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Abstract—In order to effectively identify the location and extent
of structural damage, a two-stage damage identification method,
ACO algorithm and wavelet theory were presented. First, the
curvature mode of structure with damage was obtained with
finite element analysis. The curvature modes were analyzed
using continuous wavelet transform by Mexh wavelet on multiple
scales, and the location of the damage could be identified by the
maximum of the wavelet coefficients. Then, the objective
function was established by the frequency and modal shape.
ACO algorithm was used to solve constrained optimization
problems, to identify the degree of structure damage. Through
the analysis to a three-span continuous beam, the results show
that the ACO algorithm and wavelet theory can effectively
identify the damage location and damage degree of the structure.
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I. INTRODUCTION

Continuous beam members are commonly used in bridge
structures, structural damage exists due to natural and human
factors inevitably. Structural safety was threatened, so it is
important to study the damage identification method of
continuous beam structure.

French earth physicist J. Morlet proposed the concept of
wavelet transform in 1974 . Wavelet transform is a time and
frequency local transformation, and it can withdraw the
information from the signal. As a new signal processing
method, wavelet analysis has the characteristic spatial
localization. Wavelet transform signal at a point is completely
determined by the local information near the point on the low
scale, so it can analyze the singularity position of the signal. In
recent years, wavelet analysis method has been gradually
applied to diagnose structural damage. Liew etc [1] discrete
wavelet transform was used to identify the crack location of a
simply supported beam. Raghavendrachar etc[2] established a
three-span concrete continuous beam model with its curvature
mode damage detection and proved curvature mode of local
damage is very sensitive and reliable. M. Rucka and K. Wilde
etc [3] adopted one-dimensional continuous wavelet to
analysis a cantilever beam with damage model, and used two-
dimensional wavelet to analysis four edges fixed plate model.
The results show that the corresponding damage location
where the wavelet mathematical model arrive at the maximum
point and where it insured by the wavelet analysis method are
not dependent on the characteristics of the structure and
mathematical model. Guan Deqing [4] put forward that the
problem of frame structure damage identification of strain

mode can be solved by using wavelet transform. The results
show that the method is able to identify damage of frame
structure. Damage identification of continuous steel box girder
with cracks was carried out using curvature mode continuous
wavelet transform by Shi etc [5].

ACO algorithm was mentioned by Dr. Marco Dorigo
[6~8]at first, his colleagues studied by long term. ACO is the
simulation of ant community food-gathering process,
successfully applied to many discrete optimization problems
such as: the traveling salesman problem (TSP), quadratic
assignment problems, planning problems, network dynamic
routing problems. Gutjahr W J[9] proved an improved ant
colony algorithm theoretically from the point of view of
directed graph theory for the first time. Recently, ACO
algorithm also began to be applied to a small number of
optimization problems of continuous function. In this paper,
damage problem was transformed into constrained
optimization by ACO algorithm.

II. APPLICATION OF ACO ALGORITHM AND WAVELET
THEORY IN STRUCTURAL DAMAGE IDENTIFICATION

A. ldentification of Structural Damage Location by Wavelet
Transform

Wavelet transform is defined an indigestion of basic
wavelets functions l//(t) after displacement 7 and the

signal X(t) at different scales a which is to be analyzed:

) L t—7
WT (a,7) = A [ xw (T)dt, a>0
a M

a in equation (1) is a scale factor, reflecting signal
frequency information. 7 is shift factor reflecting signal time
information. a,7,teR and a#0 .y *(t) shows the complex
conjugate of (//(t). With the conversion of a,t, the wavelet
transform has multi-resolution features.

From mechanics theory, the curvature of the beam can be
expressed as:

El )
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Where in: M is a cross-sectional moment; E is the modulus
of elasticity; | is a cross-sectional moment of inertia; 6 and y
denote the angle of the beam and displacement modes.

Bring (2) into (3) :
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i is the i-th measuring points; | is the distance between the
two measuring points; y,;]' (x) is n-th order beam curvature

mode shape.

From (4), local damage will led to structural decline in
local stiffness, curvature mode shape mutating, location
curvature mode discontinuing and existing a singular point.
According to singularity detection theory, wavelet transform
coefficients of curvature mode appears local modulus
maximum on lesions, the position of damage can be
determined by the position of wavelet modulus maximum
position. The curvature modes were analyzed using continuous
wavelet transform on multiple scales, and the location of the
crack could be identified by the maximum of the wavelet
coefficients.

