the 

autonomous raw data calculation and no-human required monitor. Thus many people try to 

compute the ANN with other methods. 

Rupika used Frequency Response Function based damage identification [12] with ANN 

method and transforms into a new damage detection method. They all have advantages and 

disadvantages, how to learn from other’s strong points and close the gap is a difficult 

mission. The ANNs advantages are mentioned forward. Here introduce more FRF’s 

advantage, for example, among all the dynamic response, the FRF is one of the easiest to 

obtain in real time. Measured FRF data are usually obtained from vibration testing. Hence 

these data provide information of structural dynamic behavior much of which would have 

been lost in using modal analysis data. Researchers have developed damage identification 

algorithms that use either direct FRF measurements. However, FRF approaches have many 

drawbacks such as the large size and complexity of FRF data. This may slow down the 

estimation of the system. Furthermore FRFs are very sensitive to measurement noise and 

environmental condition, which may lead to inaccurate damage identification and condition 

assessment structures. This difficult mission is then solved by associating with large size 

data and measurement noise by incorporating those with PCA. PCA is a strong tool for 

disregarding the unwanted measurement noise and lower the dimension of the variables in 

the small set. 

 

Moreover, the use of ANNs can reduce the numbers of the sensor. As mentioned before 

the curvature method always need a large number of sensors, Prawin tried using a single 

sensor in the crack localization [13]. ANN is here to be taught a method to judge the damage 

with the incomplete data test by one sensor.   
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After review of other damage detection method, I’m going to introduce the method I 

used. The damage detection method used in this study is called Surface Interpolation Method 

(SIM) which is vibration-based method but not base on the free vibration. We’ll describe 

more details in the next chapter. 
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Chapter 2 

2. Basis principle of Surface Interpolation Method 

2.1 Introduction to surface interpolation method 

The interpolation methods including Inverse Distance Weighted, Multilog, Inverse 

Multiquadric, Natural Cubic Spline, and Thin Plate Spline are methods of constructing new 

data points within the range of a discrete set of known data points. In engineering area ,we 

often get a set of numbers. When we want to make it like a function or draw it in graph. It is 

often required to interpolate. The linear and polynomial interpolation are general 

interpolation methods. They are quick and easy, but are not very precise, especially for very 

high or low values of the independent variable. Spline interpolation uses low-degree 

polynomials in each of the intervals, and chooses the polynomial pieces such that they fit 

smoothly together. The resulting function is called a spline. Like polynomial interpolation, 

spline interpolation incurs a smaller error than linear interpolation and the graph is much 

smoother, but it can have a better performance in high degrees polynomial., for example like 

cubic spline interpolation needs 3 or more degree of polynomial. The Surface Interpolation 

Methods (SIM) was previously presented by Limongelli and using bicubic spline function. It 

is similar to the gapped smoothing method and an expansion of mode shape curvature 

method. Previous chapter demonstrated how the curvature of the mode shape is more 

effective in locating damage, because it is more sensitive to local changes in the structure. 

This method also have this advantage. Here introduce a basic idea of this method. 

2.2 Surface interpolation method 

The SIM is based on the determination of a point-wise interpolation error connected 

with the approximation of a selected vibration amplitude profile of the structure by a 

polynomial spline function [14]. The damage part would cause a change in dynamic 

parameters. The deformation is surely different between two beams which showed in Fig 

2.2.1 
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Fig2.2.1 Effect of damage on the deformed shape 

Damage detection method is carried out using a spline function of modeling the 

displacement profile of the structure. In a beam like 1D structure, showed in Fig2.2.2, a 

spline function of a certain location between the range z∈[z1,zn] is defined as: 

S(z)=c0,p+c1,p(z-zp)+c2,p(z-zp)
2+c3,p(z-zp)

3            (1) 

 

Fig2.2.2 spline interpolation of FRF at location zp 

The smoothness of the spline function depends on its degree. A spline of degree m+1 

has a mth derivative. The function need to be interpolated, its degree should allow the 

smoothness required by the function φ(x).There are four coefficients in the function 
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c0,p ,c1,p ,c2,pandc3,p which are unknown. We could calculate them from the continuity and the 

boundary condition . 

After we figure out them ,we could know the value of S(z) at every knot.The function 

could write in the way beneeth which is more clear. 

Hs(zp, 𝑓) = ∑ cj,p

3

j=0

(𝑓)(zp − zp−1)j                                 (2) 

The coefficients cj,p are calculated from the values of the frequency response function. 

