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Abstracts: In order to solve the problem of structure damage location and degree identification, the weighted
mean of vectors algorithm (INFO), a high-performance optimization one, was first introduced to identify
structure damage. The genetic algorithm (GA) are improved to obtain a refined genetic algorithm (RGA). An
objective function is constructed by combining the dynamic response transfer-ratio without modal analysis.
INFO and RGA algorithms are used to optimize the objective function for damage identification. Though
simulations, the INFO, RGA, GA algorithms were used to identify the damage on a simply supported beam
and cantilevered plate with different levels of noise and different frequency spacing of pickup points. The
simulations verify the effectiveness of the three damage identification methods, and the INFO algorithm has
the highest damage identification accuracy, the RGA is second and the GA is the worst.

Keywords: damage identification; RGA; INFO algorithm; dynamic response transfer-ratio

1. Introduction

As more and more large-scale space engineering structures are put into use, it has become a hot
topic for engineers and scholars in various countries to establish a matching structural health
monitoring system for all-around safety assurance, and one of the most important aspects is how to
effectively identify the damage of space structures, including damage localization and quantitative
analysis of the damage degree.

Damage identification based on the difference in the dynamic properties of the structure before
and after damage has been a hotspot of concern in the engineering community. This type of strategy
determines the location and extent of damage by evaluating the correlation of the dynamic
parameters of the healthy and damaged structure, which is essentially an inverse problem, and the
finite element model updating technique is often applied to solve this type of inverse problem.

Damage identification methods based on finite element model updating can transform the
damage identification problem into a constrained optimization problem, which generally starts with
the establishment of an objective function for evaluating the structural relevance of health and
damage, and is subsequently solved using an optimization algorithm to find an optimal solution.
However, traditional optimization algorithms, such as the most rapid descent method and the
conjugate gradient method, are not only slow to converge but also prone to fall into local optimum.
Therefore, developing or searching for more powerful optimization algorithms for damage
identification is of great significance for the development of this field.

With the rapid development of intelligent optimization algorithms in recent times, more and
more scientists have studied this in depth and used it to solve optimization problems in damage
identification. Qian C Y et al [1] utilized an improved cuckoo algorithm combining frequency and
vibration factors for damage identification of Benchmark frames with significant results. Vaez SR H
et al [2] proposed a hybrid genetic and particle swarm algorithm for damage identification of
damaged thin plate models and achieved good results. Wan Z H et al [3] proposed a two-stage
damage identification method based on augmented whale algorithm to successfully identify multiple
damages in simply supported beams with thin plates. Mohan S C et al [4] successfully localized and
quantified the damage on beams and planar frames using damage detection technique based on
frequency response function and particle swarm algorithm. Miguel L F F et al [5] proposed a hybrid
stochastic/deterministic optimization algorithm for damage identification, which is more accurate
and efficient in identifying damages when compared to genetic, harmonic and particle swarm
algorithms. Ding Z H et al [6] proposed a damage identification method based on artificial bee colony
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algorithm with hybrid search strategy and modal data and successfully identified the damage on
truss model and plate model. Pan C D et al [7] proposed a damage identification method based on
hybrid adaptive firefly algorithm and verified the validity of the proposed method by two-story rigid
frame structure and beam model. Chen Z P et al [8] embedded the Nelder-Mead algorithm into a
particle swarm algorithm to obtain a hybrid particle swarm algorithm and used it for damage
identification, and verified the effectiveness and superiority of the method through numerical
simulation of simply supported beams as well as experiments on rectangular cross-section steel
beams. Ding Z et al [9] proposed a damage identification method based on sparse regularization,
Bayesian inference of improved objective function and improved Jaya algorithm, and verified the
feasibility of the method through truss structure simulation and reinforced concrete bridge
experiment. Guilherme F G et al [10] proposed an optimization algorithm based on sunflower motion
and successfully identified the damage in composite laminates by this algorithm. Alkayem N F et al
[11] proposed a damage identification method based on social swarm algorithm, modal strain energy,
and modal vibrational curvature and verified the effectiveness of the method by numerical
simulation. Huang M S et al [12] proposed a damage identification method based on modal frequency
strain energy assurance criterion, modal flexibility and enhanced moth flame optimization algorithm
and verified the effectiveness of the method by simply supported beams and triple shear frames
experiments. Minh H L et al [13] proposed an augmented particle swarm algorithm for solving the
damage identification problem and successfully applied the method to the damage identification of
power transmission towers. Li X L et al [14] proposed a multi-component particle swarm algorithm
with cooperative learning for damage identification, which fuses four particle swarm algorithm
variants to build a pool of strategies, and the numerical simulation results show that the algorithm
possesses higher accuracy for damage identification compared to a single variant and other
algorithms. Zhang G C et al [15] proposed a new hybrid algorithm based on Jaya and differential
evolutionary algorithm, and at the same time, established the objective function through the adjacent
acceleration correlation function to identify the damage of cantilever beams and other models, and
the results show that the method has high accuracy and computational efficiency. Li Y F et al [16]
proposed a hybrid K-clustering mean optimization algorithm and used it for the identification of
damage of small experimental dams, and the results show that this algorithm has high accuracy and
computational efficiency for the identification of large and complex structures. The results show that
the algorithm has high identification accuracy and computational efficiency, and has high potential
for identifying the damage of large and complex structures. Thanh S T et al [17] proposed the goby
joint search algorithm and used it for damage identification of Guangzhou Tower, the results show
that this algorithm has higher damage identification accuracy compared to GAs, genetic particle
swarm hybrid algorithms and so on. Muhammad I S et al [18] proposed a damage identification
method based on hybrid YUKI-ANN algorithm with modal strain energy change ratio and
successfully applied it for damage identification in plywood.

