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Abstract

For structural health monitoring of composite structure, it is important to quickly and accurately identify the impact

load whenever an impact event occurs. This paper proposes a genetic algorithms (GA)-based approach for impact load

identification, which can identify the impact location and reconstruct the impact force history simultaneously. In this

study, impact load is represented by a set of parameters, thus the impact load identification problem in both space (impact

location) and time (impact force history) domains is transformed to a parameter identification problem. A forward model

characterizes the dynamic response of the structure subject to a known impact force is incorporated in the identification

procedure. By minimizing the difference between the analytical responses given by the forward model and the measured

ones, GA adaptively identify the impact location and force history with its global search capability. This new impact

identification approach is applied to a stiffened composite panel. The stiffened composite panel is modeled as an equivalent

laminate with varying properties and the forward response is obtained by using an assumed modes approach. To improve

the computational efficiency, micro-GA (mGA) is employed to perform the identification task. Numerical simulation

studies are conducted to demonstrate the effectiveness and applicability of the proposed method.

r 2008 Published by Elsevier Ltd.
1. Introduction

Composite materials have been widely used in primary structurally loaded components in both commercial
and military aerospace vehicles. However, composite materials are vulnerable to multi-mode damages during
their manufacturing, transporting and operating process. One of the major concerns in the design of
composite structure is the invisible damages caused by low-velocity impact, such as fiber breakages, matrix
cracks, and delaminations, which are difficult to detect and can significantly affect the integrity of the
structure. Recent advances in sensing technologies along with the developments in computation and
communication have resulted in a significant interest in investigating and developing structural health
monitoring (SHM) technologies that can be integrated seamlessly into the structures as a built-in diagnosis
system [1]. For composites, to accurately evaluate the damage extent and the residual life of the structure, the
ee front matter r 2008 Published by Elsevier Ltd.
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first task of an efficient and reliable structural health monitoring system (SHMS) is to detect and identify the
impact load whenever an impact event occurs.

Generally, identifying the impact load for composite structure consists of two main aspects: identifying the
impact location and reconstructing the impact force history. A number of researches have been conducted and
reported for impact load identification using different approaches during the past several years [2–16]. For
identifying the impact location, an effective approach is to analyze the impact-induced stress waves using joint
time–frequency analysis [2,3]. By extracting the time-of-flights (TOFs) of the stress waves at different local
frequencies, the impact location can be obtained by solving a set of nonlinear equations describing the
relationships among impact location, group velocities and TOFs. However, this method can only be used to
estimate the impact location without providing any information about the impact force history. For
reconstructing impact forces, Gual and Hurlebaus [4], and Peelamedu et al. [5] proposed analytical methods to
determine the relationship between the impact force and the corresponding responses with known impact
location in isotropic plates. Using this relationship, the impact force history can be obtained inversely.
However, it is difficult to obtain such an exact relationship for composite structures and complex structures
analytically. Intelligent approaches are also employed for impact identification. Neural networks have been
shown to be a promising way to identify the impact location and magnitude of impact force simultaneously
[6–9]; however, it requires collecting exhausting impact data set through training tests, which may not be
feasible for practical use. Up to now, the most efficient and effective reported methods that can identify both
the impact location and the impact force history are based on system optimization theory [10–14]. Choi and
Chang [10] developed a robust impact identification system using distributed built-in sensors. By comparing
the measured sensor outputs with the estimated measurements from the system model, the impact location and
force history are predicted by a smoother/filter algorithm. Tracy and Chang [11], and Seydel and Chang [12]
modified this method for identifying the impact load for laminated composite plate and stiffened composite
panel, respectively. Matsumoto et al. [13], and Hu et al. [14] employed finite element method to formulate the
relation between the unknown force and the structural response. By comparing the numerical estimated
responses and the experimental ones, optimization models are set up to solve the inverse problem by
employing a modified least square method and a quadratic programming method, respectively. However, the
development of these algorithms is dependent on special forms of dynamic models, such as state space model
[10–12] and finite element model [13,14].