More details on the spline interpolation procedure can be found in Ref [14].  

The spline function has been used to interpolate the frequency response function along 

the height of the multistory frame for each frequency f. Assume that sensors are available 

along the beam .At each location z the frequency Function HR(zp, f) can be calculated from 

recorded signals as the ratio between the Fourier Transform of the response at the location zp 

and the input U(f) 

HR(zp,f)=
Uzp(𝑓)

U(𝑓)
             (3) 

 

The interpolation error is defined as the difference between the true and the spline 

interpolated FRF. The interpolation error at the knot z at frequency f is: 

ΔH(z,fi)=|HR(z,fi)|－|HS(z,fi)|                   (4) 

In order to remove the dependence on frequency value and to represent the interpolation 

error through a single parameter at a given location z ,we define norm E(z) of function Δ 

over the frequency range of the signal, is 

E(z) = ∑ √ΔH2(zp, 𝑓𝑖)                               (5)

N

i=1

 

Where N is the number of frequency lines in the Fourier transform of FRF. Since the 

FRF depend on the structure state. The difference between undamaged structure’s Eo and the 

damage structure’s Ed could show us the damage location. 
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ΔE(z)=Ed(z)－E0(z)                      (6) 

In real world, due to operational and environment condition, even there’s no damage, 

the value of E may change. This makes the small damage detection become difficult .To 

reduce this effect ,a damage confirm criterion will be used. However, this thesis focuses on 

the simulation part and didn’t input the noise. This noise level constant we choose 0. 

The value of the interpolation error E(z) at location z is calculated from data recorded 

on the structure during the impact test. In the undamaged configuration, under different 

operational and environmental conditions, this variable is characterized by a certain 

probability distribution. Since the interpolation may have a significant change of the 

probability distribution when it meets discontinuous because of the Gibbs phenomenon [15], 

this phenomenon happens in interpolation could be used as a kind of damage detection 

method. After we decide a criterion for the classification of “damage”, we would have a 

static test method which could indicate the damage location. 

 

2.3 Bi-cubic spline interpolation 

As written before, we are trying to simulate a plate structure. The function can be 

described with two variables x,y . A bi-cubic spline interpolation can be used to interpolate a 

function F(x, y) with a smooth surface, which guarantees continuity of the first and second 

derivatives, consider the equation in section 2.1 and the coordinate showed in Fig 2.3.1 
[16].We can defined a bi-cubic spline function built from the same family in the following 

form 

s(x, y): sp(x, y) ∑ cjp(x)(y − yp)j              (7)

3

j=0

 

Where y in the range [yp,yp+1] with p=0,2,…..,np 

If also the coefficients c are defined like cubic spline function .In this case, the 

following function S(x, y) is a bi-cubic spline function which is defined through its 

restrictions to sub-areas as: 
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S(x, y): S𝑙,p(x, y) = ∑ ∑ cjp,𝑖𝑙(x − x𝑙)𝑖(y − yp)j          (8)

3

𝑖=0

3

j=0

 

X∈[xl,xl+1],y∈[yp,yp+1] 

 

                           Fig 2.3.1 Real and bi-cubic interpolation 

However, if we just neglect one single point in the interpolation, the full shape is not a 

rectangle as show in Fig2.3.2 [17] 

 

Fig2.3.2 Grid of knots for the interpolation at (xl,yp) 
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In order to overcome this problem, we can simply neglect one row or one column to 

make sure the shape is still a rectangle. As show in fig 2.3.3[17] 

 

Fig2.3.3 Regular grids for the evaluation of the interpolation error 

Thus, follow the step mentioned in section2.1 the bi-cubic spline interpolation can be 

calculated as 

Hs,x(x, y, f𝑘) = ∑ ∑ Xjp,i(l−1)(fk)(x − xl−1)i(y − yp)j

3

j=0

3

i=0

                     

Hs,y(x, y, fk) = ∑ ∑ Yjp(l−1),il(fk)(x − xl−1)i(y − yp)j

3

j=0

3

i=0

             (9) 

xl∈[xl-1,xl+1],yp∈[yp,yp+1] 

The coefficients Xjp and Yjp can be calculated through FRF and boundary conditions. 

