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Abstract: For a tower structure containing many bars, the possible number of damage
patterns in a tower is numerous. To solve this problem, a new two-step method was
proposed based on a cross-correlation function and second generation wavelets. First step,
by comparing the peaks of cross-correlation function, damage basic units can be found.
Second step, we select a suitable second generation wavelet for distinguishing damage
patterns with vector angle similarity measure. SVM are used to pinpoint damage bar last.
Test result indicates that this method has good locating accuracy.
Keywords: iron tower; cross-correlation function; damage location; second
generation wavelets; vector angle similarity measure.

1.

Introduction

In the past two decades, structure-damage-locating methods based on vibration
analysis have become prevalent [1, 2]. In recent years, damage-locating methods that
integrate time-series processing and artificial intelligence have progressively attracted the
attention of researchers [3]. The basic idea of such methods is described here. The
vibration responses obtained using the finite element method and corresponding damage
patterns constitute a set of training samples. Usually, the vibration responses require some
kind of analysis. One uses these samples to train a learning machine. Subsequently, one
use the learning machine to distinguish damage patterns according to the vibration
responses obtained in a field. Currently, these methods are only used in some simple
structures that have only a small number of bars [4, 5].
Tower structures are subject to all types of damages. Locating damages quickly is
crucial for its maintenance. This study proposes a two-step damage location method for
the tower structures which have a large number of bars. First step, we use the crosscorrelation functions to identify coarse damage locations. Second step, we use the second
generation wavelets to pinpoint damage bars.
2.
2.1

Coarsen damage location of tower structure
The conception of cross-correlation function

Cross-correlation function can reflect the relationship of the two random vibration
signals, and effectively avoid the noise pollution in the test signal of vibration response
[6]. If a structure exposes to the environmental pulsation, the responses of two adjacent
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testing points can be regarded as two real stationary ergodicity random processes who are
expressed as two discrete time series, x1 i  and x 2 i  . The cross-correlation function
between them is shown in Eq.1.

 x x k  
1 2
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N denotes the number of signal sampling points.

The maximum of the cross-correlation value, as shown in Eq.2, is referred to as the
peak in this paper. The peaks of the cross-correlation function are closely related to
structure damages. Based on the peak mutations, the damage locations can be determined
[7].
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Tower structure

In this study, a tower structure was used to verify the damage location method, as
shown in Fig. 1. The software SAP2000 was used for finite element analysis. Damage
bars were simulated by decreasing the elastic modulus by 30% or 20%.
Because wind loads have a great impact on the tower which belongs to high-rising
structures, we selected environmental pulsation as the exciting vibration signal. In finite
element analysis, the exciting vibration signal is a white noise generated by MATLAB
based on environment pulsation parameters. Assuming acceleration amplitude delivered to
3
2
the tower is 2  10 m / s , the sampling interval is 0.01s, the sampling time is 10s.
Exciting vibration signal acts on the tower through four fixed brackets.
Based on the characteristics of the tower structure, the acceleration sensors were
fixed in the longitudinal direction of each chord hinge junction. That means that the
acceleration sensors located in 8 corner points of every basic unit shown in Fig.2. The
sensors were numbered sequentially from the bottom to the upper. The measured
acceleration response is in the same direction.
2.3

Amplitude vector
The peak of cross-correlation function

r2, 23 was calculated by using two adjacent

acceleration response signals in the same corner, shown in Fig.2. This study proposed the
concept that is the peak vectors of cross-correlation functions. For the tower, the peak
vectors from four corners are shown in Eq.3.

