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When processing signals, information entropy theory and data fusion theory have their own advantages. The former can improve the
sensitivity of signals, while the latter can superimpose multisource information to correct system deviations and obtain the best iden-
tification results. Therefore, we introduce two theories into structural damage identification to improve the reliability of damage
identification. First, based on the modal strain energy damage identification index, combined with information entropy and data fusion
theory, a fusion entropy index (FE) and an entropy weight fusion index (EWF) are constructed. Then, the simply supported beam and truss
structure model are established for damage simulation, which verified that the FE index and EWF index can accurately locate the damage.
The polynomial fitting method is used to identify the damage degree of the structure, and the identification results obtained are more
accurate. Finally, a simple-supported steel beam model is established in the laboratory for verification and analysis. The results show that the
proposed FE index and EWF index have high damage sensitivity, noise resistance, and robustness, and relatively speaking, EWF index
damage recognition ability is better. The method proposed in this paper provides an empirical method for practical engineering application.

1. Introduction

In the service process of bridge structure [1, 2], the material
properties of structure changed, which would eventually lead
to damage after long-term accumulation, and affected use
function of bridge structure when reaching a certain degree.
Therefore, it is necessary to identify damage location, timely
evaluate damage degree, and take corresponding mainte-
nance and reinforcement measures to ensure operation
safety of structure [3].

Modal parameter is one of commonly used parameters
in structure state assessment method [4, 5], based on which
many damage identification indexes can be constructed [6],
such as curvature mode [7, 8], frequency [9, 10], and strain
energy [11, 12]. Since the curvature mode cannot be mea-
sured directly, it usually depends on the central difference

calculation of vibration mode data, and its calculation error
is greatly affected by data completeness and noise [13-15].
As a global variable, frequency is not sensitive to damage,
and it is usually impossible to identify local damage of
structures [16]. Although the identification method based on
modal strain energy is also affected by completeness of mode
shape, it has become one of the research hotspots because of
its strong sensitivity to local damage of structures [17-20].

Information entropy, as a measure of system signal
confusion, has been successfully applied to agronomy,
ecology, economics, and other disciplines [21-24]. Cur-
rently, the information entropy theory in engineering field is
mainly applied to mechanical failure, surrounding rock
stability, dam safety, and so on, but there is little research on
bridge structure damage identification. Introducing it into
structural damage identification can improve damage
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sensitivity and reliability of damage identification [25-27].
Bayesian data fusion is a method comprehensively con-
sidering multisource information, which possesses obvious
advantages in dealing with uncertain problems. By con-
stantly updating the prior probability, correcting the system
deviation, and obtaining redundant or complementary in-
formation, the optimal solution can be obtained by fusing
the redundant information [28-31]. In view of its advantages
such as better fault tolerance and reliability, introducing it
into the field of structural damage identification can improve
the accuracy of damage diagnosis.

Based on the theory of modal strain energy and com-
bining advantages of information entropy and Bayesian
fusion theory in data processing, a damage identification
method combining information entropy and Bayesian data
fusion is proposed in this paper. Fusion Entropy (FE) index
and Entropy Weight Fusion (EWF) index are constructed
for damage localization and quantitative analysis.

2. Methodology and Index Construction

2.1. Modal Strain Energy Theory. Modal strain energy of
element is a sensitive parameter in structural local damage
identification. The element modal strain energy of structure
is

MSE; = {4 K [{91) (1)

MSE; = {$?}|K1‘H$i}’ (2)

where MSE}; and MSE% are the modal strain energy of the
jth element corresponding to the ith mode before and after
damage respectively; K; means the stiffness matrix of the
element; ¢; and ¢; are the mode vectors before and after
structural damage. Because the stiffness K; of the element
after damage cannot be determined, the stiffness K before

damage is adopted instead.

2.2. Information Entropy. The concept of entropy originated
from thermodynamics [32], which is a physical quantity to
express the clutter degree of molecular state. In 1948,
American mathematician Shannon first proposed the con-
cept of information entropy, which is mainly exploited to
measure uncertainty of information. The formula is as
follows:

m

H=-) plnp, (3)

i=1

where H represents the amount of information; p; indicates
probability of the occurrence of the ith signal; In p; is the
amount of information provided by the ith signal; m is signal
length.

2.3. Bayesian Data Fusion. Bayesian data fusion is one of the
most commonly used methods for multitarget information
fusion decision [33]. Its principle is to constantly update
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prior probability according to newly measured data, so as to
obtain posterior probability.
The expression of Bayesian posterior probability is
P(A,,B)
P(A,|B) = —m2

P(B|A,,)P(4,) )

i Y7 P(BIA;)P(A;)

where P (A,, | B) is posterior probability of the occurrence of
event A,, under the condition that event B occurs; P(A4,,) is
prior probability of event A,; P(B|4,,) is likelihood
function of event A,,.