Based on the two values of the interpolated FRF, at each instrumented location (xl, yp) and 

for each frequency value fk, two values of the interpolation error Ex and Ey can be calculated: 

Ex(xl,yp,fk)=|HR(xl,yp,fk)－HS,x(xl,yp,fk)| 

Ey(xl,yp,fk)=|HR(xl,yp,fk)－HS,y(xl,yp,fk)|           (10) 

The Ex(xl,yp,fk) and Ey(xl,yp,fk) could both represent the difference between interpolation 

FRF and FRF calculated from data in X axis direction and Y axis direction. Similar to cubic 

spline interpolation, we need to remove the dependence on frequency value and to represent 



16 

 

the interpolation error through a single parameter at a given location z ,we define norm E(z) 

of function Δ over the frequency range of the signal, is 

E(x, y) = √ ∑ E(x, y, fk)2

n0+N

i=n0

           (11) 

N represents the number of frequency lines over which the error is computed. The 

difference between the damaged and undamaged structure is represented by E0(x,y) and 

Ed(x,y).ΔE can provide an indication about the existence of damage because of the Gibbs 

phenomenon: 

ΔE(x,y)=Ed(x,y)－Eo(x,y)                        (12) 

WhenΔE is positive, it means that the interpolation error increases where mostly 

represent we find a damage location. With this assumption, we can define the damage 

index(IDI): 

IDI(x,y)=ΔE  if   ΔE(x,y)≥0 

IDI(x,y)=0    if   ΔE(x,y)＜0                   (13) 

As mentioned in section2.1, the interpolation error may change when no damage due to 

environment or operational variability. In order to reduce the probability of false alarms, a 

threshold value Et is defined and used to select the damaged locations as those where the 

variation of the interpolation error exceeds the threshold. Therefore, the interpolation 

damage index(IDI) is then calculated as: 

IDI(x,y)=ΔE  if   ΔE(x,y)≥Et(x,y) 

IDI(x,y)=0    if   ΔE(x,y)＜Et(x,y)               (14) 

How to confirm the threshold correctly and benefit is not the main scope of this theses. 
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Chapter 3 

3. Finite element modeling 

3.1 Simulation parameter 

The aim of this chapter is to build a workable and parametric finite element model for 

the evaluation of the acceleration response. We will describe how to build the modal and 

simulate method. The same numerical example is produced according Ref [18]. Two kinds of 

cantilever plates were built. First plate is 400mm×320mm with 20mm plate thickness. We 

choose two different materials, one is made by composite materials and another one is 

homogeneous. The homogenous one using the same material property as mentioned in that 

paper [18]. (Young’s modulus E=25000MN/m2, Poison’s ration ʋ=0.3 and mass density 

ρ=2800kg/m3). 

 

Fig3.1 Element number of plate 

The finite element model of the homogenous plate is 10×8 equal size .The plate is 

modeled using the Ressiner-Mindlin elements which are rectangle shape. It is an element 

type with three degrees of freedom existing for all node except the node along X axis. We set 

X axis as its support side. In order to simulate a damage, we reduce the Young’s modulus 

and the density of the material. The element 53 in Fig3.1 had modulus reduction of 50%, 

element 58 had a 25% reduction. 
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The acceleration on the support place is getting from the data of a dynamic hammer 

excite along the X axis, total time is 5 second. The finite element simulation by Abaqus and 

the response data will then be extracted from the software. After we get the response 

acceleration data, the Frequency Response Function and the difference of the interpolation 

values will be calculated by a script in Matlab. 

The composite plate is 400mm×320mm with 9mm plate thickness. We use the glass 

fiber laying [0/90]6 in an epoxy resin matrix, the fiber volume fraction of the material is 0.6 

and density is 1.2*103kg/m3, ʋ12=0.27. E1=44400MPa, E2=11642MPa, G=4500MPa. Mesh 

element type is C3D20R which is a 20-node quadratic brick, reduced integration. The 

composite materials plate’s mesh method is almost the same as the homogeneous plate(a 

cantilever plate use X axis as its support side, have input acceleration along X axis) but a 

different damage case is designed and simulated. Since the most common damage in 

composite materials is the delamination. Here we divide the thickness into 12 elements and 

set element 6 and 7 as damage part by reducing Young’s modulus and density 95%.The 

damage place we set in element 53. The software is required to simulate the response of 

acceleration at each knot every 0.0005 second and the total time of the simulation is 5 

second.  