Mathematically speaking, determination of the external loads of a structure based on the sensor signals is a
nonlinear inverse problem. As a global optimization technique, genetic algorithms (GA) is normally taken as a
method of choice for such problems, and can be employed for impact load identification. Coverley and
Staszewski [15], and Haywood et al. [16] proposed a triangulation procedure incorporating a GA to localize
the impact location, demonstrating the promising potential of GA in impact load identification. However,
their work only considered the identification of impact location, how to identify the impact force history using
GA is not concerned.

The aim of this work is to provide a GA-based approach to identify the impact location and reconstruct the
impact force history simultaneously. In particular, a case of impact identification for stiffened composite panel
is presented. Micro-GA (mGA) is employed to perform the identification task with its global search capability
and high computational efficacy. The paper is structured as follows. Section 2 describes the impact load
identification strategy. In Section 3, a brief introduction of mGA and its application in this study is presented.
The forward model for stiffened composite panel using equivalent plate analysis and assumed modes method
is described in Section 4. Numerical simulation study is performed in Section 5 to verify the proposed impact
load identification strategy. Finally, concluding remarks are given in Section 6.

2. Impact load identification strategy

Fig. 1 illustrates the proposed impact load identification strategy in this study. The impact load
identification problem is formulated as an optimization problem, thus the nonlinear inverse identification
problem which is non-unique and instable is transformed to a forward problem. The first step of this
identification strategy is to represent the impact load with a set of proper parameters. This parameterization
allows the impact identification problem, especially the reconstruction of impact force history, to be more
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Fig. 1. A general impact load identification strategy.
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simple and tractable, since identifying several unknown parameters is much easier than directly reconstructing
the values of impact force at the many discrete time points in the time domain [14]. In another way, it enables
identifying the unknown impact location in space domain and the parameters portraying the impact force
history in time domain simultaneously within a single algorithm. Then, combining with a forward model,
which characterizes the dynamic response of the structure subject to a known impact force, the unknown
parameters depicting the impact location and impact force history can be identified by minimizing the
difference between the computed analytical responses and the actually measured responses. There is no
limitation for the forward impact response model. It may be a physical model, such as finite element model, or
a surrogate model. However, for real application, the forward model should be accurate and fast, increasing
the computational efficacy of the identification algorithm.

In the proposed identification strategy, a problem arising from the identification process is that the resulting
optimization problem is nonlinear and multi-modal especially for complex structures. Gradient functions or
other additional differential information, which is required by traditional optimization approaches, may be
difficult and time-consuming to calculate or even cannot be obtained depending on the model chosen, thus GA
are employed in this impact load identification strategy. Other intelligent algorithms with global search
capability, such as simulated annealing (SA), also meet the requirement. From Fig. 1, it can be clearly seen
that each of the steps can be incorporated with different methods, providing a general and flexible approach
for complex composite structures. In the following, a case of impact identification for stiffened composite
panel is presented to demonstrate the effectiveness and applicability of this proposed impact load
identification strategy. A special form of GA, mGA, is employed in this study to perform the optimization
work.

The basic idea of this identification strategy is to parameterize the impact load. A general method for
approximating a force history in time domain is to use a series of smooth base functions ji(t), such as
trigonometric polynomial or Chebyshev polynomial [14], thus the impact force f(t) can be written as

f ðtÞ ¼ f ðbiÞ ¼
XNf

i¼1

bijiðtÞ; t 2 ½0;T � (1)

where the coefficients bi of each base function constitute the unknown parameters to be identified. A recent
study conducted by Hu et al. [14] shows that this parameterizing approach can approximate the impact force
history very well; however, the disadvantage is that it may need too many numbers of base functions to obtain
converged results, about 30–40 in Ref. [14], leading to a large search space and slow convergence rate.
A simple but effective impact force representation method with a few unknown parameters is proposed in this
study.

