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Damage identification in laminated composite plates
using a new multi-step approach
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Abstract. In this paper a new multi-step damage detection approach is provided. In the first step, condensed modal residual
vector based indicator (CMRVBI) has been proposed to locate the suspected damaged elements of structures that have rotational
degrees of freedom (DOFs). The CMRVBI is a new indicator that uses only translational DOFs of the structures to localize
damaged elements. In the next step, salp swarm algorithm is applied to quantify damage severity of the suspected damaged
elements. In order to assess the performance of the proposed approach, a numerical example including a three-layer square
laminated composite plate is studied. The numerical results demonstrated that the proposed CMRVBI is effective for locating
damage, regardless of the effect of noise. The efficiency of proposed approach is also compared during both steps. The results
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demonstrate that in noisy condition, the damage identification approach is capable for the studied structure.
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1. Introduction

The scientific importance of the composite laminates, in
structural, mechanical and aerospace engineering, has
resulted in performing wide researches upon them. Ever-
increasing usage of composite laminates in comparison with
general metals is because of their high ratio of strength to
weight and stiffness to weight. Damages occurring in
composite structures lead to severe decrease of stiffness and
tragic consequences. This has resulted in the development
of the effective methods of identifying damages in the
composite structures (Vo-Duy et al. 2016).

In the engineering industries, it is attempted to develop
the non-destructive damage detection methods in order to
evaluate the integrity of their structures. The basis of using
most of these methods lies on the changes that occur in the
dynamic parameters after the damage (Laier and Villalba
2015). There are many relatively new approaches of the
health monitoring of civil engineering structures such as
vibration-based damage detection methods (Xiang and
Liang 2012b, Xiang et al. 2013, Xiang et al. 2014a, Kaveh
et al. 2016). Also, many researchers have tested different
methods to identify damage in engineering structures
(Xiang and Liang 2012a, Xiang et al. 2012, Xiang et al.
2014b, Pedram et al. 2017, Fallah et al. 2018). Frequencies,
mode shapes, and damping are vibration characteristics of a
structure that are directly influenced by the physical
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characteristics of a structure such as mass and stiffness.
Damage changes vibration characteristics of a structure and
consequently decreases the stiffness of the structure.
Therefore, it is possible to detect the location and severity
of the damage by measuring and monitoring the vibration
characteristics. Through reviews of these damage detection
approaches have been presented in Ref. (Doebling et al.
1996, Salawu 1997, Carden and Fanning 2004, Fan and
Qiao 2011) and their applications for composite structures
is reported in Ref. (Zou et al. 2000, Montalvao et al. 2006).

Some different damage identification methods including
wavelet analysis method and optimization-based method
employed to identify damage location and severity of
composite and other structures. These methods have been
implemented in single-step often. These methods, however,
include limitations such as measurement errors and low
sensitivity of the dynamic parameters to the damage
(Humar et al. 2006).

The vibration-based damage detection methods of the
composite structures are widely used in the studies on
structural health monitoring literature. In the recent years,
some hybrid or mixed damage detection methods have been
provided based on the combination of the transmissibility of
structures and the signal processing methods (Yang et al.
2017). Zhou et al. proposed an approach based on
transmissibility  together with hierarchical clustering
analysis and the similarity measure (Zhou et al. 2016,
2017).

Also, some methods mixed with optimization algorithm
are considered as appropriate ones and replacement for
evaluating damage of structure. These methods are also
named two-step or hybrid damage identification
approaches. Nobahari et al. (2017) have introduced a two-
step method to detect damage of truss structures. Xu et al.
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(2015) have proposed a new simple and computationally
efficient optimization algorithm and combined the Gauss-
Newton method with region truncation of each iterative
step. Mousavi and Gandomi have provided a new hybrid
method which uses only one mode shape and its
corresponding eigenvalue of structure (Mousavi and
Gandomi 2016). They utilized a transformation matrix of
the dynamic condensation technique to carry out damage
identification in several structures using incomplete data.
Seyedpoor and Montazer have proposed a two-step
approach based on Modal Residual Vector Based Indicator
(MRVBI) and a Differential Evaluation (DE) algorithm to
identify damage of truss structures (Seyedpoor and
Montazer 2016). Applying their method to structures with
rotational DOFs needs measuring complete modal data
while in practice the number of measured DOFs is most of
the time restricted.