B. ldentification of the Extent of Structural Damage Based on
ACO

Dynamic characteristic equation of a system of n degrees
of freedom and its stiffness matrix can be expressed as:

k¢j=ﬂjMo(ﬂj (5)
K=K+ TK,
E ©)

Kyand K, are the total stiffness of the structure before
and after damage, respectively. M, is the total mass of the
intact structure. A; and ¢; , respectively, are the n-th order

equation and eigenvalue feature vectors. A; = (27f ), f jis the
J-th order natural frequency(Hz); j=1,2,3---N_ ( N, is the
measured modal order); K; is the i-th single element stiffness
matrix unit extended order, i =1,2,3---N, (N, is total unit of
structure finite element model); o = [TI,TZ,T3-~TNE:|T as the

coefficient of degree of unit damage. The objective function is
defined as a form of non-Linear least squares with boundary
constraints:
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upand low respectively are the lower and upper bounds
of T. To meet identification requirements, define
low=0,up=1(j=1,2,3:--N,), when T =0 damage is zero,

when T =11it is completely damaged. N-dimensional target
function vector consists of frequencies and modes, as follow:
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Subscript t and a are the measured value and analysis
value. rfi (T)and r,(T)are Close value of the measured value

and the value of analysis which is from MAC value of natural
frequencies and modes. In this paper, the structure of
frequency and vibration data was used to solve constrained
optimization problems described above by AOC, to achieve
recognition of the extent of damage of structure.

III. NUMERICAL SIMULATION ANALYSIS

A three-span continuous beam structure finite element
model which contains damage shown in Figure 1. Sectional
dimension: b xh=200mm x250mm ; Material

density p = 7800 kg /m? ; Elastic

Modulus: E =2.1x10'"'N /m? ; Poisson's ratio: 22 =0.3 . The

whole frame structure is divided into 600 units. Beam elements
were designated number 1-600 by the sequence of A-B-C-D.
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FIGURE I. CONTINUOUS BEAM FINITE ELEMENT MODEL (mm)
Structural damage was simulated by reducing the element
stiffness. Condition was assumed in this article, as shown in
Table I.

TABLE I. CONTINUOUS BEAM DAMAGE CASES

Damage Casex Damage Location Damage Extent
30% unit 20%

Candition 1 180th unit I 20%
260" unit 30%
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A. ldentification of Structural Damage Location by Wavelet
Analysis

Finite element model of the structure was built, structural
damage curvature mode was calculated. Selecting Mexh
wavelet as mother wavelet, wavelet coefficients was obtained
by doing Continuous wavelet transform to curvature modal of
structure (as shown in Figure II).Three singular points (30,180
and 260) were found in wavelet figure. Mutation corresponds
exactly to the position of damaged cell of structure.

y10" Coefficients Line - Ca,bforscalea=1 (requency= 0800)
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FIGURE Il. WAVELET COEFFICIENTS OF CONTINUOUS BEAM
WITH THREE DAMAGES

B. Identification of the Extent of Structural Damage By
ACO

The extent of structural damage was identified by 10-order
frequency and the first-order vibration modal.(as shown in
figure I11).The damage degree of unit 30 is 15%,the damage
degree of unit 180 is 20%,the damage degree of unit 260 is
30%.(as shown in figure I'V)
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FIGURE III. CONVERGENCE CURVE OF CONDITION 1

The extent of structural damage
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FIGURE 1V. DAMAGE IDENTIFICATION RESULT

C. Result Analysis

Structural damage location and the extent of structural
damage were effectively recognized by ACO algorithm and
wavelet theory. This two-stage damage identification method
combined the advantages of the two algorithms and avoided
their own shortcomings. Blindness was reduced, the
calculation efficiency was improved, the requirements of the
computer hardware was reduced, and it has important
implications for the calculation of complex structures.

IV. CONCLUSIONS

1) A two-stage damage identification method combined
by ACO algorithm and wavelet theory was put forward. This
method can recognize structural damage location and extent
effectively.

2)  Structural finite element model was established. The
curvature modal of structure were analyzed using continuous
wavelet transform by Mexh wavelet on multiple scales. The
location of the damage could be identified by the maximum of
the wavelet coefficients. The objective function
was established by the frequency and modal shape .ACO
algorithm was used to solve constrained optimization
problems, to identify the degree of structure damage.

3)  This two-stage damage identification method put
forward in this paper can greatly reduce the search space,
reduce the hardware requirements of the computer, improve
the computational efficiency, and it can be used for the
identification of damage location and damage degree of
complex engineering structures.

4)  This method is proved to be verified by numerical
analysis of a three-span continuous beam. It can be easily
extended to damage identification of continuous beam bridge.
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