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Abstract

This paper presents an optimization-based inverse procedure for the determination of external loads applied to

a given mechanical structure, by using information concerning the dynamic behavior of the system and its corresponding

finite element model. The influence of the stress-stiffening effect on the dynamic characteristics of structural systems

is used to establish a relation between the dynamic responses and the applied external forces. An optimization

problem is formulated in which the objective function represents the difference between the measured modal

characteristics of the loaded structure and their finite element counterparts. The loading parameters (magnitude,

position and direction) assumed as being unknown, are considered as design variables. The identification procedure is

illustrated by means of numerical simulations and experimental tests, in which a heuristic technique known as LifeCycle

model was used.

r 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

In the realm of structural engineering, it is very important to determine the external loading under real
service conditions, aiming at evaluating the level of security of the structure, at verifying the design
configuration that was adopted at the design stage, or at redesigning structural elements for new operating
conditions. However, the determination of external loading is not simple from the experimental point of view
because, in general, transducers cannot be easily installed in the structure during its construction
and/or assembling. Consequently, in most real-life structures, experimental determination of external loading
is not simple.

By taking into account the influence exerted by the external loading on the dynamical response of the system
through the so-called stress-stiffening effect; it is possible to obtain information about the loading distribution,
e front matter r 2007 Elsevier Ltd. All rights reserved.
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given the dynamic responses, through an inverse problem approach. Depending on the size of the structure,
such a procedure presents a number of practical advantages:
�
 simple measurement and processing of dynamical responses by using a limited amount of sensors and signal
conditioners;

�
 possibility of performing the measurement in various points along the structure, since the dynamic

responses represent the global characteristics of the structure; and

�
 availability of experimental techniques for excitation and data acquisition, as currently used in classical

experimental modal analysis.

On the other hand, some difficulties that are intrinsic to inverse problems may arise, such as:
�
 the necessity of an accurate mathematical model of the structure, since the results of the identification
procedure rely upon the mathematical model used;

�
 ill-conditioning of identification problems from the mathematical point of view. This means that the

procedure is sensitive to noise that can contaminate experimental data; and

�
 the experimental data are incomplete either in the spatial sense (responses are available only in a limited

number of positions along the structure), as in the spectral sense (responses are obtained in a given
frequency band). Consequently, the uniqueness of the solution cannot be assured.

In structural systems for which operation, integrity and security rely on the dynamic characteristics, the
effect of external loading on the dynamic behavior of the system is to be carefully analyzed. The study of the
dynamic behavior of mechanical systems can be done through numerical modeling techniques or by means of
experimental modal analysis. Each technique exhibits its own hypotheses, limitations, advantages and
disadvantages. In this sense, parameter identification by model updating involves various steps and the main
objective is to improve the model, in such a way that numerical results mimic those obtained from
experimental testing.

Many modeling techniques are available; however the finite element method (FEM) is recognized as being
the most flexible tool for structural analysis and for that reason has become very popular in the engineering
community. It is worth mentioning that, in parallel with the development of the FEM, modal analysis
techniques have been improved significantly in the past twenty years and are considered as being fairly reliable
in determining the dynamic characteristics of mechanical systems. Parameter identification methods and
model updating techniques result from the necessity of constructing more reliable mathematical models,
considering that finite element models and experimental models are only approximations of real structure
behavior, as illustrated in [1].

It is well known that external loads can influence the static and dynamic behavior of structural systems,
through the so-called stress-stiffening effect [2,3].

Rayleigh [4] was the first to put in evidence the effect of axial loads on the natural frequencies of structural
components. In [5], a common theoretical foundation underlying free vibration and stability analyses was
recognized. In [6], the dynamic behavior of a clamped plate subjected to uniform membrane tension was
investigated. In [7], the existence of a linear relation between the axial load and the natural frequencies
corresponding to the lateral motion of a simply supported column was demonstrated. One example of
practical application is described by Chan et al. [8], in which they report a methodology devoted to moving
force identification by means of a time-domain method by using an existing pre-stressed concrete bridge.

The changing of natural frequencies as related to stability problems was also discussed in the works
reported in [9,10]. More recently other authors investigated analytically and experimentally the influence of
axial loads on the vibration of beams under various boundary condition configurations, as in [11,12].

In [13], the authors demonstrated the possibility of introducing residual stresses as a mean of improving the
mechanical behavior of thin plates. Further, Hernandes et al. [14] showed that piezoelectric actuators bonded
to the plates could generate such stresses. In [15], the efficiency of piezoelectric actuators in controlling the
natural frequencies of laminate plates through the introduction of membrane stresses was investigated.