In the present study, a new mixed method is suggested
to detect damages in a laminated composite plate. In which,
damage in an element is considered degradation in its
stiffness matrix. Consequently, the stiffness reduction of the
whole structure has been simulated. In the present work, a
Condensed Modal Residual Vector Based Indicator
(CMRVBI) is proposed to locate the damaged elements in
the first step. This indicator utilized only translational DOFs
of mode shapes and is formulated using a transformation
matrix of the dynamic condensation technique (Guyan
1965, O’Callahan 1989, Carvalho et al. 2007, Mousavi and
Gandomi 2016) and MRVBI (Seyedpoor and Montazer
2016). Then in the second step, the reported damaged
elements are quantified by Salp Swarm Algorithm (SSA)
and Genetic Algorithm (GA). The capability of this method
is evaluated through damage identification on the Ferreira
example (Ferreira et al. 2009). The results illustrate the
merits of the proposed approach in indicating damaged and
healthy elements in structures with rotational DOFs even
with the lack of the measured translational DOFs.

2. Theoretical description
2.1 Dynamic condensation scheme

The equilibrium equation for the analysis of the free
vibration of a non-damping system in the time domain is
defined as follows

MX(@) +KX(t) =0 (1)

where K and M are the matrices of the mass and stiffness of
the structure, which are assumed to be positive semidefinite
and positive definite, respectively. In displacement space,
the eigen-value of the corresponding problem in this
structure is

K® = M®A 2

where A is a diagonal matrix representing eigen-values, and
® is mode shape matrix in which each column shows a
mode shape of the free vibration of the system. Using the
dynamic condensation scheme, this equation can be

represented as follows

Kmm Kms q)mm — Mmm Mms q)mm A 3

I<SI‘|’I KSS ¢Sl'ﬂ - MSITI MSS QSI’T1 " ( )
in which, the subscript s and m denote slave and master
DOFs that are considered as rotational and translational
DOFs in this paper. The slave DOFs are eliminated to
compute the reduced system with the remaining master
DOFs.

As aforesaid, the main purpose is to calculate the
unmeasured part of the mode shape matrix from measured
part. By using a transformation matrix, we have (Mousavi
and Gandomi 2016)

(I)sm :tq)mm (4)

By substituting Eq. (4) into the second row of Eq. (3) and

rearranging it for the transformation matrix we have
(Mousavi and Gandomi 2016)

t= _K;lesm + K;sl (Msm +Ksst)cpmmAmmq)r;$1 5
19 - KK (®)
sst™sm

Using this transformation matrix, the entire field can be
calculated from the reduced field corresponding to the

master DOFs
q)mm — Irnm d® =Td 6
) - t mm mm ( )

sm

where I, is the same matrix of size m x m. In this study t
is assumed equal to t© in which K is the stiffness matrix of
(intact) undamaged structure.

2.2 The proposed condensed modal residual
vector based indicator

Modal residual vectors is one type of the vibration-
based damage detection methods (Mares and Surace 1996).
Many researchers have developed this method and proposed
some indicators such as MRVBI (Seyedpoor and Montazer
2016). The methods are based on the complete
measurements of natural frequencies and mode shapes of
damaged system. However, the measurement of rotational
DOFs especially in 3D structures, is not economically
feasible due to its very expensive sensors, and is usually
very inaccurate and difficult.

In this article, for locating the damaged elements of
structures with rotational DOFs, a condensed modal
residual vector based indicator (CMRVBI) is proposed.
Assuming no change in the matrix before and after damage,
the eigen-value equation of a damaged structure is obtained
as follows

(K, — i M) @, =0 )
where the subscript d represents the damaged condition and

wgi is the ith frequency of damaged structure. The stiffness
matrix of the damaged structure can be expressed as follows
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(Mares and Surace 1996)

Kd=K—AK=K—i,BjKJ. ®)

1

where K is the stiffness matrix of jth element of the
structure; n is the number of elements. f; is a reduction
factor applied to the stiffness and its value considered in the
range [0 1], O for an intact element and 1 for a fully
damaged element.