In this paper, the improved non-uniform mutation approach, improved mutation rate and
crossover rate variation approach are added to the GA [19] to obtain the RGA and a high-performance
optimization algorithm —INFO [20] is introduced. Next, an objective function based on the dynamic
response transfer-ratio is established, which balances the sensitivity of each part of the function to
damage by weighting factors calculated from the damage classification. Finally, taking simply
supported beam and cantilever plate as objects, GA, RGA and INFO are utilized to identify a variety
of damage cases under different levels of noises and different frequency spacing of pickup points, to
verify the effectiveness of the methods and compare the damage identification effect of the
algorithms.

2. Genetic Algorithm Refinement

The GA has strong global search performance, high efficiency and robustness, but subsequent
studies have also shown that the GA performs poorly in local search ability, and the algorithm itself
is prone to immature, slow convergence and degradation and other problems. To address these
problems, this paper improves the mutation operator, crossover and mutation rate. The operations
of the RGA are as follows (Figurel depicts the flow of the RGA).
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Figure 1. Flow of the RGA.

(1) Selection and crossover

The selection operation in the paper adopts the roulette wheel approach, while adding the elite
retention strategy. And the crossover operation adopts arithmetic crossover, which selects any two
bodies in the parent generation for linear combination to produce a new individual, which can be
expressed as

{Giﬁ“ =21-G +(1-4)-G§|

th;l :ﬂ‘thl +(1_Z)th2 (1)
G gt G gt t gt+1 gt+1
Where “Al and “42 are the individuals of the 9! ® generation, ~Al and “A2 are the

individuals of the 9t +1t generation, and 4 is a random number within the range [9-11 To ensure that
the crossover individuals do not exceed the specified range, a bounding judgment is added. Figure2
displays the arithmetic crossover.

i rgf+1
G.-il G.-\J
i 7 +1
o I o I

Figure 2. Arithmetic crossover(2) Mutation.
In this paper, the RGA uses a modified non-uniform mutation approach, randomly selecting

individuals and generating a non-uniform perturbation to them that varies according to the number
of evolutionary generations, to improve the algorithm's ability to search for the focal region, which

can be expressed as
) X ot 084\®
GY 4G .4 -[1—(4,'%) j 2,205

84\
GﬁL*Gﬁﬁ'ﬂl'[I*(%axg)mJ 4 <03 2)
gt

at
where ot and Crev denote the unmutated and mutated individuals in the 9t generation
Maxg

gt
new

respectively, are the maximum number of generations, 4 and *» are random number within

the range (01T, 0 s 5 suitable perturbation parameter, which is taken as 3.7 in this paper. To ensure
that the new individuals after mutation will not exceed the specified range, this step also requires
boundary judgment.
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(3) Mutation rate and crossover rate

In this paper, the RGA adopts a modified crossover rate and mutation rate change method, in
which, on the one hand, the exponential function is used to increase the strength of crossover and
mutation to increase the diversity of the population, so as not to let the population tend to a single
dominant individual and fall into the local optimum, and on the other hand, the good individuals
will be retained due to the small crossover rate and mutation rate, and the poor individuals will
disappear rapidly due to the large mutation rate and crossover rate. The modified method can be
expressed as follows

fity ~fity, ) . .
0.84[ ity — fityn +eps] i fltmux _ fltuvg <1and pop, > pop,
Pl = fit,,, — fit,,, +eps
pi, — ( picl — picz )( ﬁtwb — ﬁtmin) otherwise
! fit = it &)
fity —fity, | § :
o] B,
Pl = fit,, — fit,, +eps
pi - ( pi,,, — pimz)( fit,, - ﬁtmm) otherwise
" fit, — fit,,, @)
Where Pleand Pl represent the crossover rate and mutation rate respectively, P'iand P'2 are the
crossover calculation coefficients with values of 0.9 and 0.6 respectively, P'n1 and P' are the variation

calculation coefficients with values of 0.1 and 0.01 respectively, fitus and ftwin denote the maximum

fit
and minimum fitness values of individuals in population respectively, = ™* denotes the mean value
of population fitness, fity, denotes the larger fitness value of the two individuals that are about to

cross, and fitu1 denotes the fitness value of the individual that is about to take part in the mutation,

POP:i and POP: denote the number of individuals in the population with higher and lower fitness
values than the population mean respectively, and €PS is an infinitesimal positive integer.

