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between the interfaces of the crack. Many of the methods to detect a crack in beam-like
structures are based on linear one dimensional models and are not straightforwardly appli-
cable to structures such as beams or arcs with a breathing crack with or without contact.
The present study addresses bi- and three-dimensional models to handle the dynamics of a
. structural element with a transverse breathing crack. The methodology is not restricted to
Crack detection . . . . .
Genetic algorithm peam-hke structures since it can be applled to_ any arblhtrary.sthlaped 3D element. The crack
Contact problem is simulated as a notch or a wedge with a unilateral Signorini contact model. The contact
Non-linear dynamics can be partial or total. All the simulations are carried out using the general purpose partial
differential solver FlexPDE, a finite element (FE) code. A genetic algorithm (GA) optimiza-
tion method is successfully employed for the crack detection. The dynamic response at
some points of the damaged structures are compared with the solution of the computa-
tional (FE) model using least squares for each proposed crack depth and location. An objec-
tive function arises which is then optimized to obtain an estimate of both parameters.
Physical experiments were performed with a cantilever damaged beam and the resulting
data used as input in the detection algorithm.
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1. Introduction

In the review by Doebling et al. [6], Lifshitz and Rotem (1969) are mentioned as the authors of the first published article
using the vibration data to diagnosis the damage. The computational resources and the experimental capacity to data acqui-
sition were very limited at that time, which may explain that the first detection methods reported in literature are only
based on natural frequency changes. From the obtained data, parameters related with the value of the stress tensor were
found as indicators of the damage. Back to the 1980s finite elements started to be used as a computational tool to model
damaged structural elements. Changes in the natural frequencies was the first and more studied criterion [20,5,16,12],
and the detection of many cracks with this technique was reported in [5,16,10,12] . Some attempts to detect the damage
from the inverse problem were included in studies [14,17]. Anyway, the bad conditioning makes the detection difficult to
be tackled as a pure inverse problem. On the other hand, many works dealing with straight beams have been reported
[6]. Wang and He [22] used artificial neural networks (ANN) to detect crack in arch structural elements. The authors of
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the present work have employed ANN in beam-like structures and rotating beams [19]. Genetic algorithms appear as an
attractive approach [8] to optimize an objective function that depends on the crack position and magnitude when a nonlin-
ear dynamic is present, either due to large rotations or contact at the crack closing. Research in this direction can be found in
[3,1,4,18]. On the other hand, contact at the crack can be modeled in many ways. Carneiro [2] proposed a breathing crack
model for a Timoshenko beam. Contact models have been employed in other areas of the Mechanics by Raous [18] and
Kikuchi and Oden [11]. A thorough and detailed study of the mechanics of contact can be found in [9]. The structural models
implemented in the present work are referred to the undeformed configuration or Lagrangian description using the first and
second Piola-Kirchoff tensors [13,7,21].

The present study deals with bi- and three-dimensional models to handle the dynamics of a structural element with a
transverse breathing crack. The methodology is not only restricted to beam-like structures but it can be also applied to
any arbitrary shaped 3D element. The crack is simulated as a notch or a wedge with a unilateral Signorini contact model.
The contact may be partial or total. All the simulations are carried out using the finite element code FlexPDE, a general pur-
pose, partial differential equation solver.

A genetic algorithm (GA) optimization method is successfully employed for the crack detection. The dynamic response at
some points of the damaged structures are compared with the solution of the computational (FE) model using least squares
for each proposed crack depth and location. An objective function arises which is then optimized to obtain an estimate of
both parameters. The optimization algorithm is developed within the MatLab environment and interacts with the FEM mod-
el. It was found that the functions exhibit a large number of local minima. Given such a complexity, the standard optimiza-
tion techniques (e.g. gradient methods) are not successful when used directly. Alternatively, the GA used herein, shows very
acceptable behavior. Extensive studies were carried out to analyze the influence of the various parameters involved in the
GA. The parametric studies allowed to set the optimal values of GA variables for this problem like population, reproduction,
number of generations, etc.

Several cases regarding crack detection in beam-like structures have been analyzed within the present study. Physical
experiments were performed with a cantilever damaged beam and the resulting data used as input in the detection algo-
rithm. A general isotropic linear constitutive relationship between the second Piola-Kirchoff stress tensor and the Green-
St. Venant strain tensor was proposed. The advantage of a general model (nonlinear) is that not only finite deformations
can be considered, but also the reformulation of the problem for a rotational motion is not necessary. Additionally and when
dealing with numerical experiments, a white noise was introduced and it was found that the errors remained in the same
range. As the procedure is not restricted to beam-like elements, other geometries were tackled, e.g. an arch (curved beam)
and a blade-like structural element (in 3D domain) in rotational motion, justifying the general nonlinear model. The meth-
odology allows up to a third level detection, i.e. detection of damage existence, location and depth. Despite the inherent com-
plexity of the problem, the resulting errors remain within reasonable values.