By substituting Eqg. (9) in Eqg. (8), the modal residual
vector for ith mode of the structure can be represented as
(Mares and Surace 1996)

R, =(K-oj M) @, = AK®, 9)

In the AK matrix, zero and non-zero components are
related to those DOFs that that are associated to a damaged
and intact element, respectively. Also in R;, the non-zero
components will lie along the same DOFs. This
connectivity relation between DOFs and elements can be
used to determine the location of the damage.

In this study, the condensed modal residual vector for ith
mode of the structure with rotational DOFs associated to ®;
= T(®gi)mm can be represented as follows

RP=T'R, = TT(Kp - M,) T(®),, (10)

where K, and M, are the partitioned form of the stiffness
and mass matrices of intact structure. The condensed
absolute sum of the modal residual (CASMR) vectors to m
modes of the structure and its translational DOFs is given

by

R?

CASMR =)’ (11)
i=1

An indicator based on the CASMR values of each
element is used to localize the damaged elements

Lj :(N}—Nj)4 !j :1’21---1n (12)

where N is a vector containing the CASMR components of
the translational DOFs corresponding to jth element.
Therefore, the size of this vector for the composite plates is
12x1 because every element has four nodes and every node
has three translational DOFs (4x3). The mean and standard
deviation of the vector are used to normalize the damage
index (L) as follows

. _ [Lj—mean(L)] .
J. _—std(L) . J=1,2,...,n (13)

The condensed modal residual vector based indicator
(CMRVBI) is introduced as

n

CMRVBI =

ILl

,j=1,2,...,n (14)

which ||.|| represents the magnitude of a vector.

This indicator can be employed to locate the suspected
damaged elements of the structure with rotational DOFs. In
this article, the any element with CMRVBI > 0.1 is
considered as a suspected damaged element.

3. Optimization method

To estimate damage severity of suspected damaged
elements, an inverse optimization problem should be
solved. It should be noted that any metaheuristic algorithm
such as grey wolf optimizer algorithm (Mirjalili et al.
2014b), binary bat algorithm (Mirjalili et al. 2014a),
teaching—learning-based optimization algorithm (Xing and
Gao 2014) and flower pollination algorithm (Yang et al.
2014) etc. can be used and it is possible that the results of
these algorithms be better than results of SSA and GA.

Here, an objective function based on changes of
structural modal flexibility is defined. Structural flexibility
is more sensitive to damage than modal data such as natural
frequencies and mode shapes. According to these points,
Perera et al. proposed following objective function (Perera
et al. 2009)

F =1- MACFLEX :1—HMACFLEXJ. (15)
=1
where
MACFLEX, = | FrunFiso [ )
: (szum anum)(Fijijexp)

in which, Fjum and Fj, are computed and measured
(experimental) flexibility vectors corresponding to jth mode
shape respectively, which collect the diagonal terms of the
flexibility matrix, MAC is a modal assurance criterion
which measures correlation between two vector Fie, and
Fjnum. Objective function values are normalized between 0
and 1 that low and high values of them indicate low and
high correlation, respectively.
The details of used metaheuristic algorithms are

3.1 Salp Swarm Algorithm (SSA)

SSA is a swarm-based technique introduced by Mirjalili
et al. (2017). The main inspiration of this algorithm is the
swarming behavior of salps during foraging and navigating
in oceans. Salps form a swarm called salp chain commonly.
The behavior is done for receiving better locomotion with
using rapid coordinated changes and foraging (Anderson
and Bone 1980).