3. Weighted Mean of Vectors Algorithm

INFO is a new type of intelligent algorithm proposed by Dr. Ahmadianfar et al. in 2022. The
algorithm applies the improved weighted mean idea to the entity structure, and updates the solution
vector through three core steps: updating rules, vector combination and local search. It has the
advantages of strong optimization ability and fast convergence speed. The specificimplementation
process is described as follows (Figure3 depicts the flow of the INFO).

Initialize population

Calculate fitness
value

Meet termination
conditions?

No

| Updating rule stage

‘ -
| Vector combining stage I Esmbl;:;:mean
v

| Local search stage

Generate offspring
individuals

Figure 3. Flow of the INFO.
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(1) Updating rule stage

INFO's updating rule operator uses the weighted mean of the vectors to create new vectors and
performs an efficient global search in this way. Firstly, INFO has to randomly select three difference
vectors from all solution vectors of each generation to calculate the vector-weighted mean value
WM1", and at the same time select the best, better and worst solution vectors of the total solution
vectors to calculate the vector-weighted mean valueWM2", which can be expressed respectively as

it it it it it it
rh, -(ugx - ugy)+ rh, -(ugx - ugz)+ rh, -(ugy - ugz)

WM1" =sc-

+ep-rand, -oe
©)

rh, +rh, +rh, +ep

I’|’]4 -(uli;s —uli;)+rh5 .(uli)‘s _u\i)lvs)+rh6 ,(uli)tt —_ut )

ws

WM2" = sc- . +ep-rand, -oe
rh, +rhg +rh, +ep (6)where

m=oos<obj(u¢>—obj<ug>+n>-em[ ol

m=ws(obi(tg)—obi(u;)+n)-w[

m—ws(obmu;)obj(u;)m)-w[

rh, :cos(obj(u,i;s)—0bj(u;)+n)~exp
obj () ~obj ()
obj (ut,)

obj (uj, ) —obj (uf,
obj(u,)

rhy =cos(0bj(u:s)—Obj(ul‘vs)+n)~exp

rh, =cos(0bj (ug)—0bj(ui;5)+n)-exp

obj(u) . o coouou " . i
Where J( ) is the value of the objective function, ¥, ¥, and # are individuals in the It o

generation. K W and # are different integers randomly chosen from the range [0-1] NP s the

rand, ;4 rand

population size, ®P is an infinitesimal constant, 2 are random numbers within the range

it it
[0.1] ,0€ is a vector whose all elements are 1, uDS, Ui and Y are the best, better, and worst individuals
in the 1tm generation respectively, SCis a scaling factor, which can be expressed as follows
4it
sc=(4rand, —2)-exp| ~————
Maxit @)

Where 95 is a random number within the range [0.1] , M&xit js the maximum number of
evolutionary generations.

Next, INFO uses the WM1" 5nd WM2" (onstructs the MeanRule vhich can be expressed as
follows

MeanRule = - WML +(1-0)-WM2"

Where 9 is a random number within the range[ . Finally, to further improve the global search
capability of the algorithm, an additional convergence acceleration module is added, which makes
full use of the optimal solution vectors in each generation to change the current solution vectors in
the search space. Therefore, the final update rule formula for INFO is expressed as follows

0,0.5]

it it
u' +o - MeanRule + randn, ~(0bj(ui(tl;bs_ o:jgzzl" )+1) rand, < 0.5
CZl'i:”: ) i i )
uy, +0- MeanRuIe+randn2-( b'( Eu)gty _;;E)" ) 1) rand, > 0.5
obj (uj, ) —obj(uy, )+

©)

d0i:10.20944/preprints202408.1981.v1
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it it
u.. +o - MeanRule + randn, - (obj (UEU)QX_ o:jggzit n 1) rand, < 0.5
szri]tu — gx - - ay
ul' + o - MeanRule + randn, - CRl) rand, > 0.5
! ) (obj(uigtx)—obj(ugy)ﬂ) *

(10)
it it .
where czl,, and Cz2, are the new solution vectors of the Il generation, nu=1 , 2 ey NP ,and

nu=gx=gy=+d9gz rand [0,1] randn, randn, randn

+is a random number within the range 3 and

randn, are standard normally distributed random numbers. 9 is the scaling factor, which can be

expressed as follows

o =(4rand —2)~exp(— 4|t_ j
Maxit 1)

rand

where 5 is a random number within the range (o117,

(2) Vector combining stage
cz1® .cz2"

To improve the local search capability of INFO, the solution vectors ~“ ™™ and “"“™ computed in
it
the updating rule stage are combined to generate a new solution vector i, which can be expressed

as follows
czd! + ns-|czl:u —cz2" | rand, <0.5 and rand, < 0.5
oVl =7cz2l + ns~|czl,‘1‘u —cz2" | rand, <0.5 and rand, > 0.5
ul rand, > 0.5
(12)
where NS = 0-05randn, , randn; 5 5 standard normally distributed random number, rand, 5,4 rand;

are random numbers within the range [o.1].
(3) Local search stage

it
The local search stage will create a new solution vector S based on the mean rule to further
enhance the local search capability of INFO, and the specific implementation formula can be
expressed as