Observing the experimentally measured impact load, researches have shown that a general impact force
history can be represented as a half-sine pulse shape [5,10]. In this study, the impact force history is
approximately considered as a combination of two 1/4 cycle-sine pulses, while the loading frequency and
unloading frequency are different, as illustrated in Fig. 2. Therefore, five parameters are used to depict such a
general impact load, namely the impact location (ximpact, yimpact), the magnitude of the impact force fmax, the
loading frequency oload and the unloading frequency ounload of the impact force. For simplicity, only impact
perpendicular to the structure is considered, and the material degradation caused by impact is not considered.
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Fig. 2. The general representation of impact force history.
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After the unknown parameters to be identified are defined, the impact load identification is formulated as an
optimization problem to be solved. In this study, for demonstrating the effectiveness of the proposed
algorithm, the transverse displacement response w of the structure under impact is taken as the measurement.
However, in real application with built-in sensors, the strain responses are usually taken as the measured
responses for convenience. The difference between the theoretical outputs of the forward model and the
measurements

Errðximpact; yimpact; f max;oload;ounloadÞ

¼
XNp

i¼1

XNs

n¼1

wimðnÞ � wicðximpact; yimpact; f max;oload;ounload; nÞ
�� ��2 !1=2

(2)

is used as the objective function to be minimized during the optimization process. In Eq. (2), Ns is the number
of discrete sampling points in the time domain, and Np is the number of sensors used for recording responses
for identification.

Since mGA is employed in this study as the intelligent optimization algorithm to perform the identification
work, a fitness value is designated for the genetic operators to perform evolution in mGA. This fitness value
reflects the performance of the solution searched, namely the desired objective value. In this study, the fitness
function is defined as

Fitðximpact; yimpact; f max;oload;ounloadÞ ¼
1

c1Errðximpact; yimpact; f max;oload;ounloadÞ þ c2
(3)

where c1 and c2 are proper constants to make sure the fitness value is a positive finite number, and Err is the
objective value defined in Eq. (2).
3. Micro-genetic algorithm

As a powerful computational search and optimization tool, GA is an adaptive heuristic search algorithm
based on the evolutionary ideas of natural selection and genetics [17,18]. GA differs from conventional
mathematical optimization methods in two ways. First, GA does not operate directly on the parameters to be
searched, but on a coded representation of the parameters. Analogous to genes in genetics, GA represents the
parameters in a given problem by encoding them in a string, called chromosome. Second, instead of finding
the optimum from a single point in traditional optimization methods, GA works on a set of points, that is, a
population of chromosomes, at a time. This implicit parallelism makes GA capable of searching the solution
in a global manner. GA requires only the specification of an objective function or a fitness function to search
the optimal point, rather than gradient functions or other additional differential information, which are
always difficult and time-consuming to calculate or even cannot be obtained in highly-nonlinear and
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multi-modal problems. During the search process, GA uses operations of selection (reproduction), crossover,
and mutation on a population of chromosomes to perform evolution toward global (or near global) optimum.

However, a serious limitation of traditional GA is the time penalty involved in evaluating the fitness
functions for large populations, particularly in complex problems. To improve computational efficacy, mGA is
employed to accelerate convergence in this study. In comparison with traditional GA, GA with small
populations is called mGA [19]. By restarting the small population with sufficient number of times, mGA can
successfully avoid premature convergence and demonstrate faster convergence to the near optimal region for
nonlinear multi-modal problems [20]. Fig. 3 shows the flowchart of mGA for impact identification in this
study. As illustrated in the figure, the optimization process for impact load identification can be stepped as
follows:
(1)
 Encode the parameters of the impact load into chromosomes for GA operation. In this study, the most
commonly used binary bit-string encoding is adopted to encode the parameters to be identified. Each
parameter is encoded into a ten-bit string, leading to a 50-bit-long chromosome that represents a possible
solution containing the unknown parameters (ximpact, yimpact, fmax, oload, ounload).
(2)
 Randomly generate the initial population with Nc (Nc ¼ 5–8) chromosomes for the first time, or Nc�1
chromosomes with the best individual of the previous generation during other restarting process, to form a
micro-population. In this study, Nc is selected as 6.
(3)
 Decode the chromosomes and substitute them into the forward model to compute the analytical responses
for calculating fitness values defined in Eq. (3). The individual with highest fitness in current generation is
directly selected as the parent of the next population. This elitism mechanism keeps the best genetic
information in the population and can rapidly increase the performance of GA.
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(4)
 Perform GA operations, i.e. selection, crossover to the other Nc�1 chromosomes toward global (or near
global) optimum. In this study, tournament selection and uniform crossover are implemented to the micro-
population. Since new individuals are continuously introduced by the restarting mechanism to keep
variability of the population, another operation in traditional GA, i.e., mutation, is not performed.
(5)
 Determine whether the micro-population is convergent. Since small populations, the inner loop converges
rapidly as compared to the traditional GA. A restart process regenerating a new population is employed to
introduce diversity once the difference between the genes of the best chromosome and other ones in the
population is below 5%, which is the convergence criterion defined by Carroll [20].
(6)
 Repeat the steps of (2)–(5), until the stop criterion reaches. Output the individual with the highest fitness
value in the final generation as the solution of the problem.
4. Forward model of stiffened composite panel