To model the salp chains, the population is divided to
two groups including leader and followers firstly. The
leader is a salp at the front of the chain and guides swarm.
As the swarm’s target, there is a food source F in the search
space. Also, there is an n-dimensional search space where n
is the number of variables of an optimization problem. So
the position of all salps are defined in it and stored in a two-
dimensional matrix called x as follows
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F, +c,((ub, —Ib;) ¢, +1b,) c,<05
i T\ —c,(@b, ~1b,) ¢, +1b,) else L7
i1 o -
szzat +Vt Vix2 (18)

where x' and x/ are the position of the leader and ith
followers in jth dimension, respectively; ub; and Ib; indicate
the upper and lower bound of jth dimension, respectively; ¢,
and c; are random numbers uniformly distributed in the
range (0,1). According to Eqg. (17), the coefficient c, is the
most important in SSA as it balances exploitation and
exploration and is determined by Eq. (20). Parameter t is
time; vp is initial speed which is considered equal to 0; a =
Viinal/Vo Where v = (X — Xp)/t. As in optimization the time is
iteration and discrepancy between iterations is equal to 1,
Eqg. (18) can be expressed by Eq. (19).

x}=%(x}+x}’l) Vix2 (19)
e, —exp(-()") 20)

in which, t and t,.. are the current iteration and maximum
number of iterations. Using Egs. (17) to (20), the sap chains
can be simulated.

In order to better understand how the SSA and salp
chain model are efficient in solving optimization problems,
some remarks are expressed as follows:

e The best answer obtained so far is saved by SSA and
assigned to the food source variable, so it never gets
lost even if all salps deteriorate.

e The position of the leader salp is only updated with
respect to the food source which is the best answer
obtained so far, therefore the leading salp always
explores and exploits the space around it.

e In SSA, the position of follower salps is updated
according to each other, so they move towards the
leader salp gradually.

e Gradual movements of the followers salps preserve
the SSA from easily trapping in local optimum.

e The SSA first explores the search space and then
exploits it as the coefficient cl is decreased
adaptively during iterations.

e The coefficient c; is the only main controlling
parameters of SSA.

e SSAis a simple algorithm and implementing of it is
easy.

More information about the pseudo codes, inspiration
and the motivation of SSA can be found in Ref. (Mirjalili et
al. 2017).

3.2 Genetic algorithm

Genetic algorithm (GA) is the most famous and applied
evolutionary computational methods which has been

proposed in early 1970s by John Holland (Holland 1975).
GA has many aspects being done in different ways
considering problems such as solution representation
(chromosomes), selection scheme, the crossover type, and
mutation operators. Crossover is often known as the main
variation operator which is included several individuals
(mainly two) selected by replacing some of their parts with
the others. Moreover, some strategies such as n-point and
uniform crossover can do this. Parameter pc is the crossover

GA

1. Generate initial population with random individuals

2. Evaluate the cost of every individual

3. Repeat following steps until a termination condition is met
4. Select parents

5. Crossover (recombine) pairs of parents with probability

6. Apply mutation

7. Evaluate new merged individuals

8. select individuals for the next generation

9. Go to 2 or termination if termination condition is met

Fig. 1 The framework of the GA
(Hoseini Vaez and Fallah 2017)

Step (1)
! Locating damage elements \

[ Simulating the damage ]

v

[ Calculating modal residual vector, R ]

§ 7

Calculating condensed absolute sum of the modal
residual (CASMR) according to transformation
matrix, T, and partitioned form of the stiffness and
mass matrices

v

Calculating condensed modal residual vector based
v indicator (CMRVBI) and locating damaged elements '
N (elements with CMRVBI > 0.1) /

) —

I
Step (2)
Estimating damage severity of located elements

v

Formulating objective function ]

v

[ Appling metaheuristic algorithms ]

Fig. 2 Flowchart of the proposed approach
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(a) A three-layer square laminated composite plate (0°/90°/0°)
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(b) Element numbering of the laminated composite plate

Fig. 3 The geometry of the laminated composite plate

rate and shows the probability of being subject to the
crossover for each individual and its value is usually
between 0.6 and 1 (Bé&ck and Schwefel 1993). Individuals
are evaluated considering their cost value in the selection
process and are selected to produce offspring using the
objective (cost) function of the optimization problem.
Selection schemes include roulette-wheel selection,
tournament selection, and ranking selection often. More
information about comparisons of selection schemes is
introduced in (Blickle and Thiele 1995). The mutation
process is applied to the individuals after applying
crossover. So new random variables are provided which
prohibits the algorithm from trapping in local optima. The
mutation rate is pm and its value is determined considering
optimization problem typically. A complete reference and
review of genetic algorithms could be found in (Beasley et
al. 1993a, b, Michalawicz 1996). The framework of the GA
is shown in Fig. 1.