2. Statement of the problem

The crack detection will be performed on structural elements that will be tackled with two and three dimensional finite
element models. In what follows, a brief introduction on the governing equations within the Solid Mechanics field will be
stated. Also, the contact issue at the crack interface will be described. The beam problem (Fig. 1) is the structural element
more extensively studied since it allows for adjustments and validation but any arbitrary shaped structure (2D or 3D) could
be handled.

2.1. Equations of motion

The statement of the governing equations is made within the frame of Continuum Mechanics with a Lagrangian or mate-
rial reference. Following this approach, only the next equation should be solved,
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Fig. 1. Real crack and the detection model.
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VP pob = poA (1)

where P is the first Piola-Kirchoff stress tensor [13,7,21] , po=p (X, to) is the initial density (which is known) and
A=98V/[d t = 9*x/dt%, X is the position vector function of X (material coordinate), t is the time, and A is the acceleration field,
that is simply the partial derivative of the velocity field V.

The boundary conditions are imposed to the initial boundary (its position is known), leaving the statement of the bound-
ary problem, the initial conditions and the equations of motion consistently closed. The boundary conditions are

x(oV') =x (2)

to(OV?) = 1o (3)
where ty is the tension vector of Piola-Kirchhoff calculated for the expression ty = PN, N is the referential unit vector normal
to the surface, V' and dV? are parts of the contour in which geometric and natural boundary conditions correspond, respec-
tively. Thus, the problem at the boundary, as well as the initial conditions and the equations of motion, are fully stated. The
position of any point of the body, including the boundary, will be known once the differential problem is solved. The non-
linear part is transferred to the tensor P. This tensor is non-symmetric. The second Piola-Kirchhoff tensor S is symmetric and

given by P =FS, where [F]; = 9x;/0X; is the deformation gradient tensor, x; is the ith component of the displacement vector
u(X, t)=x(X, t) — X, X; is the jth component of the material vector field X. Thus, the equations of motion are written as:

V- (FS) + pob = poA (4)

We need to relate S with the motion to complete the differential problem that has vector u (or x) as an unknown. Both ten-
sor, P and S are related to the Cauchy tensor ¢ through

FS = (detF)a(F ') =P (5)
Here the following constitutive equation is proposed:

S = Jtr(E)l + 2E + 1, E (6)
where 4, yt and p;,e are constants, E is the Green'’s strain tensor

[E] _1 ou; | ouj | dug duy
i =2 \ax; " ax; T aX; ox,

and E is the material derivative of E. Eq. (6) is known as St. Venant-Kirchhoff material model with internal viscous type dis-
sipation [21] that, as is obvious, tends to Hooke’s law for infinitesimal displacements, elastic homogenous and isotropic
bodies (if E—~¢& and p jr=0then S — o=/ tr(g)l +2ue), 4 and u are the Lamé constants /= vE/(1+v)(1-2v), u=E/
2(1+v), v is the Poisson’s coefficient and E the modulus of elasticity, and 2¢&; = 9 u;/dx; + du;/9x; is the infinitesimal deforma-
tion tensor.

3. Contact models

In this section, a unilateral contact model between bodies undergoing arbitrary deformations is described. This type of
problems presents large difficulties on the one hand due to the nonlinearities and on the other, due to the difficulty of stating
and solving a non-holonomic restrictions problem, as the present one. The regularization to a holonomic problem makes it
solvable and enables the study of more complex models that include friction, adhesion, etc.

3.1. Real contact surface

The contact surface between two rough bodies is partial. As the pressure increases, the borders irregularities deform thus
increasing the contact area. Not only the mechanical issue but also chemical reactions, electrical and thermal effects are
present in the contact, though not enough understood yet. In the present study, the authors do not consider the physical
and chemical tribology issues.

3.2. Unilateral contact

As a first approach to the contact model let us suppose that a deformable body interacts with a rigid and fixed obstacle.
The contact condition is the non-penetration of the body in the rigid obstacle.

3.2.1. Signorini problem

Let a body B with domain 2 be in the space (or in a plane). B has a sufficiently smooth boundary I = I'r U I'p U I'c which is
in contact with other body R that is rigid and fixed in the plane (see Fig. 2). Part I'r of the boundary I'corresponds to the
boundary where the stresses are prescribed (natural conditions of the problem) (Eq. (3)). I'p corresponds to the part of
the boundary where the displacements are prescribed (geometric conditions) (Eq. (2)) and I'¢ is the part in contact with
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Fig. 2. Scheme of contact between a deformable body and a rigid obstacle.

the rigid body R. At the contact region I'¢, the displacements u and stresses t. may be decomposed in normal and tangential
components in the following way

u = uye, + ure; (7)
tc = tcNen + tcTet (8)

The Signorini problem (unilateral contact) is (see Fig. 3a)

uy <0
taw <0 9)
untey =0

It is easy observed that the Signorini conditions (9) are satisfied only with one of the following possibilities

1. No contact = uy < 0 and tn=0.
2. Contact = uy =0 and tn < 0.

The conditions (Eq. (9)) constitute a non-continuous or non-smooth problem since ty is a multi-valued application of the
field uy (or simply tqy is not function of uy). From the Analytical Mechanics viewpoint, the Signorini problems yields non-
holonomic constraints given by inequalities. This is apparent in the fact that neither the stresses nor the contact surface itself
are known before solving the problem. If this were solved, the deformation could be calculated but they are necessary to the
statement of the classical boundary problem. In other words, within Continuum Mechanics, the knowledge of the boundary
conditions is mandatory to solve the problem, but on other hand the Signorini problem deals with the boundary conditions
as unknowns.