_ Uy, +randn, -(MeanRule + randn, -(u, —uj, )) rand, <0.5 and rand, <0.5
cvs' =
u" + randn, ( MeanRule + randn, -(vs, - uj, —Vs, - U, )) rand, < 0.5 and rand, > 0.5
(13)
, (up +up, +uy) . ;
U;; :¢.M+ 1-¢)- ¢.u"( +(1-¢ -U"S
Where ‘ 3 ( ) ( tt S )

s = 2rand,, 1n>0.5 Vs = rand,, n<0.5
b 1 n<05 1 n>0.5

rand, rand, 77 rand 4 rand randn,
7 7 7 7

where ¢ , 10 an 1 are random numbers within the range [0.1] ,

randn, , randn ang NN are standard normally distributed random numbers.

4. Objective Function

The use of intelligent algorithms to localize and quantify structural damage requires the
establishment of a corresponding objective function. Dynamic response transfer-ratio is combined
with modal assurance criterion [21] to define the following assurance criterion function of transfer-

TFAC ()

ratio ,dynamic response transfer-ratio is combined with amplitude correlation coefficient

TFAL(w)

[22] to define the following amplitude correlation function of transfer-ratio , which can be

expressed as
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TFAC (@) = (TF" (0)TF (0.0))
(TF () TF ()T (o) TE(00)
TFAL () = 2{TF" (0)TF (0.1
(T (TF () +(TFT (0a)TF(0@) 5

TF (o, a)

TF(w). . : . .
where ( )1s the dynamic response transfer-ratio vector measured, and is the dynamic
response transfer-ratio vector calculated based on the finite element numerical modeling theory. The

TFAC(w) __,TFAL(@)

objective function is established based on , which can be expressed as

obj, =7,-BJ, +7, -BJ, (16)

where
num num

BJ, = (1-TFAC(,)) BJ, =Y (1-TFAL(®,))

z=1 z=1

where UMis the number of selected frequency point,TFAC () is the assurance criterion function

TFAL(w,)

value of transfer-ratio at the given frequency “, and is the amplitude correlation function

value of transfer ratio at the given frequency = .”1 and 72 are the different weighting factors.

5. Weighting Factors and Mean Error

Since the assurance criterion function and the amplitude correlation function of the dynamic
response transfer-ratio have different sensitivities to damage, it is likely that damage will lead to large

differences in the values of 5 and 2. This can easily lead to intelligent algorithms taking one part
of the objective function as the dominant part of the constrained optimization problem when solving
the problem, which in turn makes the role of the other part of the objective function significantly
weakened.

In this paper, according to the method of literature [23], the weighting factors are calculated and

substituted into the objective function, so as to weaken the numerical difference between BJ: and BY>

to make the intelligent algorithm solution more accurate. The specific calculation method is expressed
as follows

nx ny

53 (mare) (m077)

_ na=1nb=1
h= nx  ny

> (B3 /(BI) +nx?

na=1nb=1 (1 7)
m=1=mn (18)

na,nb
Where NX is the number of units in the structure division, Y is the number of damage grading, !

and BJ = are the values of 21 and B2 for the N unit at damage level nb respectively. A total of
ten levels of damage grading were chosen for this paper, with unit damage levels of 0.1, 0.2, 0.3, 0.4,
0.5,0.6,0.7, 0.8, 0.9 and 0.99 in descending order.

In order to evaluate the accuracy of the intelligent algorithm in identifying the damage degree
of the preconfigured damage units (the target damage units in this paper refer to the preconfigured

damage units in the damage cases) in each damage case in the simulation, the mean error EM will be
introduced, which is denoted as

1 ne
Em=— x100%
ne ; ’

th re
a¢ a(ﬂ
th
a‘ﬂ

(19)
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Where % and % denote the preconfigured damage degree of the # t preconfigured damage unit and
the damage degree identified by the algorithm under a certain case respectively, and € denotes the
number of preconfigured damage units in the case.

6. Numerical Simulation

In order to verify the identification accuracy of the damage identification method based on the
RGA and INFO under different levels of noise and different frequency point spacing, a numerical
case study was carried out in MATLAB for simply supported beams and cantilever plates (the
damage identification results in this paper are the average values obtained after ten runs). In addition,
the mutation rate and crossover rate of the standard GA as a comparison are set to 0.2 and 0.4
respectively, and the number of populations and iterations of the three algorithms are set to 120 and
800 respectively. The acceleration response signal added white noise into can be expressed as follows

Acc, = Acc, - (1 + noi-rdn) (20)

Ac noi

where A% and ACC are the acceleration response signals before and after the noise interference,

is the noise level, and fdN is a standard normally distributed random number.