The second case is a long plate from Reference [20] which dimensions are 

920mm×95mm.The thickness is 6.5mm. The beam model and its coordinate are shown in 

Fig 3.2 

 

Fig 3.2 Long plate [20] 

The material is glass fiber reinforced. The model simulation is also done in Abaqus 

using C3D20R element. The resulting element is divided into 26.2mm long 47.5mm wide 

0.75mm deep. The material properties is the same as the composite material mentioned 

before(glass fiber laying[0/90]6. Vf=0.6. ρ =1.2*103kg/m3, ʋ12=0.27, E1=44400MPa, 



19 

 

E2=11642MPa, G=4500MPa) The thickness of element is as same as the layer. This 

modeling makes each element represent a layer. The delamination position is shown in this 

Fig 3.3. The software can simulate the response of acceleration at each node, every 0.0005 

second and the total time of the simulation is 5 second. 

 

 

                       Fig 3.3 Damage location in the plate 

After the Abaqus model is constructed, it is ready to undergo the simulation of the plate. The 

fully constrained FE model takes about 40min (on a 2.5 GHz Laptop with 2CPUs and 4GB 

of RAM) to run each analysis. The extract time to get the data from each node takes about 7 

hours which took the most part of the simulation time. 
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3.3 Matlab script 

After we get the data of the acceleration, the Matlab will undergo the script in the procedure. 

(Figure 3.4). The Matlab codes were developed by Prof.Limongelli. Each calculation needs 

about 15 minutes.  
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Figure 3.4 Matlab procedure 
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Chapter 4 

4. Results and comparisons. 

4.1  One damage plate 

First, we try to simulate one damage location to test the method and get familiar to the 

procedure. A finite element model with 10×8 elements has been built in Abaqus as 

mentioned in section3. (400mm×320mm with 20mm plate thickness, element type, S4R5 

which is 4-node doubly curved thin shell, reduced integration, hourglass control, using five 

degrees of freedom per node. Young’s modulus E=25000MN/m2, Poison’s ration ʋ=0.3, and 

mass density ρ=2800kg/m3). Damage place shows in Fig 4.1.1 

 

Fig 4.1.1 Damage place of the plate 

In element 53 (Fig 4.1.2) the Young’s Modulus had a reduction of 50% 
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                     Fig 4.1.2 Element number of the plate 

We use three different kinds of mesh size to see the effect on model.(Fig4.1.3) 

Size 40: .size 20: size 10:  

                       Fig 4.1.3 Different element size in Abaqus 

Size 40 means the mesh shape is a 40mm*40mm rectangle. Size 20 means 20mm×

20mm as follow. The mesh size selection is also important in finite element modeling. 

Results for different mesh size are reported in Figs.4.1.4-4.1.9. These results were obtained 

assuming that responses are not affected by noise, the noise to signal ratio was nsr = 0.1%. In 

the application of Eq. (11)the parameter n has been assumed equal to 1 (corresponding to a 

tolerable probability of false alarms Pf = 15%). The threshold ET can be defined as: 

ΔET=μ∆E+n*σ∆E 

μE  is the mean of the distribution in the reference state, σ∆E is the standard derivation 

of the distribution in the reference state [19]. n is corresponding to the percentile α. This 

corresponds to assume the damage location has the highest value of interpolation errors. We 

can set a threshold to simulate the situation when we apply this method in real situation and 

see the place with highest number of interpolation damage index more clearly 
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Result showed in fig 4.1.4 

 

Fig 4.1.4 The damage Index(IDI) of one damage plate, mesh size 40 

 

Fig 4.1.5 IDI of one damage plate, mesh size 40 with n= 2 

 

 

Fig 4.1.6   Cross-sections of one damage plate, mesh size 40 with n= 2 

Since we didn’t put in the noise, the picture is regular and has a noticeable peak. We 
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could have a much more clearly picture by setting a threshold like Fig4.1.5. It shows the 

damage place is around the element52,53,54,62,64,73,74 and the element 53 where we 

input the damage has the highest value. If we see from the section picture of the IDI 

Figure 4.1.6, we could find the highest value is 4 vertexes of the element 53 which 

indicate the element 53 is the damage location. 

    Here is the IDI (damage index) graph when we use mesh size 20. The result is 

shown in Fig 4.1.7. In homogeneous situation, smaller the mesh size is, more accurate the 

damage location we could detect.  

 

 

Fig 4.1.7 IDI of one damage plate, mesh size 20 

If we consider a higher value of the threshold assuming n=2. The result shows below 

in Fig 4.1.8. We can make the highest value more clearly through this method.  