ARTICLE IN PRESS
J.E.R. Flores et al. / Mechanical Systems and Signal Processing 21 (2007) 2900–29172902
In the context of inverse problems, Livingston [16] used modal parameters combined with least squares to
estimate the axial loads of Euler–Bernoulli beams having elastic supports. In [17], the effect of the application
of an axial load to one of the bars in a truss structure by using experimental dynamic responses in a model
fitting approach, in which the axial loads were considered as parameters to be adjusted, was studied. The
results were then compared to the static loads as calculated from experimental measurements by using strain
gages. The sensitivity analysis of the parameters to be adjusted was also carried out. Besides, through
experimental tests in a similar structure, Lieven and Greening [18] analyzed the effect of residual stresses due
to the construction process on the modal characteristics of the structure.

It is also important to mention the contribution from the work reported in [19], in which the influence of
non-uniform temperature distribution on buckling and dynamic behavior of thin plates by using
Rayleigh–Ritz approach was investigated.

More recently, Vieira and Rade [20] and Vieira [21] proposed a methodology for the identification of
membrane stresses in rectangular thin plates from the transverse vibration responses, validating the procedure
by numerical simulations and experiments. A particular application in this case was the determination of
welding induced residual stresses.

There are various techniques to solve inverse problems by using optimization methods, involving
both classical and heuristic approaches. Once the parameters are identified, the mathematical
model becomes an effective tool to analyze and predict the dynamics of the structure under various operating
conditions.

It is well known that the solution of inverse problems by using classical gradient-based optimization
methods [22] is a difficult task due to the existence of local minima in the design space. Moreover, such
methods require an initial guess to the solution and it is not possible to assure global convergence. These
aspects have motivated the authors of this paper to explore a hybrid approach for the determination of
external forces in structures, by using a strategy known as LifeCycle model [23]. This strategy uses two nature-
based methods, namely the genetic algorithms [24] and particle swarm optimization (PSO) [25]. The present
contribution results from two recent conference papers, each of which focused on one of the above mentioned
heuristics [26,27]. Theoretical aspects concerning the present methodology were first addressed by the authors
in [28]. In that contribution, the authors address the identification of loads applied to two-dimensional portal
frames based on simulated data.

2. Dynamic modeling of two-dimensional structures including the stress-stiffening effect

In this section, the finite element modeling of two-dimensional beam-like structures is briefly reviewed,
according to the theory of Euler–Bernoulli, including the effect of the axial load, as illustrated in Fig. 1, where
ui

L and ui
R are the longitudinal nodal displacements; vi

L and vi
R the transversal nodal displacements; yi

L and
yi

R the nodal cross section rotations; li is the length of the element; Ei the modulus of elasticity of the material;
Ai the area of the cross section; Ii the second moment of area; pi the distributed longitudinal load; qi the
distributed transversal load; and Ni the nodal load applied in the axial direction, equivalent (in the virtual
work sense) to all the external loading.

The indexes L and R indicate, respectively, the displacements and rotations at the left end and right end
nodes of the element.
Fig. 1. Two-dimensional beam element.
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Using a linear interpolation function to represent the longitudinal displacement and a cubic function
for the transversal displacement, the following expressions for the element stiffness and mass matrices are
obtained [29]:
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where mi ¼ riAili and ri represents the density of the material.
The effect of the axial load can be observed in the stiffness matrix at the elements corresponding to the

bending stiffness, representing, therefore, the so-called stress-stiffening effect.
The global equations of motion are represented in the matrix form by

M €XðtÞ þ KðpÞXðtÞ ¼ QðtÞ, (3)

where p is the vector of the axial loads applied to the beam elements that form the finite element model of the
structure.

From the equations of motion, the following eigenvalue problem can be derived:

KðpÞ � lM½ �X ¼ 0, (4)

where l ¼ o2 is an eigenvalue (natural frequency) and X is an eigenvector (mode shape).
The matrix form of the frequency response functions (FRFs) is calculated as

HðOÞ ¼ KðpÞ � O2M
� ��1

, (5)

where O is the excitation frequency.
The equations above show that the dynamic responses depend on the applied axial loads in the elements of

the structure, which depend directly on the external load applied to the structure as a system. Before
performing the dynamic analysis of the structure, a static analysis must be carried out to determine the axial
loads for each element, as explained in [30].