6.1. Simulation of simply supported beam

The model of the simply supported beam is shown in Figure 4, which is divided into 12 units,
the axial length of the beam is 1.2 m, and the cross-section is a rectangle with a width of 0.05 m and a
height of 0.015 m. The modulus of elasticity of the material is set to 2.06 * 10! Pa, Poisson's ratio is
0.3, and the density is 7850 kg/m3. The first five orders of nature frequencies of the model are 24.19
Hz, 96.66 Hz, 217.07 Hz, 384.76 Hz, and 598.42 Hz.

8
I

1 2 3 4 5 6 7 9 10 11 12 13
yLOOIOOI0|0[OI®I0[O]|0[®]
78 ni

0 X

Figure 4. Simulation model of simply supported beamTwo damage cases as shown in Table 1 are set
up in the model. The symbol "#" in Table 1 and subsequent tables is used to connect the damage unit
number with the damage degree of the unit.

Table 1. Damage case settings for simply supported beam.

Damage case number Damage unit number#degree of damage/%
1 5#13,949
2 3#19,6415,10415

In the simulation, the single-point excitation is applied to node 3 of the model, and the Y-
direction transfer ratio of each node substituted into the objective function is calculated with the Y-
direction acceleration response of node 2 as a reference. The frequency range of the objective function

0D}, i taken from 1 Hz to 400 Hz ( including the first four orders of the nature frequencies of the
model ), and 400 frequency points are taken at equal intervals of 1 Hz in the frequency range.

The three intelligent algorithms are used to identify the damage of the two damage cases of the
simply supported beam in Table 1 in the absence of noise, and the results of the damage identification
of each beam unit in Case 1 and Case 2 are shown in Figure 5 and Figure 6 , and the results of the
identification of the target damage unit are shown in Table 2.
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Figure 5. Damage identification results of each beam unit in Case 1 (no noise).
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Figure 6. Damage identification results of each beam unit in Case 2 (no noise).

It can be observed from Figure 5 and Figure 6, the three algorithms can accurately locate the
damages in Case 1 and in Case 2 without noise interference, and none of the three algorithms have
obvious misjudgment units.

Further analysis of Table 2 shows that the mean errors of the target damage units identified by
GA and RGA in Case 1 are 1.94% and 1.09% , in Case 2 are 2.02% and 1.60% respectively, while INFO
has the highest identification accuracy without obvious errors for the two Cases.

Table 2. Identification results of target damage units for simply supported beam (no noise).

Damage case Damage unit number # degree of damage/%
number GA RGA INFO
1 5#12.80,9 # 8.79 5#12.86,9 #8.90 5#13.00,9 #9.00
’ 3#18.51,6#15.34, 3#18.52,6#15.19, 3 #19.00, 6 # 15.00,
10 # 14.82 10 # 14.85 10 # 15.00

However, the measured response data will inevitably be affected by different levels of noise in
practical engineering applications. When 1% and 3% noise were added to the Case 1, the damage
identification results of each beam unit under the influence of two different levels of noise are shown
in Figure 7 and Figure 8 respectively.

d0i:10.20944/preprints202408.1981.v1
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Figure 7. Damage identification results of each beam unit under 1% noise (Case 1).
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Figure 8. Damage identification results of each beam unit under 3% noise (Case 1).

From Figure 7 and Figure 8, it can be found that all the three algorithms accurately identify the
damage locations under the influence of 1% as well as 3% noise, but under the influence of 3% noise,
there is a significant misjudgment for the GA for the damage identification of the simply-supported-
beam model at the unit 1, 2 and 12.

Figure9 shows the damage identification results for each unit under 10% noise added to the Case

1.
15
[ ] Default value
| . [ RGA
[ INFO
& GA
510 ) ’
<
= . I _
[
o L
S
=
8
a 5
]
o]
0 H.’_]-H.H_H. A }. .m.m. .m.rrh.ﬂ'{

1 2 3 4 5 6 7 8 9 1011 12
Unitl number

Figure 9. Damage identification results of each unit under 10% noise (Case 1).

From Figure 9, it can be found that under the influence of 10% noise, the three algorithms'
damage identification results are significantly worse compared to ones of 1% and 3% noise, and there
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are many obvious misjudgment units, of which GA is relatively more affected by this level of noise,
while the other two algorithms' damage identification results are better than that of GA.
The identification results under the influence of 1%, 3%, and 10% noise are shown in Table 3.

Table 3. Identification results of target damage units under three different levels of noise (Case 1).