R1  r1,1 2 , r1, 2  3  r1,14 15
R2  r2,1 2 , r2, 2  3  r2,14 15
R3  r3,1 2 , r3, 2  3  r3,14 15
R4  r4,1 2 , r4, 2  3  r414 15,

(3)
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Fig. 1: Complete tower structure

Fig. 2: Tower basic unit
Subscript 2 in r2, 23 denotes the fact that the cross-correlation function peak is
situated in second corner. Subscript 2-3 in

r2, 23 denotes the fact that the cross-

correlation function peak is obtained from the sensor in second layer and the sensor in
third layer. R 2 denotes a peak vector for second corner.
We could use the mutations of peaks to find the locations damages occurred. If the
damage position is in the second basic unit, the mutations of peaks are shown In Fig. 3-6.
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The solid lines are the peak vectors of the intact tower. The dash lines are the peak vectors
of the damage tower. Comparing the peak vectors of damage structure with the peak
vectors of intact structure, the position from where the peaks are different could be found.

Fig.3: Peak vector of no.1 corner

Fig.5: Peak vector of no.3 corner

Fig.4: Peak vector of no.2 corner

Fig.6: Peak vector of no.4 corner

The cross-correlation function also could be calculated by using two adjacent
acceleration response signals in the same layer. In this case, the peak vectors are shown in
Eq.4.
R 1 2  r1 2 ,1 , r1 2 , 2  r1 2 ,15

R 1 3  r1 3 ,1 , r1 3 , 2  r1 3 ,15

(4)

R 2  4  r2  4 ,1 , r2  4 , 2  r2  4 ,15
R 3  4  r3  4 ,1 , r3  4 , 2  r3  4 ,15 ,
Subscript 1-2 in

r12,1 denotes the fact that the cross-correlation function peak is

obtained from the sensor in first corner and the sensor in second corner. Subscript 1 in
r12,1 denotes the fact that the cross-correlation function peak is situated in first layer. R 2
denotes a peak vector for second corner.
From Fig. 7-10, comparing the peak vectors of the damage structure with the peak
vectors of the intact structure, the damage position also could be found in the second basic
unit. One thing to note, this basic unit is different with the basic unit shown in Fig. 2. This
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basic unit is shown in Fig. 11. Integrating the distinguishing results of two kinds of vector,
we can more precisely distinguish the damage location in the half basic unit shown as
Fig.12.
The peak vectors obtained from the four corners are similar for one damage pattern.
Judging the damaged area could be based on only one vector, so testing points can be
arranged just along one or two corners. Damage positioning accuracy is a rate of 100%,
but the method cannot distinguish which bar occurred damage.

Fig.7: Peak vector from no.1 corner
no.2 corner

Fig.8: Peak vector from no.2 corner
and no.4 corner

Fig.9: Peak vector from no.1 corner and
no.3 corner

Fig.10: Peak vector from no.3 corner and
no.4 corner
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Fig. 11: Tower basic unit
2.4

Fig. 12: Half of basic unit

Processing peak vector

For the upper truss of the tower, the basic unit has changed as Fig.13. It is different
with the lower truss. The damage locations are not easy to find by using the crosscorrelation function peak mutation. That can be seen in Fig. 14. After the vector from a
damage grid was subtracted by the vector from an intact grid, a new vector is obtained as
shown in Fig.15. We can more easily identify the damage location in No. 12 basic unit.

Fig. 13: Tower upper basic unit

Fig. 14: Peak vector of an upper damage
tower

Fig. 15: Processed peak vector of an
upper damage tower
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For one damage pattern of the tower, the peak vectors obtained from different
vibrations under the same spectrum are highly similar [7, 8]. After normalizing, they are
almost identical. Different damage patterns bring different peak vector. The environment
pulsation is relatively stable. Its spectrum is almost unchanged under normal conditions.
For same damage patterns, the peak vectors obtained at different time are highly similar.
When the number of acceleration sensor is limited, we can get the whole peak vector also
by repeatedly arranging the sensors in different zones.
3.