4. Numerical examples

According to details of theoretical description and
optimization method in Sections 2 and 3, the proposed
approach has two main steps as shown in Fig. 2. In this
study, the proposed damage identification approach has
been studied on a three-layer square laminated composite
plate (0°/90°/0°) with clamped boundaries. The codes of
Finite Element (FE) analysis corresponding to the laminated
composite plate and the method have been written in
MATLAB. Three damage scenarios with 4, 5 and 6
damaged elements have been evaluated in such a way that
the damage in the plate has been simulated by reducing the
stiffness of chosen elements, ie. Kj =(1—B)Kg, in
which K§ and K7 are the stiffness matrices corresponding
to eth damaged and intact elements of plate .Also, £ is the
damage extent where the amount is between 0 and 1 for
completely intact and damaged element, respectively.

The material parameters and geometry of the laminated
composite plate have been given in Fig. 3 and Table 1. This
plate has previously been analyzed in (Ferreira et al. 2009).
As can be seen from Table 2, the details of three damage
scenarios have been summarized.

Table 1 The parameters of the three-layer square laminated
composite plate

Parameter / unit Value
The length of a side (a) / m 1
The thickness (t) / m 0.1
Young’s Modulus (E;) / N/m? 40
Young’s Modulus (E;) / N/m? 1
Poisson ratio vy, 0.25

Poisson ratio vy, 0.00625

Table 2 Damage scenarios of 100-element laminated
composite plate

Scenario 1 Scenario 2 Scenario 3
Element Damage Element Damage Element Damage
number  extent  number extent number  extent

47 0.15 17 0.15 17 0.20
48 0.20 18 0.27 48 0.15
54 0.25 57 0.17 53 0.12
84 0.10 58 0.22 57 0.17
87 0.10 58 0.22

87 0.10

4.1 Results of CMRVBI in noise-free condition

Figs. 4, 5 and 6 show damage location charts for the
first, second and third scenarios of the three-layer square
laminated composite plate structure, respectively, in the
presence of different amounts of considered modes in noise-
free condition. It is worth mentioning that only the values
greater than zero have been shown also, the number of
elements with CMRVBI > 0.1 are reported in the figures.
From the figures, it can be realized that the number of
suspected damaged elements identified by CMRVBI in case
of lower number of modes (4 modes) is more than the larger
ones (5 and 6 modes). Consequently, the approach can
accurately localize the damage and the accuracy of the
proposed method increases with increasing the number of
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CMRVBI

CMRVBI

Fig. 4 The CMRVBI values for all elements of the
laminated composite plate for scenario 1 with
(@) 4; (b) 5; and (c) 6 modes

considered modes.
4.2 Study noise effect

In order to study noise effect on the performance of the
proposed method, the noise by a standard error of +2% and
+5% (noise; and noise,) has been used which influences
directly the natural frequencies and mode shapes (Hoseini
Vaez and Fallah 2017, 2018)

noisy

o™ = x(L+axnoise, ) (21)

CMRVBI

CMRVBI

CMRVBI

Fig. 5 The CMRVBI values for all elements of the
laminated composite plate for scenario 2 with
(@) 4; (b) 5; and (c) 6 modes

goi”?isy =(p|dlj x(l+axnoise,) (22)
where noisy implies noisy condition; « is a uniformly
distributed randomly number between -1 and +1.

Figs. 7-9 show the mean of the CMRVBI and MRVBI
amounts for 100 independent runs for the three damage
scenarios in noisy condition and also considering 4 modes.