3.2.2. Extensions

Regarding the contact between two deformable bodies or two parts of the same body, the Signorini problem allows to
easily solve the contact problem if the deformations and displacements are infinitesimal, by making a change of variable.
Now, the problem is double: one for each body surface and, in the present study, one for each crack interface.

un UN

len=-k (un)
(a) (b)

Fig. 3. (a) Signorini's law. t.y is a multi-valued function of uy at zero. (b) Regularization of Signorini's law. t.y is continuous function of uy at zero.
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d(x1,x2) =0 d(xa,%) = 0
body 1¢ tn <0 body 2¢ tn, <0
Xiteni =0 Xatena =0

where d(x1, X,) is the distance between the spacial points x; that belong to body 1 and x,, to body 2. The advantage in using
infinitesimal displacements is that unit vectors N2 = —N1 and the pair of points x; and x, are known before solving the prob-
lem and are on the surface normal.

Instead, if the displacements or deformations were finite, there would be no knowledge regarding which pair of point
would be in contact nor the corresponding unit normal vectors. The smallest distance between all pair of points (one of each
body) should be calculated and also unit normal vectors for such pair of points evaluated.

min(d(x1,x;)) = 0 min(d(x3,%;)) = 0
body 1¢ tn <0 body 2{ tn, <0 (10)
Xiten1 = 0 Xotenoy = 0

3.2.3. Regularization of the non-holonomic Signorini problem

The contact law stated in the previous subsection is of non-holonomic type, since no regular equation given by an equality
exists. Instead, the contact problem poses a restriction given by a set of inequalities. The intermittency between a natural
type condition and other of geometric type is what gives the non-regular character to the contact problem. The moment
when the condition shifts from one to other state is an unknown of the problem.

The regularization idea consists in replacing the rigid condition by a smooth or regular one. The non-holonomic restric-
tion problem is replaced by a non-constrained problem. The boundary condition will always be natural with the imposition
of a functional relationship between stresses and displacements.

{ —k(vy) if uy>0
tcN =

11
0 else where uy <0 (1)

where k is a number that, if sufficiently large, the problem given by Eq. (11) approximates to Eq. (9) (see Fig. 3b).

4. Computational simulations: equations of motion stated in the weak form and Galerkin’s method
First let us write the weak formulation of the equations of motion. Let W be a test vector field (admissible functions) of

variables referred to the body in its non deformed configuration (Lagrangian description). Multiplying the equations of mo-
tion by W and integrating over the body domain V, we get:

[ ] - wWdaos [ [ [lpb—A)-W—P-v:Wav —0 (12)
JovV .
where (12) is obtained after integrating by parts (using the Green’s formula).

The surface integral is divided in two parts. Suppose than the displacement u, and consequently the velocity V, is pre-
scribed at a part of the boundary’s surface (I'p in Fig. 2) and the stress is given at the other part (I'r). In order to incorporate
the boundary conditions (2) and (3) in the weak form (12), first trial functions W (admissible test functions) are defined as

W(X) € Adm, — {W|W —Oonlp and / (VW)2dV < oo}
and the solution u(X,t)

u(X, t) € Adm, = {u|u =x-XonIp and /(P)zdv < oo}
Then the surface integral in Eq. (12) reduces to

//W(to-W)dA://rF(to.W)dA://FFEO.WdA

Finally, the weak formulation consists in finding the vector u(X,t), implicit in P such that

VYW € Adm, find u(X,t) € Adm, that satisfies 13
[ Jr, (t-W)dA =~ [ [ [ [po(b—A)- W —P- VxW]aV (13)
and the initial conditions (14)
X(X.to) =Xo(X) and X(X,to) = Vo(X) (15)

Let ¢{(X) € Adm; be a base of a subspace of a Hilbert space. Let the function u be expanded in a series of ¢{(X)
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N
u(X,t) ~ " ¢(X)ci(t) (16)
i=1
here c(t) are functions only of time.
Replacing the Eq. (16) in (12) we get for each finite element

//ﬁ (to(“)'¢;)dA+///V)j {m(bﬁ;«mﬁi) - §;(X) — P(u) - Vx¢;|dV; =0 (17)

where V; is the volume of the jth element.
This task was performed with the help of FlexPDE software [14] which is a scripted finite element model builder and a
numerical solver.

5. Optimization problem applied to the crack detection

First, the optimization problem is stated. Then, the genetic algorithm is briefly described and the studies carried out to
adjust the procedure, are detailed.