When the data fusion theory is applied to the research of
structural damage identification, it can be expressed that if
there are n information sources (or 7 evaluation indexes) S,
Ss,.. Sy and m independent identification targets (or m
elements) A, A,,...,A,, are to be identified, then the fol-
lowing conditional probability matrix is obtained for n
evaluation indexes:

P(81|A1) P(Sl|A2) P(51|Am)
P(52|A1) P(32|A2) P(SZ|Am)

(5)

P(SnlAl) P(Sn|A2) P(Snl Am)

Therefore, according to Bayes theorem, the posterior
probability of A; is
_ P(S14)P(4)
1 P(S14;)P(4))
_ P(Sl | Ai)P(Sz|Ai)"'P(Sn|Ai)P(Ai) (6)
7L P(Si14;)P(S, 1 4;) - P(S, 1 4;)P(4;)

i=1,2...,m

2.4. Index Construction of Damage Identification

2.4.1. Basic Indexes of Damage Evaluation

(1) As one of the basic indexes, Modal Strain Energy
Change (MSEC) can be applied for damage locali-
zation [34], which is expressed as

(’:Cij‘ . (7)

i, max

S
™M=

I
—_

MSEC; =

1

where 7 is the modal order involved in calculation;
Cijand C; ,, are the strain energy increment and its

i, max

maximum value, respectively, and the expression is

d u
Cyj = SEj; - SE}; - C;

i, max

ij = = maXC,»j. (8)

(2) As a damage localization parameter, Modal Strain
Energy Ratio Difference (MSERD) [35] can be
expressed as
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1
MSERD; = - A, (9)
n

where I D is the difference of Modal Strain Energy
Ratio (MSER) before and after damage.

ID,; = MSER{; - MSER},,
1
MSE,; (10)

MSER;; = <9
’ Zj:l MSE;;

(3) Cross-model Modal Strain Energy (CMSE) [12]:
U T
CMSEij ={¢z’ HK]'|{¢1‘}>

(11)
d T =
CMSE]; = {9/ }K[{#:}
Therefore, the Rate Change Cross-Model Modal Strain
Energy (RCCMSE) can be expressed as

d u

1 & CMSEY, - CMSE",

RCCMSE; == % L———
j CMSE;;

i=1

(12)

2.4.2. Construction and Normalization of Evaluation Data
Matrix. Assuming that the value of the ith index of the jth
identification object can be denoted as Fj; (j =1, 2,. . .,m;i=1,
2,...,n), then the evaluation data matrix is

Fll F12 Fln

F=| 2 2 (13)

le FmZ an

Since there are order of magnitude differences among
the evaluation index variables, it is impossible to compare
them. Hence, the range standardization method is employed
to normalize all the original data, which makes the processed
index variables comparable. The details are as follows:

F;,—minF;

Fl=—J "1 14
/" max F; — min F, (14)

2.4.3. Characteristic Probability Distribution Function and

Entropy. According to Equations (7), (9) and (12), each

index value corresponding to the j-th element is obtained,

respectively, and then the probability distribution function

P(xj;) corresponding to the j-th element in each index is
calculated:

F'.
P(x;) =<t (i=1,2,3). 15
(x51) ST ( ) (15)

Then, substituting it into equation (3), the entropy value
Hj; can be obtained:

m g F'.
H, =-— 2 ln—2L (16)
=Ly

2.4.4. Comprehensive Entropy Q;. 1f the entropy value of the
ith index is H;, the weight value of the ith index can be
obtained as follows:

w. 1_ZTleji

t
on-3L Z;n:lHji ( ; l >

In multi-index decision problems, the smaller the en-
tropy of an index, the greater its information, the greater its
role in model comprehensive evaluation, and the greater its
weight.

Therefore, the comprehensive entropy Q; of the j-th
element is

Q; =) wFj (18)
i=1

2.4.5. Fusion Entropy Index FE. The fusion entropy index
(FE) assumes that the prior probability of each recognized
target is the same and takes average value, namely,

P(4A)) :% <iP(Aj) = 1>. (19)

i

By substituting equations (16) and (19) into equation (6),
so the FE index value of the j-th element is
P(H,,Hy, - H,|A)P(4;)

FE; = -
7Y P(H\,H,,- - H,|A;)P(A;)

(20)

2.4.6. Entropy Weight Fusion Index EWF. The entropy
weight fusion (EWF) means taking comprehensive entropy
Q; as the prior probability of each identification target,
namely,
Q.
P(A)) = =i (21)
e

The EWF can be constructed by substituting equations
(16) and (21) into equation (6), so the index of the j-th
element is calculated as follows:

EWF; = P(AjlH,,H,,---H,,)

_ P(HyHye-HJA)P(4) (22)
Z;’n:l P(HI’HZ""HAAJ)P(AJ').

The FE index and EWF index constructed will be used to
identify the structural damage and we can compare and
analyze them.



3. Damage Identification of Simply
Supported Beams

3.1. Finite Element Model. The model of a simply supported
beam is established with ANSYS 19.2. The beam length is
6.00m, the cross-section size is 0.20mx0.12m
(width x height), the elastic modulus E is 30 GPa, Poisson’s
ratio e=0.17, density p =2500kg/m’, and BEAM18$ is se-
lected as the element. The whole beam structure is divided
into 25 elements and 26 nodes, as shown in Figure 1.

The structural stiffness is declined by reducing element
elastic modulus E, to simulate structure damage. Damage
cases are established, as shown in Table 1.

3.2. Modal Analysis. Table 2 shows frequency data of the first
three orders under some cases. It can be seen that, with
increasing damage degree of simply supported beam, period
gradually increases, and frequency gradually decreases.
Figure 2 is nephogram of simply supported beams of the first
three orders under nondamage case.

3.3. Damage Location Identification. Figures 3-5 demon-
strate the damage location identification results of FE index
and EWF index under various cases.