As it is seen in the figures, this method can correctly
locate the damage even at the presence of the noise effect.
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As shown in the Figs. 5-7, those elements having the 53, 54, 83, 84 and 88 for the first scenario, also elements
most damage possibility which have been identified by 13, 14, 17, 47, 56, 57, 58, 83, 86, 87 and 88 for the second
CMRVBI, are elements 7, 13, 14, 16, 17, 18, 43, 44, 47, 48, scenario 2, and elements 13, 14, 17, 18, 47, 48, 53, 56, 57,

CMRVBI
CMRVBI

(©

CMRVBI

0.5 T T T T T T T T T
[ ] MRVBI
0.4 I cvRrvBI| |
0.3 —
]
=
= 02 i
>
5 I I 1
SsSot--f-HHF-------@H4-H--------- h---
sl | Il |
0 Il I ] oo ] I I I 0 ] I i I|I II
j \
i = y
o ||| LI '"' ||| || —
0.2 | | | L \ \ ! ! !
0 10 20 30 40 50 60 70 80 90 100

Element number

Fig. 7 Damage identification chart for the first scenario considering noise and 4 modes
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Fig. 8 Damage identification chart for the second scenario considering noise and 4 modes
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Fig. 9 Damage identification chart for the third scenario considering noise and 4 modes

58, 83, 84, 87 and 88 for the third scenario.

Moreover, the elements having the most damage
possibility which have been identified by MRVBI are
elements 7, 8, 13, 14, 16, 17, 18, 43, 44, 47, 48, 53, 54, 83,
84, 87 and 88 for the first scenario, also elements 13, 14,
16, 17, 18, 43, 44, 47, 48, 53, 56, 57, 58, 83, 86, 87, 88 and
97 for the third scenario, and elements 3, 13, 14, 16, 17, 18,
43, 47, 48, 53, 54, 56, 57, 58, 83, 84, 86, 87, 88 and 93 for
the third scenario. As it is seen, in the all scenarios, the real
damaged elements are located by MRVBI. But the element
18 in the scenario 2 is not localized by CMRVBI. While
number of misidentified (intact) elements found by MRVBI
are much greater than CMRVBI. The scenario 2 is also run
using 6 first modes and the results are elements 13, 17, 18,
47, 48, 56, 57, 58, 87 and 88 for CMRVBI and 13, 17, 18,

27, 28, 43, 46, 47, 48, 53, 56, 57, 58, 83, 86, 87 and 88 for
MRVBI. So the element 18 is found by CMRVBI with
increasing used modes.

Therefore, the accuracy of damage identification
corresponding to CMRVBI is more in comparison to
MRVBI in this laminated composite plate, despite the
inequality of the freedom degrees used in modes.

4.3 Damage estimation by optimization algorithms

In this step, the suspected damaged elements localized
by CMRVBI are quantified by the two different
optimization algorithms using solving an inverse
optimization problem. These algorithms consist of Salp
Swarm Algorithms (SSA) and Genetic Algorithm (GA).
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Then the capability of the algorithms to estimate damage
severity of the found elements by the first step is compared.
For all scenarios, 30 independent runs are made in noisy
condition and the mean and the best (with least value of
objective function) solutions have been reported. For all
scenarios, the number of iterations are considered as 200
and population sizes are assumed as 100. The results have
been reported to three decimal places and the values less
than 0.01 have been assumed equal to zero. In this step,
only translational DOFs of the four first modes have been
used for all scenarios. Tables 3-5 show damage severities of
suspected damaged elements estimated by SSA and GA.

Total amounts of damage for intact elements in mean
state of SSA algorithm corresponding to the first, second
and third scenarios are equal to 0.032, 0.015 and 0.04,
respectively, also about best state are equal to 0.024, 0 and
0, respectively. These values are equal to 0.061, 0.019 and
0.152 for GA algorithm in mean state and are 0, 0.03 and 0
in best state. Also, the sum of the absolute for differences in
values of damage corresponding to real damaged elements
is calculated. This value in mean state of SSA algorithm
corresponding to the first, second and third scenarios is
0.041, 0.021 and 0.029, respectively and 0.012, 0 and 0.011
in best state. These values are equal to 0.048, 0.01 and
0.066 for GA algorithm in mean state and are 0.01, 0 and
0.03 in best state.