5.1. Optimization

The optimization of the inverse problem is attained through a least square criteria, i.e. the dynamic responses obtained
from the experimental model are compared with the solution of a computational FEM model at certain points of the struc-
ture. The measurements are made at few points (no more than five). The detection problem consists in reconstructing the
dynamic with this scarce information in order to solve the inverse problem by introducing the motion data and having
the size of the crack as the unknown. In the present study the crack is characterized by two parameters, crack depth (h.)
and location (X,). Fig. 4 shows an scheme of the dynamic experiment in which a perturbation introduced by hitting a ham-
mer, originates the transverse motion (though any type of motion could be studied). In the Fig. 4, three sensors are shown, i.e.
accelerometers, at three different locations. Finally, a data acquisitor device completes the setup to obtain the data which
yields the time functions u(X; t) withi=1,...,n (n =3 in Fig. 4).

On the other hand, a computational model with crack parameters X. and h, of arbitrary values and displacements u*(X;, t)
at the same points in which the accelerometers were located in the physical experiments, is constructed. The comparison is,
then, made between the two functions u(X;, t) and u*(X;, t). The objective function to be optimized in this study is

1
-t

d(Xc,he) = /tz 2”: [u* (X, t) — u(Xi,t)}Zdt (18)
=1

It was found that this objective function exhibits a large number of local minima. For such a complexity, the usual optimi-
zation techniques based on gradient methods are not always successful. Then, an approach based in genetic algorithms is
employed to perform the optimization.

5.2. The genetic algorithm (GA) approach

The GA method to solve optimization problems based upon the natural selection is inspired by evolutionary biology.
A population of possible solutions of a given problem is generated by this technique. Each of these solutions is named
individual. The individuals which are closer to the real solution (i.e. the fitter) will be more capable to pass their (genetic)

/ 0 L}
[: data aquisition

T

Fig. 4. Scheme of experimental setup to detect the crack in a cantilever beam.
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information to the next generation. In each generation the population evolves towards the optimal solution of the problem
and the (genetic) information that passes from generation to generation will change according to the following rules:

Selection rule: a selection of the individual named parent is made following certain criterion that contributes to the next
generation population.

Crossing rule: two parents are combined to create children for the next generation.

Mutation rule: random changes on the parents individuals are introduced to ensure the (genetic) diversity.

In particular, in the crack detection problem, a set of values J = (X, hy) is given. Each pair is an individual and the pop-
ulation is the whole set. The GA starts generating a random initial population of individuals. At this stage, it is relevant to
guarantee the largest diversity of solutions. Then, new populations are generated. The steps followed in the GA optimization
approach are briefly described below. For more detailed information, related bibliography can be consulted e.g. Houck et al.
[8], Carneiro [2], Matlab [15].

1. Each individual of the initial population (X, hg) is evaluated.

2. The individuals are scaled giving larger scores to the ones that yield a smaller d(Xy, hy), i.e. the best fitted.

3. The individuals with larger scores (parents) are selected.

4. New individual are generated (children) through various ways: through random changes of a single parent (mutation), by
combining the vector elements of a pair of individuals (crossing) or by identically repeating a child from a parent.

5. The parent population is replaced by the children (new generation).

6. The genetic iteration ends when d(Xy, hy) verifies some convergence criterion. Usually two criteria are employed: the GA

is run until a maximum number of times is reached or it is stopped when no more changes are evident.

5.3. Adjustment of GA parameters

Different variables were tested to implement the GA algorithm in the crack detection problem by varying one parameter
at a time and studying its optimum value. The studied parameters were the simulation time, the number of sensors, the
crack depth and location, and more specifically within the GA, the number of individuals, mutation parameters, maximum
number of generations, crossing types. In the cracked beam problem, an adjustment study was performed with the following
example. A 2D elasticity finite element model is employed to study a clamped-free beam. The length is L = 2.5 m, the cross-
sectional area is A = 0.25 m?, the modulus of elasticity is E = 7.3 x 10'° Pa, v = 0.3, and the mass density is p = 2766 kg/m>. In
this case, the beam is assumed undamped. The dynamics is simulated and the response u(X,, t) is obtained with n =4 sim-
ulating four sensors located at X, = nL/5, that measure the transverse motion of the beam (Fig. 4).

Regarding the GA parameters, the following are considered: uniform initial distribution, rank scaling, stochastic selection,
elite count for the reproduction equal to 2 (this means that the two best individuals pass unaltered to the following gener-
ation), crossover fraction = 0.8 (this corresponds to the 80% other than elite children) and scattered (the objective function is only
dependent of two variables i.e. d (X, hc)). The mutation is of the Gaussian type and the stop criteria is a maximum number of
ten generations and five repetitions for which the objective function does not improve. Graphics of the fitness function give a
clue of the necessary number of generations that are useful in the calculations. Among the parameters, the crossing type was
one of the studied. After several runs, it was concluded that the heuristic crossover with r = 0.6 was the optimum selection. In
order to obtain statistical information of the parameter adjustments, ten scenarios are simulated (Table 1), using the heu-
ristic crossover with r = 0.6 and, at this stage, the number of individuals (population) is varied. A maximum number of five
generations is adopted. The initial condition is a velocity transverse to the beam axis V, = —2X and the simulation time is
0.15s.