3.3.1. Single Damage. As shown in Figure 3, when the
structure is damaged at a single point with different degrees,
large peaks will occur at damage points no matter FE and
EWF indexes, which can accurately determine the damage
location. Comparing Figures 3(a) and 3(b), it can be found
that peak values of EWF index are larger at damaged ele-
ment, which indicates that it is more sensitive to damage. As
damage degree goes up, the peak values of FE index and
EWF index at the damage location will not change too much,
implying that the peak values cannot directly reflect damage
degree of structure.

3.3.2. Double Damage. Figure 4 shows that when there are
two damage cases, both indexes can accurately locate
damage. When damage of different degrees occurs at dif-
ferent locations of structure (black), peak value of the index
will be large at the location with large damage degree. When
damage with the same degree occurs in different locations
(red), peak value near the mid-span is larger. When damage
degrees of element 12 and element 18 rise to the same degree,
from Case 8 to Case 9 (blue to green), peak value at damage
location does not change much.

3.3.3. Multiple Damage. It can be seen from Figure 5 that
when there is multiple damage, peaks appear at the damage
locations, and the peak value is related to location of the
damage element and the damage degree. The closer to the
support, the lower the damage sensitivity, and the lower the
peak value of the index, which is inconsistent with the
relative value of the actual damage degree between damage
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FIGURE 1: Model of simple-supported beam.

TaBLE 1: Damage cases of simple-supported beam.

Damage case Damage element no. Damage degree %

C1~C5 6 10, 15, 20, 25, 30
C6 15, 10
C7 39 15, 15
C8 15, 20
C9 12,18 20, 25
C10 20, 25, 30
Cl1 25, 30, 20
C12 3,12,18 30, 20, 25
C13 15, 15, 15
Cl4 35, 35, 35
TaBLE 2: Frequency of some cases.
rd
Frequency 1 order mode 2" order mode > order
mode
Undamaged case 5.2425 21.048 47.652
Case 1 5.2330 20.959 47.493
Case 2 5.2275 20.907 47.402

Case 3 5.2213 20.849 47.302

elements, which further proves that there is no direct cor-
relation between peak value and damage degree.

To sum up, both FE and EWF indexes can identify
structural damage points but cannot reflect damage degree,
and EWF index is more sensitive to damage.

3.4. Damage Degree Identification. In the study of structural
damage degree identification, common damage degree
calculation methods include the following: using crack width
to express damage degree of structure [36], judging damage
degree of structure by the maximum of real part of wavelet
coefficient [37], calculating damage degree by sparse
Bayesian algorithm [38], predicting damage degree of
structure damage by BP neural network [39], and fitting
damage degree identification equation by polynomial.
Among them, polynomial fitting method is simple in pro-
cess, easy to obtain damage degree identification curve, and
high in identification accuracy. Chang-Sheng et al. [26] fitted
the relationship between the proposed index and the damage
degree by polynomial fitting method, to further judge the
damage degree at the damage location, and the error is kept
at about 10%.

This paper adopts polynomial fitting method to identify
the damage degree of element under single-point damage
and multipoint damage cases. By using MATLAB to cal-
culate the peak value of FE index and EWF index at the
damage location, and combining with corresponding rela-
tionship between actual damage degree, polynomial fitting
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FIGURE 2: Modal shape cloud diagram of nondamage case.
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FIGURE 4: Two damage identification results. (a) FE. (b) EWF.
method is used to fit the damage degree identification curves , Y (- 7)2 -3 (G- 7)2
. . i=1 Vi i=z1 Ui
in MATLAB, respectively. R = , (23)

The damage degree is calculated with the fitted
polynomial and is compared with the actual damage
degree. Sum of squared error (SSE) and determination
coefficient (R?) are used as the evaluation criteria of fitting
curve accuracy. The smaller the SSE, the stronger the
correlation between fitting data and fitting function. The
closer R* is to 1, the better the fitting effect is. The normal
range of R?is [0, 1].

Y (- 7)2

where y is the true value, ¥ is the average value, and  is the
estimated value.

3.4.1. Single Damage. Cases 1~5, respectively, represent
different damage cases of Element 6. The peak values of FE
index and EWF index of Element 6 under each case are
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(b)

FIGURE 5: Multiple damage identification results. (a) FE. (b) EWF.

obtained by calculation (seen Table 3). According to the
corresponding relationship between peak value and damage
degree in Table 3, two relationship curves are fitted, cor-
responding to two polynomials y(xr) and y(xg), and the
degree of polynomial is 3. The expression is as follows:

y(xp) = 2.968¢ — 04x” — 1.523¢ — 04x”
+6.584¢ — 05x + 3.734e — 05,

(24)

y(xg) = 1.702¢ — 05x° — 7.567¢ — 06x” + 5.379%

(25)
- 06x + 4.224e - 06.

Sum of squares of errors SSE and determination coef-
ficient R*:

SSEy = 1.622¢ — 15R}, = 0.992, 06
26
SSEj; = 4.737¢ — 18R}, = 0.998.

From R, it can be seen that the R* of FE index and EWF
index is greater than 0.8, and the fitting effect is good. From
SSE, it can be seen that the SSE value of EWF index is smaller,
so the fitting effect of EWF index is better theoretically.