Noise Damage unit number # degree of damage/%
level/% GA RGA INFO
1 5#12.13,9 #8.21 5#12.23,9 #8.36 5#12.61,9 #8.97
3 5#9.04,9#9.26 5#11.44,9 #7.85 5#12.03,9 #8.74
10 5#275,9#5.42 54#8.91,94#492 5#9.76,9 #5.61

Table 3 (Case 1) shows that under the influence of 1%, 3% and 10% noise, the mean errors of the
target damage units identified by GA are 7.74%, 16.68% and 59.31% , by RGA are 6.52%, 12.39% and
38.40%, and by INFO are 1.67%, 5.18% and 31.29%, respectively. It can be seen that INFO has the
highest accuracy, RGA has the second and GA has the lowest accuracy in identifying the damage
degree of the target unit. The mean error of the three algorithms in identifying the damage of the
target unit in Case 1 increases significantly compared results of 10% noise with that of 1% and 3%
noise, which is mainly due to the fact that too high a level of noise seriously affects the transfer ratio
obtained and ultimately results in the failure to obtain a more accurate damage degree of the target
unit, even if the value of the objective function is converged to a more close to the global optimum.

Subsequently, the same noise in Case 1 are added to the Case 2, and the results of damage
identification of each unit under the influence of three different levels of noise are shown in Figure
10, Figure 11 and Figure 12 respectively.
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Figure 10. Damage identification results of each beam unit under 1% noise (Case 2).
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Figure 11. Damage identification results of each beam unit under 3% noise (Case 2).
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Figure 12. Damage identification results of each beam unit under 10% noise (Case 2).

From Figure 10, Figure 11 and Figure 12, it can be found that there is a same pattern as Case 1.
But under the influence of 3% noise, not being same as Case 1, the damage identification using GA
does not appear obvious misjudgment units, mainly due to the damage degree of the damage unit in
Case 2 is larger and the identification results is not easy to be affected by the noise.

The results of identifying the target damage units (Case 2) under the influence of 1%, 3%, and
10% noise are shown in Table 4.

Table 4. Identification results under three different levels of noise (Case 2).

Noise Damage unit number#degree of damage/%
level/% GA RGA INFO
3#17.65, 6 #16.18, 3#17.04, 6 #15.25, 3#18.72,6 #15.07,
10 # 14.05 10 # 14.21 10#14.84
3 34#19.42,6#17.08, 3 #15.87, 6 # 14.56, 3#17.57,6 #15.22,
10 # 13.06 10 # 14.62 10 # 14.63
10 3#9.71,6 #18.01, 3#8.69,6#14.51, 3#13.58,6#16.17,
10 # 10.75 10 #12.79 10 # 12.69

Table 4 (Case 2) shows that under the influence of 1%, 3% and 10% noise, the mean errors of the
target damage units identified by GA are 7.10%, 9.67%, and 32.43%, by RGA are 5.75%, 7.31% and
24.09% and by INFO are 1.00%, 3.82% and 17.24%, respectively. Comparing the mean errors, it can
be seen that INFO has the highest accuracy in identifying the damage degree of the target unit, RGA
has the second highest accuracy and GA has the lowest accuracy.

In the aforementioned simulation, more frequency points in a larger frequency range were used
, leading to increased computation. so it is considered to reduce the frequency points. Keeping the
frequency range from 1 Hz to 400 Hz unchanged , the following three scenarios were simulated for
the Case 2: (1) take points at equal intervals of 2Hz for a total of 200 frequency points. (2) take points
at equal intervals of 4Hz for a total of 100 frequency points. (3) and take points at equal intervals of

8Hz for a total of 50 frequency points. The damage identification results adding 3% noise are shown
in Figure 13 and Table 5.
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Figure 13. Damage identification results of each beam unit with different frequency spacing.

From Figure 13, it can be observed that under the influence of the same noise, the damage
identification results of each beam unit at 2Hz spacing for the three algorithms are slightly worse
than the aforementioned ones in the Figure 11 at 1Hz spacing, but there is no obvious difference in
the identification results compared with 4Hz and 8Hz spacing.

Table 5 shows that, under the influence of the same noise, the mean errors of the target damage
identified by the three methods at 2Hz spacing are 13.44%, 12.35%, and 6.26%, at 4Hz are 15.79%,
13.13%, and 6.47% and at 8Hz are 21.11%, 17.36%, and 8.06%, respectively. The identification accuracy
for the three algorithms is getting lower and lower with the gradual increase of taking point spacing
within the same frequency range, and the identification accuracy of INFO is the highest with the
second highest identification accuracy for the RGA and the lowest identification accuracy of the GA.

Table 5. Identification results with different frequency point spacing (Case 2).

Taking point Damage unit number#degree of damage/%
spacing/Hz GA RGA INFO

) 3#16.13, 6#17.07, 3#14.38, 6#15.42, 3#17.47, 6415.54,
10413.29 10#13.51 10#13.93

4 3#15.46, 6#17.16, 3#14.24, 6#15.50, 3#18.40, 6#15.62,
10#12.85 10#13.35 10#13.18

3 3#14.39, 6#18.20, 3412.45, 6#15.61, 3416.89, 6#15.33,
10#12.34 10#12.97 10#13.37

6.2. Simulation of Cantilever Plate
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The cantilever plate model is shown in Figure 14, The length, width and thickness of the
cantilever plate are 0.5 m, 0.3 m and 0.004 m respectively, the density of the structural material is
7850kg/m?, the modulus of elasticity is 2.06 X 10''Pa, poisson ratio is 0.3, and it is divided into 15 plate-
shell units, the length and width of each unit is 0.1m, and the left edge of the plate is fixed. The first
five orders of its nature frequencies are 13.61 Hz, 50.21 Hz, 85.46 Hz, 167.02 Hz, and 236.78 Hz. The
numbers above the nodes of the units are the nodes numbers, and the numbers inside the circles are
the cell units numbers.