Fig. 2 illustrates a column elastically supported at both ends for different boundary conditions. Such
boundary conditions were modeled in this work to account for the flexibilities of the supports, which lead to
deviations from the ideal perfectly rigid conditions. Then, pinned–pinned (P–P), pinned–clamped (P–C),
and clamped–clamped (C–C) boundary conditions were substituted by appropriate flexible supports.
The flexibility of the supports can be introduced in the model by a proper modification of the stiffness matrix,
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Fig. 2. Flexible support for various boundary conditions: (a) P–P, (b) P–C and (c) C–C.
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in which the values of the translation and rotational spring coefficients are added to the diagonal terms
corresponding to the coordinates to which they are attached.

It should be noted that though finite element modeling was used herein, analytical solutions are available for
columns under different boundary conditions [31].

3. Inverse problem formulation

Force identification is dealt with by formulating a constrained optimization problem in which the design
variables are the parameters that characterize the external loads and the boundary conditions. In this paper, a
cost function representing the dimensionless difference between the values of the experimental natural
frequencies of the loaded beam and those predicted by the Finite Element Model, as described in Section 2,
was adopted. Thus, the optimization problem is formulated as follows:

min J ¼
1

ō

Xn

p¼1

W p o mð Þ
p � o cð Þ

p ðpÞ

���
���, (6)

ō ¼
1

n

Xn

i¼1

oðmÞi , (7)

where, p designates, generically, the set of unknowns (external loads and support stiffness); n is the number of
natural frequencies used for identification; Wp are user-defined weighting factors (in this work, Wp ¼ 1,
p ¼ 1,2,y, n); and op

(m) and op
(c) designate the measured and calculated values of the natural frequencies,

respectively.
Side constraints are introduced to limit the values of the design variables within a feasible design space,

avoiding the possibility of buckling or yielding due to extreme external load levels.
In the applications considered in this work, using the first six natural frequencies and limiting the value of

the total load between zero and approximately 75% of the buckling load value of the structure, the cost
function was constructed. Obviously, when both the position and the direction of the load are to be identified,
the design space becomes discrete and its dimension depends on the maximum number of nodes of the finite
element model (considered as candidate positions).

4. Genetic algorithm—an overview

GA is an optimization algorithm based on Darwin’s theory of survival and evolution of species, as
explained in [24] and [32]. The algorithm starts from a population of random individuals, viewed as candidate
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Fig. 3. Basic scheme for GA.
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solutions to the problem. During the evolutionary process, each individual of the population is evaluated,
reflecting its adaptation capability to the environment. Some of the individuals of the population are preserved
while others are discarded; this process mimics the natural selection in the Darwinism. The remaining group of
individuals is paired in order to generate new individuals to replace the worst ones in the population, which are
discarded in the selection process. Finally, some of them can be submitted to mutation, and as a consequence,
the chromosomes of these individuals are altered. The entire process is repeated until a satisfactory solution is
found. The outline of a basic GA is as in Fig. 3.

Although the initially proposed GA algorithm was dedicated to discrete variables only, nowadays
improvements are available to deal with discrete and continuous variables, see [24,32] for more details.

5. Particle swarm optimization

The social psychologist James Kennedy and the electrical engineer Russel Eberhart introduced the
PSO in 1995 [25], as emerged from experiences with algorithms inspired in the social behavior of some bird
species [33].

Consider the following situation: a swarm of birds is searching for food around a delimited area. Suppose
there is just one place where food can be found and the birds do not know where it is, then if one bird is
successful in its search, it can attract other birds, and as a result of this social behavior, the others will find the
food too. From the socio-cognitive viewpoint this means that mind and intelligence are social features, as
demonstrated in [33]. Following this principle, each individual learns (and contributes) primarily to the success
of his neighbors. This fact requires the balance between exploration (the capacity of individual search) and
exploitation (the capacity of learning from the neighbors).

The essence is the possibility of learning from the experience of other individuals. From the optimization
viewpoint, finding the food is similar to reaching the optimum. In this sense, the adjustment between
exploration (the act of traveling around a place in order to learn about it) and exploitation (taking
advantage of someone else’s success) is required. If there is little exploration, the birds will all converge
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on the first good place encountered. On the other hand, if there is little exploitation, the birds
will never converge or they will try alone to find food. The individuals must be individualistic,
and must also be able to learn from their neighbors in order to maximize their efforts in finding the best
results [33].
5.1. A basic PSO algorithm

As shown in the previous section, the main idea of the PSO is to mimic the social behavior of birds, which
are referred to as particles in the remainder. This is achieved by modeling the flight of each particle by using a
velocity vector, which considers a contribution of the current velocity, as well as two other parts accounting
for the self-knowledge of the particle and of the knowledge of the swarm about the search space. In this way,
the velocity vector is used to update the position of each particle in the swarm [25,33,34]. In Fig. 4, an outline
of a basic PSO algorithm can be seen in Fig. 4.