When the damage of Element 6 is 22%, 35%, and 40%,
the peak values of FE index and EWF index are brought into
their respective fitting functions for validity verification and
comparative analysis, and the results are shown in Table 4.
Among them, the effectiveness evaluation index adopts
relative percentage error RPE.

RPE = ly. =3 x 100%. (27)
Vi

It can be seen from Table 4 that the identification errors
of damage degree obtained by fitting function of FE index
and EWF index are less than 5%, which shows that the two
fitting functions (24) and (25) are effective, and the RPE of
EWF fitting function is smaller, and the fitting damage
degree is closer to real damage degree, and the fitting effect is
better, which is consistent with theoretical analysis results.

Figure 6 shows the fitting curve of structural damage degree,
only considering damage less than 50%, and the FE and EWF
fitting curves approximate linear growth pattern in the range of

TaBLE 3: Peaks of FE and EWF of single damage.

Damage element Damage degree % FE (e-05) EWF (e-06)
10 4.26915 4.70279
15 4.48086 4,91890

6 20 4.67598 5.13157
25 4.89362 5.36267
30 5.13919 5.61586

0~20% damage degree, which indicates that the structural
damage is in the initial development stage. When damage
degree is greater than 20%, slope of fitting curve increases
rapidly, damage degree and fitting value change nonlinearly,
and the structure is in the elastic-plastic change stage.

3.4.2. Multiple Damage. When multiple damage occurs in
the structure, the calculation cases of damage degree are
shown in Table 5. The peak values of FE index and EWF
index of damage location are shown in Table 6. According to
the corresponding relationship between damage degree and
peak value in Table 6, three relationship curves are fitted for
each of two indexes, as shown in equations (27)~(32).

The SSE of EWF index is smaller in the fitting curve of
each element under multipoint damage, meaning that the
fitting effect is better.

The peak values of FE index and EWF index in cases 17,
19, and 22 are compared with the damage degree obtained by
polynomial fitting, and the results are shown in Table 7. The
damage degree RPE calculated by polynomial fitting is less
than 1%, and the RPE of EWF index is smaller in most cases,
implying that the fitting equation of damage degree is also
effective and highly accurate under multiple damage cases.

(1) Fitting function of element 3:
¥ (xp3) = 2.268e — 06x” + 1.584¢ — 05x” + 4.382¢
— 06x + 2.549% — 05,

(28)

¥ (xp3) = 7.163e — 07x3 + 1.319¢ — 06x2

(29)
+4.406e — 07x + 1.967¢ — 06.

SSEps =2.599¢ — 14 Ry, =0.991
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TaBLE 4: Validation of single damage fitting function.

Damage element no. Damage degree % FE (e-05) EWF (e-06) yr (e-05) vy (e-06) RPE (FE) % RPE (EWF) %
22 4.75 5.22 47614 5.2224 0.24 0.05
6 35 5.41 5.89 5.4453 5.9094 0.65 0.32
40 5.70 6.18 5.8303 6.2542 2.23 1.19
7.5E-06
7.0E-05 .
A
6.5E-05 - / 7-0E-06 1 /
u A
6005 | / 6.5E-06 /
| | A
= 5.5E-05 _/ L§ 6.0E-06 - //
e =
5.0E-05 - e 5.58-06 - A
./ /
4.5E-05 - - 5.0E-06 - A
/ ./ / /
4.0E-05 4.5E-06 A
0.0 0.1 0.2 0.3 0.4 0.5 0.0 0.1 0.2 0.3 0.4 0.5

-=- Fitting Curve of Damage Degree of No.6

Damage Degree Damage Degree

—— Fitting Curve of Damage Degree of No.6
(a) (b)

FIGURE 6: Fitting curve of single damage degree of simply supported beam.

TaBLE 5: Multiple damage fitting conditions.

Damage case

Damage element no. Damage degree %

5,55
10, 10, 10
13, 13, 13
C15~C20 3,12, 18 20, 20, 20
22, 22,22
25, 25, 25
30, 30, 30
38, 38, 38
C21~C25 3,12, 18 40, 40, 40
45, 45, 45
50, 50, 50
TaBLE 6: Peak values of FE and EWF for multiple damage.
0.05 0.1 0.20 0.25 0.30 0.40 0.45 0.50
Damage element No.
FE EWF FE EWF FE EWF FE EWF FE EWF FE EWF FE EWF FE EWF
3 258 200 260 201 270 211 276 217 283 224 299 240 3.09 250 320 261
12 405 375 405 375 415 385 420 390 426 397 439 411 446 419 455 4.28
18 363 321 362 320 373 332 378 337 385 344 398 358 407 3.68 416 3.78




SSEg; =2.253e— 16 R%, =0.994
(2) Fitting function of element 12:

¥ (xp12) = —1.69¢ — 05x° + 2.698e

5 (30)
—05x” + 8.905¢ — 07x + 4.034¢ — 05,
y(xg1) = —1.373e — 06x° + 2.564¢ G31)
— 06x° + 1.679% — 07x + 3.72¢ — 06.
SSEp1=6.113¢— 14 R%,, =0.997
SSEg1,=5.403e - 16 Rf,;, =0.998
(3) Fitting function of element 18
y(xpg) = —1.099 — 05x° + 2.371e )
32
—05x” +2.031e — 06x + 3.599% — 05,
Xp1g) = —6.807e — 07x” + 2.195¢
¥ (%Xp1s) (33)

—06x” + 2.635¢ — 07x + 3.18¢ — 06.