Pinpointing damage bars

We can easily identify the damage unit by peak vector. To identify the damage bars
in the unit, we introduced the second generation wavelets.
3.1

Second generation wavelets. [9]

During the last decade, many constructions of wavelets on the real line became
available, see for example [10, 11]. The filter sequences for scaling functions and
wavelets are typically derived through the Fourier transform and the consideration of
certain trigonometric polynomials and their properties. From a user’s point of view
though, the constructions are not always suitable for straightforward implementation or
specialization to particular cases, such as boundaries. In damage identification, the
response signal is a finite length.
Literatures [12, 13] show that we can construct versatile families of scaling functions
and wavelets under the techniques of interpolating subdivision [14] and lifting [15, 16].
To ingrate these techniques results in a straightforward and easy to implement toolkit. The
wavelet constructed by this way belongs to general framework of “second generation
wavelets.”
We begin with the construction of scaling functions by interpolating subdivision. All
the algorithms can be derived via simple arguments involving nothing more than
polynomial interpolation. The interpolating subdivision scheme can formally be defined
as follows.
In signal xi , the position of

N consecutive points is expressed as tk 1 , tk  2 ,tk  N ,

N  2D , D is a positive integer) and the signal value is expressed as
xi , k 1 , xi , k  2 , xi , k  N . A polynomial of degree N  1 exists and is expressed as Lt  ,

(

the polynomial satisfies the condition, Ltk  l   xi , k  l , l 
signal value, xi , k  D 1 2 , in the middle point, tk  D 1 2 , of
polynomial

1,2, N  .

Calculating

N consecutive points with the

Lt  , we find that the value, xi , k  D 1 2 , is equal to the weighted sum of

xi,k 1, xi,k 2 ,xi,k  N . Corresponding to different value of N , the weight coefficients for
the series xi , k 1, xi , k  2 ,xi , k  N are shown in the table below [17].
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Table1: The weight coefficients for the series xi , k 1 , xi , k  2 , xi , k  N
N

P1

P2

P3

P4

P5

P6

P7

P8

2
4
6
8

0.5
-0.0625
0.0117
-0.0024

0.5
0.5625
-0.0977
0.0239

0.5625
0.5859
-0.1196

-0.0625
0.5859
0.5981

-0.0977
0.5981

0.0117
-0.1196

0.0239

-0.0024

Lifting scheme includes three steps: split, predict and update.
The first step is to split the original signal x j , in accordance with the sampling
sequence. One breaks down x j into its even part, x j , 2l and odd part, x j , 2 l 1 , specific
representation is shown as Eq.5.

x j , 2l  evenx j 

x j , 2l 1  odd x j 

(5)

The second step is prediction. One uses even part x j , 2l to predict odd part x j , 2 l 1 .

 
 Px 

Predicting operator is P x j , 2 l . Prediction error d j  1 is obtained as Eq.6.

d j 1  x j , 2l 1

(6)

j , 2l

The third step is update. After converting prediction error d j 1 by updating operator,

U d j 1 , one updates the even part to obtain new low-frequency component, specifically
calculated as Eq.7.

xj 1  x j , 2l  U d j 1 

(7)

In the lifting scheme, interpolation subdivision principles were used to design
predicting operator and updating operator. For some second generation wavelet, the
prediction coefficients are same as the weight coefficients shown in Tab.1. Usually,
Update coefficients are half of predictor coefficients. After updating operator and
predicting operator are determined, scaling function and wavelet function are generated by
iteration. In this study, we call the wavelets in Tab.1 as “SGW2, SGW4, SGW6, SGW8”
from top to bottom.
3.2

Vector angle similarity measure

This paper introduces vector angle similarity measure to choose a suitable wavelet.
For example, the acceleration responses in damaged structure were decomposed into 8
frequency components from low to high. After calculating the energy of every band, an 8dimensional feature vector is obtained. Then being normalized, it is shown in Eq.8.
Ai  Ei ,0 , Ei ,1 , Ei , 2 ,  Ei ,7
(8)





An angle measure whose expression is defined as Eq.9.can be used to measure the
similarity of two vectors.
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Ai , Aj

(9)

Ai , Ai Aj , Aj

Ai , A j denotes the inner product of two vectors. S Ai , A j  denotes a cosine of the
angle between the two vectors. The larger the value of

S Ai , A j  is, the smaller the

angle between two vectors is. Namely, the two vectors are more similar. For example, in
damage identification, when No. i bar is damaged, the feature vector is Ai ; when No. j





bar is damaged, the feature vector is A j . The suitable wavelet makes S Ai , A j as large
as possible, as shown in Fig.16. This wavelet makes the two vectors more discernible for
classifier.