19 20 21 22 23 24

13® 14 15 16 l',’@ 18

¥ 7© 8® 9 10 1 12

’ 1 2® 3® 4@ 5® 6
X

0O2)

Figure 14. Cantilever plate model.
The cantilever plate numerical model is set up with two damage cases as shown in Table 6.

Table 6. Damage case settings for cantilever plate.

Damage unit number # degree of
Damage case number & &

damage/%
3 2#18,10413
4 44#12,7#16,12 414

In the simulation, a single-point excitation is applied to node 18 of the cantilever plate model,
and the Z-direction transfer ratio of each node substituted into the objective function is calculated
with the Z-direction acceleration response of node 20 as a reference. The frequency range of the

objective function ODJi is taken from 11Hz to 240Hz (including the first five orders of the nature
frequency of the model), and 230 frequency points are taken at equal intervals of 1Hz.

The three intelligent algorithms are used to identify the damage of the two damage cases of
cantilever plate in Table 6 without adding noise. The results of the damage identification in Case 3
and Case 4 are shown in Figure 15, Figure 16, and Table 7.
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Figure 15. Damage identification results of each plate unit in Case 3 (no noise).
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Figure 16. Damage identification results of each plate unit in Case 4 (no noise).

It can be observed from Figure 15 and Figure 16 that the three intelligent algorithms can
accurately localize the two damages in Case 3 and the three damages in Case 4 without any obvious
misjudgment unit without noise interference.

Table 7 shows that the mean errors of the target damage units identified by GA and RGA in Case
3 are 7.82% and 7.38%, and in Case 4, are 3.36% and 3.11%, respectively, whereas there are significant
identification errors in both cases for INFO.

Table 7. Identification results of target damage units for cantilever plate (no noise).

Case Damage unit number # degree of damage/%
number GA RGA INFO
3 2#16.54, 10#12.02 2#16.32, 10#12.35 2#18.00, 10#13.00
4 4411.36, 7#15.47, 4#11.48, 7#15.35, 4#12.00, 7#16.00,
12#14.20 12#13.87 12#14.00

When 1%, 3% and 10% noise added to the cantilever plate damage Case 3. The results of
damage identification under the influence of three different levels of noise are shown in Figure 17,
Figure 18, Figure 20 and Table 8, respectively.
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Figure 17. Damage identification results of each plate unit under 1% noise (Case 3).
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Figure 18. Damage identification results of each plate unit under 3% noise (Case 3).
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Figure 19. Damage identification results of each plate unit under 10% noise (Case 3).

From Figure 17, Figure 18 and Figure 19, it can be found that under the influence of 1% and 3%
noise, GA, RGA and INFO can accurately locate the damage position of the cantilever plate, of which
INFO has the best damage identification results without significant misjudgment units, while more
significant misjudgment units are found for both GA and RGA and under the influence of 10% noise,
there are many obvious misjudgment units for the three methods.

Table 8 (Case 3) shows that under the influence of 1%, 3% and 10% noise, the mean errors of the
target damage units identified by GA are 14.18%, 28.64% and 62.47% , by RGA are 12.77%, 24.02%
and 52.34%, and by INFO are 2.90%, 6.80% and 45.65%, respectively. It can be seen that INFO has the
highest accuracy, RGA has the second highest accuracy and GA has the lowest accuracy.

Table 8. Identification results of target damage units of cantilever plate under three different levels of

noise (Case 3).

Noise Damage unit number#degree of damage/%

level/% GA RGA INFO
1 2#15.43, 10411.17 2#14.94, 10#11.89 2#17.37, 10#12.70
3 2#12.62, 1049.44 2#12.87, 10#10.46 2#16.37, 10#12.41
10 2#5.12, 1046.06 2#7.45,1047.01 2#7.38, 10#8.80

Adding 1%, 3% and 10% noise to the Case 4, the results of damage identification are shown in
Figure 20, Figure 21, Figure 22 and Table 9, respectively.
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Figure 20. Damage identification results of each plate unit under 1% noise (Case 4).
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Figure 21. Damage identification results of each plate unit under 3% noise (Case 4).
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Figure 22. Damage identification results of each plate unit under 10% noise (Case 4).

From Figure 20, Figure 21 and Figure 22, it is observed that GA, RGA and INFO are able to
accurately locate the damage position of the cantilever plate (Case 4) under 1% as well as 3% noise
influence, under 3% noise, GA and RGA have more significant misjudgment at unit 2 and 6, while
INFO has significant misjudgment at unit 2, under the influence of 10% noise, there are many obvious
misjudgment units for the three methods.