The following non-dimensionalized errors are computed

XX, _he

€x L ) h a

where X, and h, are the crack location and depth, respectively, a is the height of the beam cross section, X and h_ are the
crack location and depth, respectively, found by GA. The values e, and e, are the relative errors of the crack location and
depth. The sum e, = |ey| + |ey| is the total error of each simulated scenario, which is a very strong measure. In order to estab-
lish the number of individuals necessary to attain acceptable results, the GA is run with different values of populations. The
average errors are shown in percentage in Fig. 5. In the studied cases, the GA detects better the damage as the number of
individual increases. An average total error less than 10% is considered satisfactory.

Table 1

Simulated scenarios.
Case 1 2 3 4 5 6 7 8 9 10
Crack location X, 0.1 0.3 0.5 0.7 0.9 1.1 13 1.5 1.7 2

Crack depth h. 0.1 0.1 0.2 0.2 0.1 0.2 0.1 0.2 0.1 0.2
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In order to asses the length of the experiment, the GA is run for a population of 50 individuals changing the simulation
times. The averaged percentage errors are depicted in Fig. 6. The GA does not improves the detection values as the simulation
time increases and the population is kept fixed. The reason is that the objective function d(X,, h.) exhibits a larger number of
local minima as this variable (simulation time) increases. Consequently, if a detection is desired in the case of a response of
large duration, larger populations should be employed. An empirical rule adopted in the present study is to take 50 individ-
uals for the simulation lasting one and a half of the fundamental period of the undamaged specimen.

5.4. Noise influence

Up to this stage, crack detection problems on a beam with a simulated dynamic were dealt with. No uncertainties were
included neither in the model nor in the involved parameters. With the aim of studying the robustness of the proposed
methodology to more realistic signals, a white noise is now incorporated to the signal of the simulated dynamic, keeping
the population (50) and simulation time (0.05 s, approximately one and a half period of the healthy beam). Each of the noise
signals has a relative magnitude of 0.1, 0.2 and 0.3 (relative to the tip displacement of the beam). Table 2 depicts the average
errors calculated by the sum of two errors (e = |e| + |en|) for the same ten scenarios. The robustness of the detection method
to this levels of noise can be observed.

5.5. Diffuse crack

The results from the previous subsection encourage the introduction of some type of uncertainty in the problem. A very
exact computational model that simulates closely the dynamics of a cracked body is available. But notwithstanding the
detailed modeling, it still involves simplifications. A real problem presents uncertainties in the physical model that are

16
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Fig. 5. Influence of the population value.
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Fig. 6. Influence of the simulation time. Population of 50 individuals.
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Table 2

Noise influence. Average errors.
Relative noise 0.1 0.2 0.3
Average error % 6.28 7.71 5.39

approximated with theoretical or computational simulations which will be more or less closer to the physical model. The
question that arises is, what happens when a detection is desired in a real specimen with a real crack using this scheme?
Let us suppose that the real crack be arbitrary shaped as shown in the left lower part of Fig. 1. Will it be possible to detect
such crack if its model is given by the scheme shown in the right lower part of Fig. 1?

To answer this question, the simulation of the cracked beam dynamics is carried out using a crack different from the sin-
gle crack model. In particular, a “diffuse” type (five cracks in a small region, Fig. 7) is simulated as it were a real experiment of
a real body and the model of a single crack used to make the detection. The chosen GA parameters are the individual num-
bers (50) and the simulation time (0.05 s).

Table 3 contains the six studied cases. The errors are calculated as defined before. Only the 5th. case can be considered a
failure.

5.6. Physical experiment

Once the GA parameters and the simulation time have been chosen and accepting certain robustness in the crack shape
and the experimental noise, the detection is performed in a real specimen of a clamped beam. Two PASCO accelerometers are
employed, each with mass m = 34.7 g. The beam is made of aluminum, of length L = 41.5 cm (free length), square cross-sec-
tion of side a = 0.788 cm. The accelerometers are located at X; = 23.25 cm and X, = 34 cm from the clamped end. Since the
model uncertainties are unavoidable, either in the boundary conditions, damping coefficients, elastic modulus or inhomoge-
neity of the material, a zero setting is carried out to homogenize the parameters in such way that the differences between the
computational and physical models be a minimum. Using GA the function,

2 2

1
d(E, g, Hin) = A /t > (X, t) — u(Xi, t)’dt
i1

1

is minimized to find the following parameters: elastic modulus E, the external damping coefficient p (air friction) modeled
by the stress vector in the boundary conditions t = — 14V, and the internal one u;, (linear viscoelastic material) for a period
t, — t; = 0.1 s. The GA algorithm was set with a population of 50 individuals, heuristic crossover up to 5 generations, giving
the following optimum parameters: E = 36.567 x 10° Pa, lq=840.57 Pa s/m. and pjn=7.35 Pass.

Diffuse crack Model of crack

Fig. 7. Diffuse crack models and detection model.