 

Fig 4.1.8 IDI of one damage plate, mesh size 20  

 

Compared with Fig 4.1.5, the result shows that the damage location is at element 52, 

53, 54, 64, 74 and there is less side affect area. The picture indicates the element 53 and 

54 are the most possible damage location. Just like mesh size 40, the element 53 has four 

highest value as its vertexes. 
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Fig 4.1.9 IDI of one damage plate, mesh size 10 

 

Fig 4.1.10 IDI of one damage plate, mesh size 10, n=2 

Fig 4.1.9 and Fig 4.1.10 are the pictures describe the IDI of mesh size 10. The mesh size 

10 doubles the numbers of elements, but the result is not too much different from mesh 

size 20. It means the mesh size 20 is enough for the simulation of this plate and using 

mesh size 10 is a waste of resources. 

 

4.2  Two damages plate 
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                   Fig 4.2.1 Damage location of two-damage plate 

The simulate way is the same but we add one more damage. There has two damage 

places, one is 50% damage as before and another one is 25% damage (means 25% reduction 

of modulus). Result showed in Fig 4.2.2-4.2.7. Compared to the one damage plate, the 

two-damage plate has more side effects around the highest peak. This may lead to false 

judgment when the damage is low. 

 
Fig 4.2.2 IDI of two damage plate, mesh size 40 

 

Fig4.2.3 IDI of two damage plate, mesh size 40, n=1 

 
Fig4.2.4 IDI of two damage plate mesh size 20 
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Fig4.2.5 IDI of two damage plate, mesh size 20, n=1 

The two damage plates also have the effect when we increase the numbers of the elements. 

The graph becomes more accurate and less side effect around the highest value. 

 

Fig 4.2.6 IDI of two damage plate, mesh size 10 

 

Fig 4.2.7 IDI of two damage plate, mesh size 10, n=1 

I also simulate a two-damage and both the damages are 50% reduction with mesh 

size 40. In order to see the damage the damages are symmetrical. The damage location is 

clearer. The result shows in Fig 4.2.8-4.2.9 
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Fig 4.2.8 Two damage plate with mesh size 40 

 

Fig 4.2.9 Two damage plate with mesh size 40, n=2 

 

4.3  Comparison between one damage plate and two damages plate 

To conclude and compare the result in the fore text, I summarize them in one 

table.(Table 4.3.1). It is observed the mesh size and threshold can affect the final result. 

We can notice a 25% damage can affect and if we compare the amplitude of the 

25%-damage’s IDI with the amplitude around the 50% damage, the difference is not so 

high. This indicates us that the damage below 15% cannot be identified if we raise the 

threshold. 
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          Table 4.3.1 Comparison between one damage plate and two damages plate 
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Fig 4.3.2 Two-damage plate, mesh size 20 on the left and mesh size 40 on the right. 

The difference showed in Fig 4.3.2 is when we increased the number of the elements. 

From size 40 to size 20 means the numbers of elements doubled. Obviously, the IDI is 

higher in mesh size 20 and there are not so many small curves around the highest place. This 

shows us mesh size 20 has a better simulation performance than mesh size 40. 

 

4.4  One damage composite plate  

For composite plate we follow the simulate procedure as isotropic plate and define a 

damage in element 53.It shows in Fig4.4.1.The simulate detail is set in chapter 3. The 

model size is 400mm*320mm. The model simulation used S4R5 element. The resulting 

element is divided into 40mm*40mm*0.65mm. Here list the The material properties 

(glass fiber laying[0/90]6. Vf=0.6, ρ=1.2*103kg/m3, ʋ12=0.27, E1=44400MPa, 

E2=11642MPa, G=4500MPa). These results have been obtained assuming that responses 

are not affected by noise, the noise to signal ratio is nsr = 0.1%.There’s an interesting 

thing happened when I simulate the composite plate. The thickness of the plate is 9mm at 

first, but the result showed an unexpected behavior. (Fig 4.4.2) 
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Fig 4.4.1 Damage location of composite plate 

 

Fig 4.4.2 Failure simulation in composite materials 

We could see from Fig 4.4.2 the damage detection algorithms exhibit problems and set 

a whole line as damage location. I think its reason is composite materials’ properties. As we 

known, composite materials has compared high strength and stiffness and this surface 

interpolation method is based on the FRF method which means it also has the characteristic 

of the FRF method. High sensitive method could mistreat the damage when the structure is 

too rigid. Thus I decreased the thickness from 8 to 6.5 and solve this problem. 