SSEp1g=6.744e — 14 R%,, =0.996
SSEg15=6.242¢ — 16 R%,4 =0.998.

The fitting curve of damage degree is shown in Fig-
ure 7. Comparative analysis shows that change trend of
three fitting curves in two charts is similar. Before 15%
damage, the three curves all change linearly, when damage
degree is 15%~20%, slopes of curves begin to increase
gradually, and when damage degree is greater than 20%,
slope of three fitting curves increases obviously, which is
consistent with change trend of FE and EWF index peaks
in Table 6. Comparing the fitting curves of different el-
ements in the figure, it can be seen that, under the same
damage degree, the function curve of Element 12 near the
mid-span is at the top, followed by Element 18 near 3/4
location, and the function curve of Element 3 near 1/8
location at the bottom, indicating that, under the same
damage, the closer to the mid-span, the greater the values
of FE index and EWF index. It can be seen from Figure 7
that the relative size of damage degree at different loca-
tions cannot be directly compared from ordinate value of
the graph.

3.5. Noise Immunity Analysis. Ambient noise often exists
in the measured signals [40]. Noise will exert a great
impact on the identification ability and accuracy of in-
dexes, so it is particularly important to analyze the an-
tinoise performance of indexes in structural damage
identification.

Currently, there are two methods to add noise in anti-
noise analysis [41]: one is to add noise to the simulated
vibration signal and express noise level by signal-to-noise
ratio; the other is to add noise to modal parameters obtained
during modal analysis. The indexes FE and EWF proposed in
this paper are calculated from modal parameters, so the
noise is added to modal parameters.

Noise is added as follows:

Mathematical Problems in Engineering

¢l”] = ¢ + Pmax,i X randn x 8, (34)

where ¢;; and ¢}, represent mode vectors before and after
noise addition; ¢, ; is the maximum value of the ith order
mode shape; randn represents Gaussian white noise with
mean value and standard deviation of 0 and 1, respectively; &
represents the noise level in the mode.

In this paper, the index antinoise ability is mainly con-
sidered when there is multiple damage, so cases 10~12 are
selected for index antinoise analysis, and 0.1 and 0.15 are
taken for § to indicate that 10% and 15% noise levels are
added. The identification results are shown in Figures 8 and 9.

It can be seen from Figures 8 and 9 that the peaks of FE
index and EWF index are obvious at damage points, which
can be accurately searched. With noise level rises, the peak
value of damage point is still relatively large, which shows
that FE index and EWF index have strong antinoise ability.
Compared with (a) and (b), the peak value of EWF index is
higher at the damaged location and the curve of undamaged
location is smoother, which means that the EWF index has
stronger antinoise ability and better robustness.

4. Damage Identification of Truss Structure

4.1. Finite Element Model. It is known that the damage
identification method combining information entropy and
data fusion has been well applied in simply supported beam
bridge model, but feasibility of this method has yet to be
verified for complex structure. Therefore, this paper selects
truss structure as the research object to verify effectiveness of
the proposed method.

A steel truss structure model is constructed by finite
element software, which is composed of upper chord, lower
chord, and web member, as shown in Figure 10. The whole
structure is divided into six sections, each with a width of
10 meters and a height of 16 meters. The bar materials are
I-beam with a specification of 0.4 x 0.4 x 0.016 x 0.016. The
elastic modulus E of I-beam is 210 GPa, Poisson’s ratio
£=0.3, and density p=7850kg/m3. There are 54 beams in
the whole structure, so it is divided into 54 elements.
BEAM188 model is adopted, and the constraint form is
shown in Figure 10, with one end being fixed constraint and
the other end being sliding constraint.

The damage of truss is mainly divided into upper chord
damage, lower chord damage, and web member damage.
Thus, damage cases shown in Table 8 are established, and the
number of each member is shown in Figure 10(b). Figure 11
is the nephogram of the first three modes of truss structure
in healthy state.

4.2. Damage Location Identification

4.2.1. Identification Results of Upper and Lower Chords.
The upper chord identification results are shown in Fig-
ure 12, and the damage case is set at Element 45. It can be
seen from the figure that FE index and EWF index both show
peak value in Element 45, which can locate the damage.
However, locations of some healthy elements will also
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TaBLE 7: Validation of multiple damage fitting functions.

Damage degree % Damage element FE (e-05) EWF (e-06) YF (e-05) YE (e-06) RPE (FF) % RPE (EWF) %
3 2.6342 2.0483 2.6332 2.0481 0.04 0.01
13 12 4.0809 3.7859 4.0875 3.7821 0.16 0.10
18 3.6665 3.2500 3.6631 3.2499 0.09 0.01
3 2.7254 2.1357 2.7245 2.1354 0.03 0.01
22 12 4.1692 3.8713 4.1662 3.8664 0.07 0.13
18 3.7499 3.3368 3.7467 3.3370 0.08 0.01
3 2.9661 2.3700 2.9567 2.3642 0.32 0.25
38 12 4.3628 4.0788 4.3647 4.0787 0.19 0.01
18 3.9672 3.5556 3.9583 3.5597 0.22 0.11
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FiGure 7: Fitting curve of multiple damage levels.
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FI1GURE 8: 10% noise level indicator recognition results.
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Element No.
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FIGURE 9: 15% noise level indicator recognition results.