Table 3

Diffuse crack. Six studied cases.
Case (error %) Case to detect Detected by GA

Xc he X; h;

1 (7.16) 03 0.1 0.32 0.115
2 (8.12) 0.7 0.1 0.55 0.105
3 (4.64) 1.3 0.2 1.25 0.206
4 (6.72) 1.5 0.2 1.36 0.197
5 (41.3) 1.9 0.1 2.37 0.044
6 (6.51) 1 0.12 0.98 0.134
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In order to reproduce the same initial condition in the physical test, a weight of mass m = 266.12 g is hung from the free
end of the beam. Then, to initiate the motion, the thread is cut with fire. Thus, a minimum perturbation in the initial con-
dition is ensured. The two motion sensors register the vibration motion of the undamaged beam in the acquisitor. Fig. 8a
shows the accelerations at points X; and X, for the experiment and Fig. 8b, the ones corresponding to the simulation with
the optimal parameters, taking into account the masses and location of the accelerometers.

Certain similarity is observed in the acceleration amplitudes as well as the dissipation of the signals.

To assess the damage in the beam and once the model is calibrated, notches are made with different depths: 2.6 mm (h,/
a=0.329), 4 mm (he/a=0.507) and 5 mm (h./a = 0.634) and of 1 mm width, at 14 cm (X./L = 0.337) from the fixed end (see
Fig. 9).

Again, the optimization of d(X,, h.) is made for the time t, — t; = 0.1 s using E = 36.567 x 10° Pa, pg = 840.57 Pa s/m and
Wine = 7.35 Pa s with GA parameters: a population of 75 individuals and heuristic crossover with up to 5 generations.
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Fig. 8. (a) Acceleration at points x; (blue) and x, (green) for the undamaged beam. Physical model. (b) Acceleration at points x; (blue) and x, (green) for the
undamaged beam. Computational model. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this

article.)
Clamp
Accelerometers
Fig. 9. Scheme of the cracked aluminum beam.
Table 4
Crack parameters detected with GA using a physical experiment.
Case Xc/L hela x./L detected hc/a detected Error %
1 0.337 0.329 0.378 0.257 11.2
2 0.337 0.507 0.282 0.366 19.6
0.357 0.548 10.6

3 0.337 0.634
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The detection results for each of the three damage scenarios are detailed in the Table 4. As can be seen, the values of posi-
tion and depth of damage are determined with good accuracy. This shows that the methodology could be employed to detect
crack depth and position considering the opening and closure of the crack in a dynamic experiment of a damaged specimen.
At this stage of the study, the experiment was performed which rather low precision instrumental in order to design the
methodology. Nevertheless, the results can be considered encouraging.

5.7. Detection in an arch

Now, a curved structural element is studied. In principle, any two or three dimensional shape may be used. In this case, a
circular arch, as showed schematically in Fig. 10, is proposed. The arch is fixed at both ends (null displacement) and free at
the rest of this contour, i.e. zero stress (t = 0) across the border except in the region of the crack where, as before, Signorini
contact conditions are imposed.

The interesting thing about this geometry is that there is no symmetry between top and bottom. Nevertheless, the prob-
lem is able to detect whether the crack is on the top or on the bottom of the beam. The idea is very simple. The position of the
crack will have a value going from 0 to L and from L to L' that is, doubling the domain of definition of the variable X_ in the
objective function.

In particular, we study a circumferential arch of 180° opening angle with an inner radius of 6 m and an outer radius of
9 m. Then, the length ranging from 0 to L (outer radius) is parametrized from O to 97, and for the inner radius, 97 to
(9 +6)7. In short, X. € (0, 15tm) ~ (0, 47.12 m). A 2D model is assumed. In this case, the material is modeled by an elastic
modulus E = 7 x 10° Pa with a density po = 2000 kg/m>. To construct the objective function, a time window At = 0.035 s was
employed. This interval corresponds approximately to 1.5 periods of the fundamental frequency for the non-cracked arch in
the linear case. Six crack scenarios were addressed.

Table 5 depicts the different scenarios and the detected parameters. The population parameters of the GA method are the
same as above. The resulting errors for the detection of cracks in the arch are of similar magnitude to those found in the
beam case.

Fig. 10. Scheme of the cracked arch.

Table 5

Results and errors for the detection of damage in the arch.
Case (error %) Case to detect Detected by GA

Xc he X: h;

1 (6.864) 10 0.1 12.91 0.0798
2 (36.81) 10 1 15.55 1.75
3 (9.152) 23 1.2 25.52 1.314
4 (4.576) 35.5 2 34.93 2.101
5 (9.032) 39 1 41.13 1.135
6 (9.198) 45 0.12 41.02 0.0981
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5.8. Crack detection in a blade-like element

Since the developed computational model is general with respect to the type of motion (large deformations, rotations and
displacements) and the geometry, 3D models of arbitrary shaped structural elements can be studied. As was mentioned in
the Introduction section, the advantage of a general model is not only restricted to account for finite strains but also to finite
rotational motion. Figs. 11 and 12 depict a scheme of a blade-like element that could resemble for instance, the blade of a
wind turbine. The blade geometry is generated by a plane that models the plane shape with a length L = 8 m and a maximum
width of a=1.55m. The blade is very thin (0.08 m) and the warping along its length is given by Z(X, Y)=

Fig. 11. Views of the 3D blade-like structural element.