Generally speaking, the identification approach proposed in Fig. 1 can be categorized as a model-dependent
method, and repeated running the forward model is required. Model-based methods usually undertake
analysis by implementing finite element analysis. However, finite element method expends too much
computational time for iterative running during the identification process, especially for complex structures.
An effective and efficient modeling approach for complex structure is to consider it as an equivalent plate
using the assumed modes method, which is a Rayleigh-Ritz solution in terms of energy with assumed shape
functions that satisfy the geometric boundary conditions [21–23]. Based on the work of Refs. [21–23], Seydel
and Chang [12] developed a forward impact model for stiffened composite panel with the advantages of few
degrees of freedom, accuracy of modeling and generalization to handle various arrangements of stiffeners and
boundary conditions. This modeling approach is adopted in this study for forward impact response of
stiffened composite panels, and it is presented in this section for completeness.

The basic assumption of this approach is that the stiffened composite panel could be represented as a plate
with varying properties [12,21–23]. The whole stiffened panel is divided into three different regions: bay, flange
and rib. Each of the regions is assumed to have constant plate property as illustrated in Fig. 4. For calculation
of mass and stiffness matrices assuming all sections are plate-like, the effective plate properties should be
formulated first.

For the bay and flange, the plate properties Dij for modeling structural dynamics can be formulated as

D
bay
ij ¼

1

3

XNplys

k¼1

Qk
ij z3k � z3k�1
� �

(4)

D
flange
ij ¼

1

3

XNplys

k¼1

Qk
ij z3k � z3k�1
� �

(5)

using standard lamination theory [24], where Qij is the in-plane stiffness for ply k, and zk is the distance from
the neutral axis. The neural axis is assumed to be the middle of the plate for that region.
Fig. 4. Constant property sections of the stiffened panel [12].
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For the rib sections, the beam properties along the rib’s principal axis, the bending stiffness EI and the
torsional stiffness GJ are converted to the effective plate properties as

D11 ¼
EI

d
(6)

D66 ¼
GJ

4d
(7)

rh ¼
rA

d
(8)

where d is the effective width, and A is the rib cross-sectional area.
With all of the effective plate properties calculated, the structural dynamic model can be formulated. Based

on classical laminate theory [24], the governing equation for a composite plate with a symmetric lay-up under
a point impact is

f ðtÞdðx� ximpact; y� yimpactÞ ¼ rh
q2w
qt2
þ

q2

qx2
D11

q2w
qx2
þD12

q2w

qy2
þ 2D16

q2w
qx qy

� �

þ
q2

qy2
D12

q2w

qx2
þD22

q2w
qy2
þ 2D26

q2w

qx qy

� �

þ 2
q2

qx qy
D16

q2w
qx2
þD26

q2w
qy2
þ 2D66

q2w

qx qy

� �
(9)

where f(t) is the impact force, (ximpact, yimpact) is the impact location, Dij is the bending stiffness matrix, w is the
transverse displacement, rh is the mass per unit area of the laminate.