()

Ficure 10: Finite element model of truss structure.

TaBLE 8: Damage cases of truss structure.

Damage case

Damage element no.

Damage Degree (%)

C26-C32
C33-C38
C39-C41

45 (upper chord)
4 (lower chord)
47 (web member)

5, 10, 15, 20, 25, 30, 35
5, 10, 20, 25, 30, 35
15, 25, 30

change suddenly, such as Element 48 and Element 50. The
analysis shows that this is because Element 48 and Element
50 are in the same node with the damaged element, and the

! ANSYS| 1 ANSYS | ANSYS
NODAL SOLUTION R19.2 NODAL SOLUTION R19.2 NODAL SOLUTION R19.2
STEP=1 STEP=1 STEP=1
SUB =1 SUB = SUB =3
FREQ=.674388 FREQ=1.6561 FREQ=2.2103
USUM  (AVG) USUM  (AVG) USUM  (AVG)

RSYS=0 RSYS=0 RSYS=0
DMX =1.002 DMX =1.00798 DMX =1.02208
SMN =.779E-04 SMN =.675E-04 SMN =.110E-03
SMX =1.002 SMX =1.00798 SMX =1.02208 7
| . N NS = h
779E-04 222728 445378 668027 890677 675E-04 224048 448029 67201 895991 .110E-03 227214 454319 681423 908528
111403 334053 556703 779352 1.002 112058 336039 56002 784 1.00798 113662 340766 567871 794975 1.02208
(a) (b) (©

FIGURE 11: Mode cloud diagram of truss structure in nondestructive case.

damaged element will have an impact on health elements in
the same node through connection between the nodes, and
the impact will change with location. Compared with
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FIGURE 12: Recognition result of upper chord.

Figures 12(a) and 12(b), it can be seen that the peak value of
EWF index at damage location is larger, and the interference
in health elements is smaller, so the damage localization
result is more reliable.

Figure 13 demonstrates identification results of the lower
chord, and the damage of Element 4 is set. It can be seen from
the figure that both FE index and EWF index have large peaks
at damage location, and the mutation degree of the joint
element with Element 4 and other health elements is small,
which can accurately identify the damage position, and the
damage localization accuracy of EWF index is higher.

Compared with Figures 12 and 13, it can be seen that
damage of the upper chord has a greater impact on the whole
structure than damage of the lower chord. With improve-
ment of damage degree, values of EWF index and FE index
will not change too much.

4.2.2. Web Member Identification Results. Figure 14 shows
identification results of web member, and the damage loca-
tion is at Element 47. It can be seen from the figure that there
are peaks in both indexes at damaged position, and peak value
of EWF index is larger. However, because there are as many as
10 rods at the same node with Element 47, including upper
and lower chords and web member, there will be more
mutations at undamaged points, and the degree of mutations
varies with different locations. As damage degree increases,
the degree and probability of mutation of health elements
increase, and elements show irregular changes, which easily
interfere with judgment of damage position and can not
accurately distinguish the damaged elements but can only be
estimated by the relative size of ordinate values.

To sum up, FE index and EWF index can play a better role
in damage localization when the upper chord and lower chord
of truss structure are damaged. However, in damage identi-
fication of web members, its damage localization ability is poor.

4.3. Damage Degree Identification

4.3.1. Identification of Upper Chord Damage Degree.
When the upper chord of truss structure is damaged, such as
cases C26~C32, the peak value of FE index and EWF index

corresponding to each condition is shown in Table 9.
According to the corresponding relationship between the
peak value and the damage degree, two polynomials are
fitted, and the degree of polynomials is 3, and the damage
degree function of No. 45 upper chord can be obtained, as
shown in formulae (35) and (36):

y(x5) = —4.158¢ — 05x” + 5.302¢ — 05x

(35)
+5.979e06x + 4.281e — 05,
y(xg) = —3.234e — 06x° + 4.8¢ — 06x (36)
+6.819¢ — 07x + 3.254e — 06.
Sum of squared errors:
SSEj, = 2.03e — 17SSE;; = 5.721e — 20. (37)

When the damage of No.48 rod is 20% and 35%, the peak
values of FE index and EWF index are taken to verify the
effectiveness of equations (35) and (36), and the results are
shown in Table 10.

It can be seen from Table 10 that the fitting results of the
two indexes are close to the calculation results, and the RPE
is very small and can be ignored, indicating that the two
fitting polynomials are effective and reliable.

The fitting curve of upper chord damage degree is
shown in Figure 15. It can be seen that as the damage degree
improves, the FE value and EWF value of damage element
also rise. When the damage degree is greater than 10%, the
slope of the two curves changes obviously, and the damage
curve increases nonlinearly, indicating that the upper
chord may enter the stage of instability development at this
time.

4.3.2. Identification of Lower Chord Damage Degree.
When the lower chord is damaged, the peak value of FE
index and EWF index corresponding to each case is shown
in Table 11. According to the relationship between the
damage degree and the peak value, two curves corre-
sponding to two polynomials are obtained, as shown in
equations (38) and (39):
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FIGURE 14: Results of web rod recognition.

TaBLE 9: FE value and EWF value of different damage of upper chord.