Y

s
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Fig. 12. Cracked blade.
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Table 6

Simulated scenarios in a 3D blade-like element.
Case Xc (m) he (m)
1 3 1
2 2.3 0.1
3 2.3 0.15
4 4.3 0.15
5 7.3 0.05

Table 7

Crack detection in a 3D blade-like element.
Case Xc/L hela Xc/L detected hc/a detected Error %
1 0.375 0.64516 0.3539 0.67806 5.4
2 0.2875 0.064516 0.31270 0.05805 3.166
3 0.2875 0.096774 0.29451 0.08857 1.521
4 0.5375 0.096774 0.767432 0.19112 3242
5 0.9125 0.032258 0.885763 0.03363 2.811

+0.02 +0.04-Y-(X — 1) — 0.1-X . The blade rotates at 10 rad/s around axis z and a simulation of almost a complete rotation is
done during 0.5 s without including noise. The material is steel and its constitutive law is given by Eq. (6) where the Lamé
constants correspond to steel and are found with E = 2.05 x 10!! Pa and v = 0.3. The GA parameters are: population 75, 10
generations, heuristic crossover with r = 0.6. Crack scenarios are detailed in Table 6, being the GA parameters kept constant.
The resulting errors for the detection of cracks in the blade-like element are in the same range as before. The results are
shown in Table 7.

6. Detection using static measures

Frequently, it is not difficult in practise to obtain accurate static displacement measurements through gauges at some
points of the body. Alternatively, optic interferometry techniques can provide of such data.

For the cases in which the displacements can be measured in a reduced set of points, this information can by used to de-
tect damage.

Let us analyze a body in equilibrium. If the deformation is finite, it will satisfy the equilibrium equation

V- (FS) + p,b =10

where S = g (E) is the second Piola-Kirchhoff stress tensor given by a constitutive relationship (Eq. (6))

The Signorini contact model (10) and its regularization (11) are applied similarly to the dynamic case. Obviously, the sta-
tic case is the particular case of dynamic one.

In order to systematize the development of the GA, we will proceed to study a fixed-free beam of the same size as before
in the example of Section 5.3, that is: length L = 2.5 m cross-sectional area is A = 0.25 m?, and elastic material with a modulus
of elasticity E=7.3 x 10'° Pa, Poisson ratio v = 0.3 density po = 2766 kg m—.

Suppose that we have a quantity n of sensors measuring the transverse displacement arranged along the beam, equidis-
tant one to the other as is shown in Fig. 4. This beam is deformed by the application of some action, for example a known
force, and the sensors measure the deformation.

Scenarios given in Table 1 are simulated in this case and a load of 7840 kN is applied twice in the transverse direction
(upward and downward). Fig. 13 depicts the upward case. This is because the crack could be on one side or on the other.
This will automatically give twice as much data to analyze.

The objective function is then

n n

d(Xc,he) =37 [ul*(x) — u' ()] + > [ut* (%) — u' (x)] (19)

i=1 i=1

The symbols 1 and | in (19) indicate when the load is upward or downward, respectively.

As is done in the dynamic case, the model is calculated for the case of an arbitrary crack, i.e. a position and depth (X¢ and
hc) and the displacements are obtained at the same points x; that were used at the simulated experiment u*(x;) with
i=1,...,n (n number of sensors). Fig. 13 shows the deformation in the event that the load is applied upward. In Fig. 13a)
it is apparent that 7840 kN are not sufficient to close the whole crack, though this value is enough to obtain a measurable
deformation. Fig. 13b) shows the stresses at the crack faces where contact occurs.
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Fig. 13. Damaged beam. Static case (a) Distance between the two sides of the fracture. (b) Contact stress in the fracture. The variable s indicates the length
of the segment that goes from 1 to 2 on the crack interface.
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Fig. 15. Detection error as a function on the number of sensors.
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As before, the objective function presents many local minima. Fig. 14 is a graphical representation on a log scale of the
function d by setting the value of X (crack location) and varying the depth value hc. A large number of local minima can
be observed.

Fig. 15 shows how the average error decreases in the 10 cases reported in Table 1 as the number of sensors in the exper-
iment increases. Four sensors appear to be sufficient for the crack detection in a straight bar. Recall that 10% error is more
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Fig. 16. (a) Distribution of percentage errors for a population of 40 individuals in the GA method. (b) Idem (a) of 60 individuals in the GA method. (¢) Idem
(a) of 80 individuals in the GA method. (d) Idem (a) of 100 individuals in the GA method. (e) Idem (a) of 120 individuals in the GA method.



710 F.S. Buezas et al./Engineering Fracture Mechanics 78 (2011) 695-712

than satisfactory since the convention used for its calculation is the sum of the errors to find the two parameters, namely
crack position and depth.

6.1. Statistical distributions in the detection

An extense statistical study is performed in order to illustrate the distributions of the detection error in the case of static
measures as the number of individuals in the AG changes. That is, it seeks to study the efficiency of evolutionary algorithms
as a function of populations.