After solving the problem, the FRF matrix calculated in Matlab, IDI can be drawn in 

terms of sectional drawing. Here is the result.(Fig4.4.3)We could see, compared with the 

isotropic plate the damage detection in composite plate have an impressive behavior. Even 

we didn’t set the threshold; the IDI can accurately locate the damage and a much better 

performance using higher numbers of elements. 
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Fig 4.4.3 One damage composite plate, mesh size 40 

  

Fig 4.4.4 One damage composite plate, mesh size 20 

The result shows the damage is at element 53 and 54 where 53 is the damage location. 

Consider it also has four highest point as its vertexes. The element 53 is the most possible 

place. Compared it with the behavior of isotropic plate, shows in Fig 4.4.4 
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Fig 4.4.5 Comparison between isotropic plate(left) and composite plate(right),mesh size 20 

 

We could see the IDI is different because the damage type is different. The isotropic 

plate is a 50% stiffness damage and composite plate is an inside delamination. The most 

important difference is the composite plate’s IDI graph is much more clearly than the 

isotropic plate. This is mainly because the composite materials’ characteristic motioned 

before. It is strong, resilient, resistant to moisture. The damage is hard to distribute through 

the plate. Thus, there’s less effect around the peak. 

 

Fig 4.4.6 Two damage composite plate, mesh size 40 
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Fig 4.4.7 Two damage composite plate, mesh size 20 

The two-damage composite plate is carried out to test the accuracy and the practicability of 

the method. The result (Fig 4.4.6-4.4.7) shows the SIM is still effective when we increase the 

damage amounts. 

4.5 Long composite plate 

Another case we have here is a long plate. The material property and its modeling way 

is set in chapter 3. The composite plate is 400mm×320mm with 9mm plate thickness. The 

material is glass fiber reinforced. The model simulation used C3D20R element. The resulting 

element is divided into 26.2mm long 47.5mm wide 0.75mm deep which means the total 

model is 2×35×12. The material properties is the same as the composite material 

mentioned before(glass fiber laying[0/90]6. Vf=0.6. ρ =1.2*103kg/m3, ʋ12=0.27. 

E1=44400MPa, E2=11642MPa, G=4500MPa). Damage location is showed in Fig 4.5.1. 

 

 

Fig 4.5.1 Damage location of composite long plate 
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Fig 4.5.2 Damage index of composite long plate 

     The damage location shows the damage may happen at the length element 31 and 30 

where the damage is a penetrate damage through the length element 30. Here we could find a 

drawback of this method. If the damage location is closed to the side, after we set the 

boundary condition, the result may be affected. I didn’t simulate this condition, so this is a 

considerable question here. After the result description, I’m going to have a comparison 

between the gapped smoothing methods mentioned before. 

4.5.1 Comparison between the reference  

This long plate is the example used in the Ref [20]. It use the gapped smoothing method to 

detect the damage location and the result shows in Fig 4.5.1.1 

 

Fig 4.5.1.1 Comparison between gapped smoothing method(left) and SIM (right) 
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The Fig 4.5.1.1 shows that SIM’s behavior at damage detection is as accurate as gapped 

smoothing method which is strong tool in the period. The damage location is both assigned 

in the graph. The damage location of SIM uses a red arrow to represent. 

4.5.2 1/4 size damage of the original plate 

In order to test the accuracy of the method in long plate and to check the reliability of 

the method, I change the damage size into 1/4 of the original size. The result shows in 

Fig4.5.2.1.We can see the accuracy of the method when applying on the long plate is still 

reliable. 

 

Fig4.5.2.1 Damage index of 1/4 origin damage composite long plate 

 

4.6 Conclusion 

In this thesis, we introduce different methods in damage detection and the Surface 

Interpolation Method applied to detect localized damages(stiffness reduction due to 

delamination) in homogeneous and FRP plates. In contrast to the comprehensive research on 

fiber reinforced polymer (FRP) beams, focus is put herein on the rarely reported 

vibration-based methods to detect delamination in FRP plates. The software Abaqus was 

used to simulate the damaged and undamaged behavior of plates during impact hammer tests. 

The response of the plate at several nodes in terms of acceleration, computed for the 

numerical model in Abaqus was used to apply the SIM implemented in Matlab script. 
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Several damage scenarios were simulated in Abaqus considering of different material, 

different mesh size and different types of damage. Results we get from the former part can 

indicate that this method is accurate and applicable for both materials and can have a better 

performance in composite material plate. After the comparison with the gapped smoothing 

method, it is found the SIM method has a similar performance as gapped smoothing method 

which is a strong tool in the damage localization. 
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