Damage element Damage degree% FE (e-05) EWF (e-06)
5 3.06006 2.13162
10 3.07368 2.14795
48 15 3.09163 2.16822
25 3.13355 2.21615
30 3.15751 2.24344
TaBLE 10: Verification of the validity of the upper chord damage fitting function.
Fitted
Damage element Damage degree % Indexes Calculated value value RPE %
20 FE (e-05) 3.11136 3.11149 0.004
48 EWF (e-06) 2.19089 2.19097 0.003
35 FE (e-05) 3.18377 3.18214 0.051
EWF (e-06) 2.27327 2.27201 0.056




Mathematical Problems in Engineering 13
Va 2.4E-06 ~
3.2E-05 - y
- A
" 2.3E-06 - A7
/ /
|| A
3.2E-05 - y4 Y
o 2.3E-06 - A
m " 2% 4
m 31E-05 1 e = 2.2E-06 - Na
M = /
|
/./
3.1E-05 - u 2.2E-06
o ol
= 2.1E-06 - A
3.0E-05 ® : At
A/A
0.0 01 02 03 0.4 05 21506 ' ' ' ' '
’ ' ’ ' ’ ' 0.0 0.1 0.2 0.3 0.4 0.5
Damage Degree Damage Degree
—=— Element No.48 —4— Element No.48
() (b)
Ficure 15: Fitting curve of upper chord damage degree.
TaBLE 11: FE value and EWF value of different damage of lower chord.
Damage element Damage degree % FE (e-05) EWF (e-06)
5 4.32419 3.30033
10 4.38968 3.36715
4 25 4.69815 3.67517
30 4.82460 3.80285
35 4.96222 3.84279

y(x5) = —4.158¢ — 05x” + 5.302¢ — 05x

(38)
+5.979e06x + 4.281e - 05,
y(xg) = —3.234¢ — 06x° + 4.8¢ — 06x (39)
+6.819¢ — 07x + 3.254e — 06.
Sum of squared errors:
SSE = 2.03e — 17SSE;, = 1.533¢ — 18. (40)

When the damage of Element 4 is 20%, the calculated
values and fitting values of FE index and EWF index are
taken to verify the effectiveness of equations (38) and (39),
and the results are shown in Table 12.

It can be seen from Table 12 that the RPE of the two fitting
polynomials is equal and kept within 1%, implying that the
fitting polynomial is effective. Compared with the fitting
function of the upper chord, the RPE of the lower chord in-
creases obviously when the polynomial takes the same degree.

The fitting curve of the damage degree of lower chord is
shown in Figure 16. It can be seen from the figure that, with
the increase of damage degree, FE value and EWF value also
increase. Compared with Figure 15, it is found that the
change trend of damage degree curve of lower chord is close
to that of the upper chord.

4.4. Noise Immunity Analysis. It is known that FE index and
EWF index have better identification ability in damage
identification of upper chord and lower chord of truss
structure. Then, 10% and 15% noises are added to the vi-
bration mode data obtained by simulation of upper chord
and lower chord, respectively, to analyze the antinoise
performance.

The noise addition mode is the same as that of the simply
supported beam. Three conditions of upper chord in Table 8
are selected for analysis, and the identification results are
shown in Figures 17 and 18.

4.4.1. Identification Results of Upper Chord. Figure 17 shows
the upper chord identification results. It can be seen from
figures (a) and (b) that when the noise level is 10%, FE index
and EWF index will peak at the damage location, and the
greater the damage degree, the greater the peak. The smaller
the damage degree, the smaller the peak value, the greater the
mutation probability of health elements, and the greater the
interference to the judgment of damage location, as shown
in the C27 identification curve (black) in the figure, which is
prone to misjudgment.

When noise level increases to 15%, as shown in figures
(c) and (d), the number and degree of mutation in health
elements increase, and the peak value of damage position
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TaBLE 12: Validity verification of damage fitting function of lower chord.

Damage element Damage degree % Indexes Calculated value Fitted value RPE %
4 20 FE (e-05) 4.58659 4.57940 0.16
EWEF(e-06) 3.56229 3.55651 0.16
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FIGURE 16: Fitting curve of damage degree of lower chord.

decreases. For minor damage, such as C27, both FE index
and EWF index fail to identify the damage position.

Comparing identification results of two indexes, it can be
seen that the peak value of EWF index is larger, damage
probability of health elements is smaller, and antinoise
ability is better.

4.4.2. Identification Results of Lower Chord. Figure 18
demonstrates the damage identification results of lower
chord. When the noise level is 10%, the damage location can
be identified by FE and EWF indexes, and the interference of
health elements is small. With the increase of noise level to
15%, the probability of mutation of health elements in-
creases, and when damage is small (black curve), both in-
dexes are prone to misjudgment. It can be seen from the
figure that the identification ability of EWF is still better in
damage identification of lower chord.

Compared with Figures 17 and 18, it can be seen that the
antinoise performance of FE index and EWF index is dif-
ferent when the damage degree of upper and lower chords is
the same, and the damage location of lower chords is easier
to identify.

5. Experimental Verification

5.1. Experiment Overview. In order to further verify effec-
tiveness of two indexes, a simply supported beam test is
conducted for verification and analysis, which is shown in
Figure 19. The test model is a rectangular steel plate beam,
section size is 100 mm x 8 mm (width x height), beam length
is 2000 mm, the calculated span is 1750 mm, the elastic

modulus is E =2.0795 x 108 kN/m? and the density of
material p = 7698 kg/m°.