In the assumed modes method, to eliminate the spatial dependence, each term of Eq. (9) is multiplied by a
vector of shape functions, f(x,y) and integrated over the dimensions X by Y in x-and y-direction, respectively.
By choosing f to satisfy different boundary conditions, Eq. (9) can be simplified as

f ðtÞfðximpact; yimpactÞ ¼

Z X

0

Z Y

0

rh
q2w

qt2
f

þ D11
q2w
qx2
þD12

q2w
qy2
þ 2D16

q2w
qx qy

� �
q2f
qx2

þ D12
q2w
qx2
þD22

q2w
qy2
þ 2D26

q2w
qx qy

� �
q2f
qy2

þ2 D16
q2w
qx2
þD26

q2w
qy2
þ 2D66

q2w
qx qy

� �
q2f
qx qy

8>>>>>>>>>>>>><
>>>>>>>>>>>>>:

9>>>>>>>>>>>>>=
>>>>>>>>>>>>>;

dydx (10)

The details for selection of shape function can be found in Refs. [25,26].
Approximating the displacement w by Nm terms of f

wðx; y; tÞ ffi
XNm

i¼1

w̄iðtÞfiðx; yÞ (11)

the equation of motion can be written in the general form

M
q2w̄
qt2
þ K w̄ ¼ Ff ðtÞ (12)

where w̄ is the generalized displacement vector and w̄ ¼ ½ w̄1 w̄2 � � � w̄Nm �
T; F, M, and K are the

generalized force, mass and stiffness matrices, respectively:

Fi ¼ fiðximpact; yimpactÞ (13)
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Mij ¼
XNregions

k¼1

rhk

Z x2k

x1k

Z y2k

y1k

fifj dy dx (14)

Kij ¼
XNregions

k¼1

Z x2k

x1k

Z y2k

y1k

Dk
11

q2fi

qx2

q2fj

qx2
þDk

12

q2fi

qy2

q2fj

qx2
þ

q2fi

qx2

q2fj

qy2

 !

þDk
16

q2fi

qx qy

q2fj

qx2
þ 2

q2fi

qx2

q2fj

qx qy

 !
þDk

22

q2fi

qy2

q2fj

qy2

�Dk
26 2

q2fi

qx qy

q2fj

qy2
þ 2

q2fi

qx qy

q2fj

qy2

 !
þ 4Dk

66

q2fi

qx qy

q2fj

qx qy

8>>>>>>>>>>><
>>>>>>>>>>>:

9>>>>>>>>>>>=
>>>>>>>>>>>;

dydx (15)

In Eqs. (14) and (15), the contributions from the various regions are added together, x1, x2 and y1, y2 are the
integral limits of region k.

Defining the state vector z ¼ ½ w̄ _̄w �T, Eq. (12) can be formulated in the state space form:

_z ¼ Azþ Bf ðtÞ (16)

where

A ¼
0 I

�M�1K 0

� �
; B ¼

0

M�1F

� �

The impact response can be written in the output equation form:

y ¼ Cz (17)

where the output matrix C is dependent on the response y.
Assuming zero-order hold for the input, the system is converted from continuous form to discrete time for

numerical calculations:

zðnþ 1Þ ¼ U zðnÞ þ Cf ðnÞ (18)

yðnÞ ¼ CzðnÞ (19)

where U ¼ expðATsÞ, C ¼
R Ts

0 expðAtÞdtB, Ts is the discrete sampling time.

5. Numerical studies

5.1. Verification of forward model

To demonstrate and verify the proposed impact load identification strategy, numerical studies are
conducted in this section. First, the widely used finite element software MSC.Nastran is used to verify the
forward impact model of stiffened composite panel as described in Section 4. A square stiffened composite
panel with dimensions of 600mm� 600mm shown in Fig. 5 is considered. Three parallel I-beam stiffeners run
the length of the panel in the x-direction. The distance between neighboring stiffeners is 150mm. The details
about the locations of the ply groups are shown in Fig. 5. The layups of the different ply groups contain plies
stacked according to the sequences given in Table 1, and consist of T300 graphite fibers and a QY8911 epoxy
matrix. The thickness of each lamina is 0.125mm. The material properties of T300/QY8911 are presented in
Table 2. In the finite element model, the bay, flange and rib of the stiffened composite panel are modeled by
totally 2880 quad shell elements. The stiffeners are considered as ideally bonded to the plate. All of the four
edges of the panel are clamped and the origin of the coordinate system is set at the left-bottom corner as shown
in Fig. 5. A set of sensors, numbered from Sensor 1 to Sensor 12 and spacing uniformly on the surface of the
panel, are employed to measure the displacement responses under the impact. For reference, Sensor 1 is set at
(150mm, 75mm), and the spacing of the sensors in x- and y-direction is 150mm.
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Table 1