Table 9 (Case 4) shows that under the influence of 1%, 3% and 10% noise, the mean errors of the
target damage units identified by GA are 9.46%, 15.22% and 31.54%, by RGA are 8.38%, 13.19% and
28.17%, and by INFO are 1.40%, 5.78% and 23.32%, respectively, It can be seen that INFO has the
highest accuracy in identifying the damage degree of the target unit, RGA has the second highest
accuracy and GA has the lowest accuracy.
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Table 9. Identification results of target damage units of cantilever plate under three different levels of

noise (Case 4).

Noise Damage unit number#degree of damage/%
level/% GA RGA INFO
. 4#10.73, 7#17.18, 4#10.65, 7#15.09, 4#11.70, 7#15.91,
12#12.54 12#12.85 12#13.83
3 4#9.29, 7#14.41, 4#9.20, 7#14.91, 4#10.80, 7#15.18,
12#12.16 12#12.68 12#13.69
10 4#5.51, 7#15.89, 445.83, 7#14.34, 4%7.91, 7#16.46,
12#8.42 12#10.82 12#9.38

Keep the frequency range from 11Hz to 240Hz unchanged, the following three scenarios were
simulated for the Case 4 of cantilever plate (adding 3% noise): (1) take points at equal intervals of
2Hz for a total of 115 frequency points. (2) take points at equal intervals of 4Hz for a total of 58
frequency points. (3) take points at equal intervals of 8Hz for a total of 29 frequency points. The
damage identification results are shown in Figure 23, and the target damage unit identification results

are shown in Table 10.
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Figure 23. Damage identification results of each plate unit with different frequency point spacing.
From Figure 23, it can be observed that under the influence of the same noise, the three

algorithms can identify the damage location of the cantilever plate for three kinds of taking point
spacing, and the three algorithms obtained the damage identification results of each plate unit at 2Hz
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spacing slightly worse than the results of the aforementioned Figure 21 at 1Hz spacing, but there is
no obvious advantage in comparison with the identification results obtained at 4Hz spacing, while
identification results for 4Hz spacing are better than those for 8Hz spacing.

Table 10 shows that, under the influence of the same noise, being equally spaced at 2Hz, the
mean errors of the target damage units identified for the GA, RGA, and INFO are 17.34%, 16.08% and
7.95% , being equally spaced at 4Hz, are 19.26%, 17.67% and 10.31%, and being equally spaced at
8Hz, are 24.50%, 20.22% and 13.55% respectively. It can be seen that the identification accuracy of the
three algorithms is getting lower and lower with the gradual increase of taking point spacing within
the same frequency range. With the same taking point spacing, INFO has the highest identification
accuracy, RGA has the second highest identification accuracy, and GA has the worse identification
accuracy.

Table 10. Identification results of target damage units of cantilever plate with different frequency

point spacing (Case 4).
Taking point Damage unit number#degree of damage/%
spacing/Hz GA RGA INFO

5 448.48, 7#13.16, 4#8.62, 7#15.45, 4#10.10, 7#15.71,
12#13.31 12#11.67 12#13.13

4 4%8.99, 7#10.78, 4#8.68, 7#13.02, 4%#9.62, 7#14.43,
12#14.01 12#13.06 12#13.82

8 4#7.34, 7#10.89, 4#7.21, 7#15.08, 4#8.57, 7#15.68,
12#13.62 12#11.90 12#12.59

7. Conclusions

In this paper, RGA was obtained by improving GA with improved variation rate and crossover
rate and non-uniform variation operator, which significantly improves its optimization ability, and
INFO was first introduced as a high-performance optimization algorithm to identify the structure
damage. Then the objective function based on dynamic response was established for each intelligent
algorithm for damage identification by combining the finite element theory of structural dynamics,
and the objective function balances the sensitivity of each part of the function to the damage through
the weighting factors calculated by the damage classification. Finally, GA, RGA and INFO were
respectively utilized in the numerical simulation to identify the damage cases of simply supported
beams and cantilever plates with different levels of noise and different spacings of the frequency
points. The simulations verify the effectiveness of the method and compare the effect of the
algorithms for damage identification, and the following conclusions are obtained:

1. Under most of the same cases, INFO has the highest damage identification accuracy, RGA has
the second highest identification accuracy, and GA has the lowest identification accuracy.

2. Under the same case, as the noise level gradually increases, the accuracy of damage
identification of the algorithms will gradually become lower. Under the influence of 10% noise
level, the three algorithms in the identification of multiple cases will appear obvious
misjudgment units and the identification error of the damage degree of the target unit is larger,
at this time the three algorithms can't accurately identify the damage cases.

3. In the same frequency range with the gradual increase in the frequency point spacing, the
accuracy of damage identification for the algorithm gradually decreased, but part of the
identification results is still within the acceptable range as the errors are not a significant
increase.
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