The simply supported steel beam is divided into 35 el-
ements and 36 joints within the calculated span length range.
Acceleration sensors are installed at the nodes of elements to
obtain acceleration information of structure. The experi-
ment is carried out by single-point excitation and multipoint
acceleration acquisition. The information acquisition system
is INV-9812, and the signal analysis system is DASP2003.

Six signal sensors are selected to obtain the acceleration
signal of structure, among which five sensors are set as a
working group, distance between sensors is 5cm, and
remaining sensor serves as a control group. Based on control
group, the relative value of working group data is calculated.
The data collected on-site is shown in Figure 20.

5.2. Damage Simulation and Parameter Acquisition. The
damage simulation in this test is realized by cutting the steel
beam symmetrically. The damage conditions and actual notch
forms of the steel beam are shown in Figure 21, the cutting
width is 10 mm, and the damage location is shown in Table 13.

The stochastic subspace method is adopted to calculate
modal frequency and mode shape data of structure. The
obtained acceleration-time curve is processed by fast Fourier
transform, and the corresponding spectrum curve of each
condition is obtained, as shown in Figure 22.

5.3. Damage Location Identification. The modal data of the
first three orders of structure measured by the test are
processed, and the FE index and EWF index values under
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FI1GURE 18: Recognition result of lower chord.

FIGURE 20: Data acquisition of simply supported beam.

each damage case are calculated by MATLAB software
programming for damage identification analysis. The
identification results are shown in Figure 23.

It can be seen from Figure 23 that although the test
process will be affected by environmental noise, measure-
ment error, human operation, and other factors, resulting in

deviation of the measured vibration mode data of structure,
FE index and EWF index can still accurately identify the
damage location of simply supported beams.

It can be seen from Figure (a) that when the single-point
damage of the test beam occurs, both the FE index and the
EWF index show peaks at damaged position, and the peak
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FIGURE 21: Damage form of steel beam. (a) Steel beam damage case. (b) Steel beam notch form.

TaBLE 13: Damage condition of steel beam test.

Damage form Damage position and cutting depth Damage degree %

1 No damage

2 300 mm cut 25 mm 50
500 mm cut 20 mm 40
1250 mm cut 25 mm 50

450 mm cut 20 mm 40
4 875 mm cut 20 mm 40
1300 mm cut 20 mm 40
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FIGURE 23: Damage identification results of forms 2, 3, and 4.

value is significantly higher than that of undamaged element.
This shows that FE index and EWF index can accurately
identify the preset single-point damage location.

It can be seen from Figure (b) that when there are two
damage cases in the test beam, the FE index and the EWF
index can also accurately identify the structural damage
location. Comparing the peak value of the index at different
damage locations, it can be seen that the location with the
greater the damage degree has a higher peak value of the
index and is easier to identify.

It can be seen from Figure (c) that when the structure is
damaged at multiple points, the FE index and EWF index
can still identify the damage location, but there is a more
obvious mutation near the nondamaged position in the mid-
span, as shown in the figure, and there is a mutation in
Element 19, which interferes to a certain extent with the
accurate judgment of the location of multipoint damage to
structure. It can be seen from the figure that when the same
degree of damage occurs in different positions of structure,
the closer to the mid-span position, the stronger the sen-
sitivity of the index, and the easier it is to be identified.

Comparing two-color histograms in the chart, it is
found that peak values of EWF index (red) are obviously
higher than those of FE index (blue). EWF values of
mutation of undamaged points are smaller, meaning that
EWF index has better antinoise ability and higher damage
localization accuracy, which is consistent with simulation
conclusion.

6. Conclusions

Based on the theory of modal strain energy, this paper
adopts modal strain energy change (MSEC), modal strain
energy ratio difference (MSERD), and cross-model modal
strain energy change rate (RCMSEAM) as basic indexes to
construct the fusion entropy (FE) index and entropy weight
fusion (EWF) index by combining information entropy
theory and Bayesian data fusion theory. The simulation
examples of simply supported beam and truss structure are
established, and damage localization, quantitative, and index
antinoise analysis are carried out, respectively. Finally, the

simply supported beam test is conducted to verify the results,
and the following conclusions are drawn:

(1) In damage location analysis of simply supported
beam, both FE index and EWF index can accurately
identify the damage location. In truss structure,
when the upper chord and the lower chord of truss
structure are damaged, both indexes can effectively
identify the damage location, while for web member
damage, localization ability of the index needs to be
improved. The effectiveness of FE index and EWF
index in damage localization ability of actual
structure is verified by simply supported beam test.

(2) In the analysis of damage degree, the damage degree
functions of FE index and EWF index in simply
supported beam and truss structure are obtained by
polynomial fitting method. The RPE of the func-
tional equation is kept within 2%, which is closer to
the real damage than the literature [26], indicating
that this method can effectively reflect the damage
degree of the structure.

(3) In the antinoise analysis, FE index and EWF index
can accurately identify the structural damage loca-
tion under 10% noise, 15% noise, and test envi-
ronment, showing good noise immunity and
robustness.

(4) By comparison, EWF index is superior to FE index in
damage localization, quantification, and antinoise
analysis and can be preferred in practical operation.
However, these two methods need to be further
verified by field tests.
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