Group layups for the stiffened composite panel

Location Layup

Cap [45/902/0/-45/03/-45/02/45/0]s
Channel [45/902/0/-45/03/-45/02/45/0]s
Base [45/90/-452/0/45/0/-452/0/45/90/45/0]s

Table 2

Material properties of T300/QY8911

E1 (GPa) E2 (GPa) G12 (GPa) v12 r (kg/m3)

135 8.8 4.47 0.3 1560

1

2

3

4

5

6

7

8

9

10

11

12

x

y

z

o

Cap

50 mm

25 mm

Channel15
 m

m

Base

Fig. 5. Stiffened composite panel and sensor placement in numerical study.
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For comparison of the forward model of the stiffened composite panel used in this study with finite element
model, dynamic responses under impact load are examined. Assuming that a half-sine pulse shape impact load
with magnitude of 1000N and frequency of 100Hz is acted on the center of the panel, where the coordinates
are (300mm, 300mm). The sensors monitor and record the dynamic responses once the impact event occurs.
Fig. 6 shows a comparison of impact responses by the forward model and those by finite element method at
three sensor locations. The outputs of the forward model agree very well with the finite element results,
verifying the equivalent laminate theory and assumed modes method for stiffened composite panel. However,
the computational efficiency of the forward model is much better than the finite element model. After the
generalized force, mass and stiffness matrices in Eqs. (13)–(15) are prepared, it takes less than 0.05 s for the
forward model in Eqs. (16)–(19) to calculate the impact responses for 10ms with a time step of 0.1ms in a PC
with Intel P4 3.0GHz CPU and 1GB memory. This is about two orders faster than the finite element model in
the same PC. Therefore, the forward model presented in Section 4 is adopted in this study for modeling
dynamic responses of stiffened composite panels subject to impact load and repeated running during the
impact identification process.

5.2. Results of impact load identification

One experimental measured impact force history with maximum force of 615N is obtained from Fig. 25 of
Ref. [12] is employed in this numerical study to verify the proposed impact identification strategy. This impact
force is applied on different parts of the stiffened composite panel. The impact locations considered in this
numerical study for rib, flange and bay are (300mm, 300mm), (225mm, 287.5mm) and (225mm, 225mm),
respectively. To consider the effect of model deviation, in this simulation stage, the assumed measured
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displacement responses are obtained by inputting the impact loads to the finite element software
MSC.Nastran. Random white noises with noise level R ¼ 5% are added to the finite element responses. In
this study, the noise level is defined as Ri ¼ si=maxjwiðtÞj in which si is the root mean square (RMS) value of
the noise associated with the measurement wi(t). With these simulated responses, the proposed mGA-based
impact identification strategy is implemented to obtain the parameters about the impact load.

One appealing advantage of GA is that it can be adaptively convergent to the optimum in a large search
space without setting suitable initial search points which is a crucial requirement for traditional mathematical
optimization approaches. In this study, the search ranges are set as following: 0–600mm for the impact
location, 0–2000N for the magnitude of impact force, and 250–1500Hz for the loading and unloading
frequencies, respectively. Fig. 7 shows the evolution process and results for identifying the impact load using
mGA when the impact load is applied on the rib at (300mm, 300mm). From Fig. 7(a), it can be seen that
during the GA evolution, since new individuals are continuously introduced, the average fitness value of
the micro-population changes rapidly, however, the best individual is keeping better and better, demonstrating
the effectiveness of mGA. Fig. 7(b)–(d) shows the identification results of the impact location, magnitude of the
impact force, and the loading and unloading frequencies for describing the impact force, respectively. The
identified impact location is (298mm, 307mm), and the identified magnitude of impact force is 625.6N,
closing to the actual ones. Fig. 7(e) illustrates a comparison of the reconstructed impact force history with the
measured impact force history. Though the identified force just approximately represents the real impact force,
the duration and magnitude matches the measured one quite well. Fig. 7(f) shows a comparison of the
displacement responses under the identified impact force acting on the identified impact location and the
measured displacement responses.