Fig. 16: Abridged general view of vector angle similarity measure
More specifically, for a vector set, Ai, Ai, Aj , Aj , the vectors with different





subscripts means that they are derived from different damage patterns; the vectors with
different superscripts means that they are derived from different damage degrees of same
damage location. Good wavelet makes the value of Eq.10 maximum. Eq.10 can be used as
a criterion when one selects wavelet function with program.

F Ai, Ai, Aj , Aj  
3.3

S Ai, Aj S Ai, Aj S Ai, Aj S Ai, Aj 
S  Ai, AiS Aj , Aj 

(10)

SVM

In this study, SVM was introduced to distinguish different damage patterns. SVM
proposed by Vapnik is a machine learning algorithm based on statistical learning theory. It
minimizes actual risk through seeking minimal structural risk. It can get a good learning
result in the case of small sample size. Its solution is globally optimal. Classical SVM
algorithm is a two-class classifier only, but general problems need multi-class classifiers.
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It was solved by combining multiple two-class classifiers. In this paper, the combination
method of one to one is used to realize the multi-class classification.
3.4

Distinguish damage bar

Now, we should distinguish the damage bar in the half of basic unit shown in Fig.12.
Considering the node situation, each half of basic unit has 36 damage patterns.
The acceleration responses from sensor shown in Fig. 12 were decomposed into 8dimensional feature vectors with second generation wavelet. After introducing vector
angle similarity measure to choose a suitable wavelet, then, we select SGW8 as wavelet in
this study. The feature vector of the intact base unit is shown in Fig. 17. For intact base
unit, a long feature vector constituted with the feature vectors of four sensors in Fig. 12
are shown from Fig. 18. For damage base unit, the long feature vectors are shown from
Fig. 19- 20.

Fig. 17: Feature vector of the intact base unit

Fig.18: Long feature vector of the intact base
unit

Fig.19: Long feature vector of the base unit
with No.1damaged bar, shown in Fig. 12

Fig.20: Long feature vector of the base unit
with No.2damaged bar, shown in Fig. 12

A sample for SVM was composed of a long feature vector and a corresponding
damage pattern. We collected 200 acceleration response signals as sample, which include
every damage patterns. Four samples in each damage pattern are selected as the training
set. In the SVM, the kernel function is RBF. The optimal C and gamma were obtained by
4-fold cross-validation. The remaining 56 samples were used as test set.
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The testing accuracy is 85.7%. When we use SGW2, SGW4 and SGW6, the testing
accuracy is 64.3%, 71.4% and 75% respectively. It can be seen that the wavelet selected
with vector angle similarity measure has the highest localization damage accuracy. This
means that vector angle similarity measure is a good criterion for selecting wavelet. It can
be used in similar wavelet selection problem.
There exists a method in the literature [18] that only selected main vertical bars in
tower as the identification unit. It cannot identify all the damage bars. There exists a
method in the literature [19] that needs an enormous number of training samples for a
grid. There exists a method in the literature [20] that can deal with multiple-bar damage in
a grid. The method use first generation wavelets, the accuracy of damage location is not
high. When choosing wavelet function, the method needs manual intervention.
4.

Conclusion

In this study, we proposed a damage location method for tower structures with a
cross-correlation function and second generation wavelets. In particular, the introduction
of vector angle similarity measure to choose a suitable wavelet improves the accuracy of
damage location, such a practice does not appear in other literature too. The method
makes it possible to distinguish numerous damage patterns with only a limited number of
training samples. The results showed that the damage bars could be recognized accurately
in a controlled detecting cost.
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