The study consists of 70 different damage scenarios randomly generated for the beam of Fig. 13. The detection of the dam-
age is made using the objective function defined by Eq. (19) where displacements are measured at four points (i.e. n = 4), in
X, =nL[5. This numerical experiment is performed five times for populations of 40, 60, 80, 100, and 120 individuals, respec-
tively. All other GA parameters are unchanged. It should be noted that this numerical-computational study involves the cal-
culation of 70 x 5 = 350 different scenarios. Fig. 16a corresponds to the case of 40 individuals. In this Figure, a symmetrical
distribution of the errors around the center is observed. In this case the average corresponds to 27.5% error. Fig. 16b corre-
sponds to the case of a population of 60 individuals. In this case, we can see how the errors are distributed skewed to the left
of the maximum value. The average error corresponds to 20.7%. Fig. 16c corresponds to the case of a population of 80 indi-
viduals. Now, we can see more clearly how the errors are shifted to the left of the maximum value. In this case, the average
corresponds to 18.7% error. The distribution of errors for 100 individuals is plotted in Fig. 16d. There, the maximum fre-
quency of errors is between 5% and 10% although the average is 14.5% . Finally, the distribution for the case of 120 individuals
is plotted in Fig. 16e. In this case, the dispersion is a minimum with a maximum between 0% and 5% and an average error of
8.1%.
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Fig. 17. Weibull distribution for the detection error with a population of 60 individuals.
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Fig. 18. Average error in the detection of damage via static tests as a function of the number of individuals in the population of AG method.
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Fig. 19. Average detection error as a function of experimental error.

Given that the error cannot attain negative values, empirically, one can assume that the distribution of errors in detection
via GA is of the Weibull type. This distribution is defined by

p(x) = abx" e’ (20)
where a and b are two parameters that characterize the distribution defined by the variance ¢* and the average u*

w=a'"r(1+n)

o’ =a?|Ir(1+2/b)y—I*(1+1/b)

It was found that a value of b = 1.45 gives a reasonable description for all cases.

Weibull distribution for the detection error with a population of 60 individuals is depicted in Fig. 17, i.e. it is comparable
with Fig. 16b). Finally, the average percentage errors of these numerical experiments for the detection via static measure-
ments are showed in Fig. 18. We can see that, as the number of individuals in the population is increased, the error decreases.
Comparing this result with that of Fig. 5, it can be concluded that the damage detection via dynamic experiments is more
accurate, as could be expected. It is the richness of information in the dynamic measurement which gives the possibility
of a solution of the inverse problem more accurate than in the static case.

6.2. Influence of experimental error in the static measurement

Since in a real test, measurement errors are unavoidable, and the last object of these studies is the experimental imple-
mentation, we added an uncertainty, a random number r to the simulated experiment results. That is, data were taken as the
value u(X;) + r and the minimum of Eq. (19) was found via GA.

Fig. 19 shows the average error in the same 70 damage scenarios randomly generated as the measurement error is in-
creased. Here, the simulated experimental error is taken as the percentage referred to the displacement of the tip of the
bar (the maximum). It can be seen that it is possible to detect damage when the experimental information involves an error
up to 40% in the deformation using only four sensors (n =4) in a single experiment.

In general, the dynamic method gives more accurate results but it is computationally more expensive than the static one.

It is interesting to observe how a technique based on searching parameters by GA is successful even in complex situations
with large experimental errors and uncertainties between the computer model and physical model.

7. Final comments

A methodology based on genetic algorithms for the crack detection on damaged structural elements was presented. The
technique proved to be successful in the studied cases and allows up to level-three detection. The optimization is applied to
an objective function constructed from the dynamics of the studied body. This dynamics is modeled within Continuum
Mechanics with a Lagrangian reference which yields advantages when a contact model at the crack interfaces is desired.
The breathing crack was idealized either by a straight notch or a wedge and following Signorini contact theory of two bodies
with finite deformations. Since arbitrary shaped bodies can be handled with the present nonlinear elasticity approach, dif-
ferent shapes crack, realistic contact simulations, arbitrary motions and arbitrary shaped structural elements, can be tackled.
First, crack detection was performed using computational experiments and afterwards a physical experiment on a beam was
employed to validate the methodology. Extensive computational studies were performed to calibrate and find the optimum
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GA parameter values and the damaged body dynamics. One conclusion drawn from the studied cases, is that the number of
individuals should be proportional to the simulation time (for long time periods). Additionally, the crack detection was ap-
plied in an arch with a 2D model and in a blade-like structural element, through a 3D model while in operational regime. This
last element could be the representation of a wind turbine blade, undergoing rotation. The nonlinear elasticity frame to-
gether with the FEM implementation allows to extend the methodology to any arbitrary shaped body for any type of motion
(for example finite rotations).

In the use of GA, the computational dynamic model is solved a number of times equal to the number of individuals in the
population multiplied by the number of generations. For example, if 75 individuals and a maximum of 10 generations are
chosen, the search pattern should be resolved 750 times. One could argue that the latter would require a large computational
cost. However, since each case is unrelated one to the other, the search technique based on GA can be easily implemented in
distributed computing. Indeed, there is a trend in recent years to multi-processor computers. This justifies to implement
search techniques using complex models because the computational cost will decrease.
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