Fig. 8 shows the evolution process and a comparison of the identified results using mGA with the actual
impact load when the impact force is applied on the flange at (225mm, 287.5mm). The identified impact
location is (224mm, 297mm), and the identified magnitude of impact force is 594.3N. Fig. 9 shows the
evolution process and a comparison of the identified results using mGA with the actual impact load when the
impact force is applied on the bay at (225mm, 225mm). The identified impact location is (225mm, 224mm),
and the identified magnitude of impact force is 582.6N. From Figs. 7–9, it can be clearly seen that the
identified results agree the actual values very well, demonstrating the effectiveness of the proposed impact load
identification strategy.

For composite, the impact damage patterns and damage extents are tightly related to the maximum impact
force and impact energy. Thus, besides the identified results illustrated in Figs. 7–9, the maximum forces
and impact energies of the identified and measured impact force history are presented for comparison.
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Fig. 7. Identified results by mGA when impact on rib. (a) Evolution of fitness value, (b) identified impact location, (c) identified magnitude

of impact force, (d) identified loading and unloading frequencies, (e) comparison of identified and actual impact force histories and

(f) comparison of identified and measured impact responses.
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Fig. 8. Identified results by mGA when impact on flange. (a) Evolution of fitness value, (b) identified impact location, (c) identified

magnitude of impact force, (d) identified loading and unloading frequencies, (e) comparison of identified and actual impact force histories

and (f) comparison of identified and measured impact responses.
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Fig. 9. Identified results by mGA when impact on bay. (a) Evolution of fitness value, (b) identified impact location, (c) identified

magnitude of impact force, (d) identified loading and unloading frequencies, (e) comparison of identified and actual impact force histories

and (f) comparison of identified and measured impact responses.
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Fig. 11. Comparison of identified and measured impact energies.
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The formula for calculating impact energy is [10]:

Energy ¼

Z
f ðtÞdw �

XNs�1

n¼1

½f ðnþ 1Þ þ f ðnÞ�

2
½w0ðnþ 1Þ � w0ðnÞ� (20)

where w0 is the displacement at the forcing point and can be calculated using the estimated location and force
history, Ns is the number of discrete sampling points in the time domain as defined in previous part. The
maximum forces for identified and measured impact loads are presented in Fig. 10 and the calculated impact
energies for identified and measured impact loads are presented in Fig. 11. In the figures, the identified results
without noise are also given. Considering the model deviation and noise effect, the identified maximum forces
and impact energies agree quite well with the corresponding measured ones, demonstrating the effectiveness of
the proposed impact load identification strategy.
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6. Conclusions

This paper proposed a GA-based approach for impact load identification of composite structure. The
impact load is represented by a set of parameters, thus the load identification problem in space and time
domains is transformed to a parameter identification problem. A forward model characterizes the dynamic
response of the structure subject to a known impact force is incorporated. By minimizing the difference
between the analytical responses given by the forward model and the measured ones, GA adaptively identify
the impact location and time history with its global search capability. This new identification approach has the
capability to identify the impact location and reconstruct the impact load history simultaneously.

This method is applied to an impact identification problem for stiffened composite panel. The stiffened
composite panel is modeled as an equivalent laminate with varying properties and the forward impact
response is obtained by using an assumed modes approach. The effectiveness and applicability of the proposed
impact identification strategy is validated by simulation studies. Numerical results show that the proposed
GA-based identification approach can not only identify the impact location but also reconstruct the impact
load approximately. Though the impact force profile is simplified, the identified maximum impact force and
impact energy, which are useful for predicting impact damage in the composite panel, agree the actual ones
very well. It only requires the information in time domain, providing a way with simple signal processing.
Besides, the mGA employed demonstrates strong capabilities in avoiding premature convergence and
accelerating convergence to the near optimal region for this nonlinear multi-modal problem.
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