Table 3 Damage severities of suspected damaged elements
for first scenario of the laminated composite plate

Elements and damage severities

Algorithm 7,13, 14, 16, 17, 18, 43, 44,
47,48, 53, 54, 83, 84, 88
Mean 0.012,0,0,0,0,0, 0, 0, 0.210,
Soa 0.182, 0, 0.098, 0.010, 0.251, 0.010
Best 0.010, 0,0, 0,0, 0, 0, 0, 0.201,
0.161, 0, 0.102, 0.014, 0.248, 0
Mean 0.033,0,0,0,0,0,0,0,0.210,
A 0.173, 0.011, 0.092, 0.017, 0.273, 0
Best 0,0,0,0,0,0,0,0,0.196,

0.158, 0, 0.105, 0, 0.247, 0

Table 4 Damage severities of suspected damaged elements
for second scenario of the laminated composite

plate
Elements and damage severities
Algorithm
13, 14, 17, 47, 56, 57, 58, 83, 86, 87, 88
Mean 0,0,0.151, 0,0, 0.169, 0.217, 0, O,
0.082, 0.015
SSA
Best 0, 0, 0.150, 0, 0, 0.1270, 0.220, 0, 0,
0.100, 0
Mean 0,0, 0.155, 0, 0, 0.145, 0.236, 0, 0,
0.094, 0.019
GA
0,0,0.153, 0, 0, 0.169, 0.221, 0, 0.03,
Best

0.097,0

Table 5 Damage severities of suspected damaged elements
for third scenario of the laminated composite plate

Elements and damage severities

Algorithm 13, 14, 17, 18, 47, 48, 53, 56, 57, 58, 83,
84, 87, 88
Mean 0 0. 0.185,0.02 0, 0.148, 0.121, 0, 0.160,
0.228, 0, 0, 0.089, 0.020
SSA
Best 0, 0, 0.199, 0, 0, 0.150, 0.120, 0, 0.172,
0.210, 0, 0, 0.099, 0
Mean O 0 0163, 0.071, 0.013, 0.135, 0.125, 0,
A 0.147, 0.266, 0, 0, 0.058, 0.068
0, 0, 0.193, 0, 0, 0.153, 0.122, 0, 0.164,
Best

0.259, 0, 0, 0.098, 0

In addition, the results of applying CMRVBI index for
the second scenario considering six first modes are run
using both algorithms. Total amounts of damage for intact
elements in mean state are equal to 0.002 and 0.032 for SSA
and GA, respectively; and the sum of the absolute values of
damage for real damaged elements are 0.002 and 0.109 for
SSA and GA, respectively. Also, total amounts of damage
for intact elements in best state are equal to 0.001 and 0.043
for SSA and GA, respectively; and the sum of the absolute
for differences in values of damage corresponding to real
damaged elements are 0 and 0.001 for SSA and GA,
respectively.

Figs. 10, 11 and 12 show the mean of variation of the
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Fig. 10 The variation of the objective function with the
number of iterations for the first scenario
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Fig. 11 The variation of the objective function with the
number of iterations for the second scenario
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Fig. 12 The variation of the objective function with the
number of iterations for the third scenario

objective function with the number of iterations in 30
independent runs for the first, second and third scenario,
respectively.

5. Conclusions

In this paper, an efficient multi-step method is proposed
to locate and quantify multi-damage scenarios of structures
that have rotational DOFs. In the first step, the condensation
technique and MRVBI have been combined to introduce
CMRVBI. This new indicator finds the suspected damaged
elements and reduces the variables of inverse optimization
problem. In the next step, SSA and GA algorithms have
been utilized to quantify damage severity of the reported
elements from the first step. A numerical examples
including a three-layer square laminated composite plate
has been studied. In both steps, the damage localization and
quantification have been performed in noisy condition. The
results show that the CMRVBI has located almost all of the
actual damaged elements in all considered damage
scenarios and also found few intact elements despite using
low number of modes and its DOFs. All of these intact
elements have been quantified approximately equal to zero
by SSA algorithm in the best (with least value of objective
function) state, so they have been known as intact elements.
Therefore, the results demonstrate that the proposed damage
identification is efficient for the studied structure.
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