The position of each particle is updated according to the following equation:

xi
k ¼ xi

k�1 þ vi
kDt, (8)

where, xk
i is the position of the particle i in the iteration k; vk

i represents the corresponding velocity vector; and
Dt is the time step (used as a equal to one in this work).

The velocity vector is updated as follows:

vi
k ¼ wvi

k�1 þ c1r1
ðpi � xi

k�1Þ

Dt
þ c2r2

ðps
k�1 � xi

k�1Þ

Dt
, (9)

where, w is the inertia of the particle; c1 and c2 are the two ‘‘trust’’ parameters; r1 and r2 are random numbers
between 0 and 1; pi is the best position found by the particle i until this point in the optimization process; and
ps

k�1 is the best swarm position in the iteration k�1.
Eq. (9) can be interpreted as a sum of three different contributions. The first term, pondered by the inertia,

w, gives how much ‘‘exploration’’ there will be in the resulting velocity. The second term, pondered by the self-
trust parameter, c1, indicates how much the knowledge of the particle itself there will be in the resulting
velocity. Finally, the term weighted by the trust on the swarm, c2, shows how much the swarm success (social)
will influence the resulting velocity. As a consequence, it can be concluded that the larger the inertia value, the
more global (as opposed to individualistic) will be the behavior. The trust parameters c1 and c2 must be set to
balance the influence of the knowledge that was acquired by the particle itself and the knowledge acquired by
the swarm. Fig. 5 shows the application of the equation above when two particles are flying in a
bi-dimensional search space.
Fig. 4. Basic PSO algorithm.
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Fig. 5. Velocity vector in action.
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5.2. Initial swarm

The initial swarm is created by randomly distributing the particles throughout the search space. The initial
position and the initial velocity vectors are given by the following equations:

xi
0 ¼ xmin þ r1ðxmax � xminÞ, (10)

vi
0 ¼

xmin þ r2ðxmax � xminÞ

Dt
, (11)

where r1 and r2 are random numbers between 0 and 1; xmin is the lower bound vector; and xmax the upper
bound vector for the variables.

5.3. Numerical parameters for optimization

The velocity vector update formula has some parameters that can be adjusted according to the problem,
namely the trust parameters, c1 and c2, and the inertia weight, w.

Various works [24,27,33,35] propose using c1 ¼ c2 ¼ 2 and 0.8pwp1.4. In addition, the trust parameters
can be set to different values, generally satisfying c1+c2 ¼ 4. In this work these values are adopted as c1 ¼ 1.5
and c2 ¼ 2.5.

For the inertia weight, a scheme of dynamic reduction is available, the so-called mass extinction operator, as
shown in [34]. The idea is to start with a large w value, since the knowledge bases of the particle and the swarm
are empty, and then, to reduce continuously that value during the optimization process, privileging the flying
experiences. This approach makes the problem quite independent of the value assigned to w. The following
equation gives the updating scheme for w:

wnew ¼ f wwold, (12)

where wnew is the updated value; wold the previous value; and fw a constant between 0 and 1 (in this work
fw ¼ 0.975 was used throughout).

The inertia of the particle, w, is not updated at each iteration. A coefficient of variation (CV) for a subset of
the best particles is monitored. If CV falls below a pre-defined threshold value, it is understood that the
algorithm is converging towards an optimum ([28] and [34]), then equation (12) is applied, CV is given by the
following equation:

CV ¼
StdDev

Mean
, (13)
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where StdDev is the standard deviation and mean the mean of the objective function for the considered set of
particles. In this work, a subset of the best 20% of the particles from the swarm is monitored and a CV

threshold threshCV ¼ 1 is used.

5.4. Dealing with violated constraints

When in an optimization problem the particles violate the constraints, a strategy for repairing the violation
has to be considered. As suggest by [34], the idea of feasible directions [22] is used to achieve this goal.

In such a way, when the constraints are violated, the velocity vector is recomputed according to the
equation:

vi
k ¼ c1r1

ðpi � xi
k�1Þ

Dt
þ c2r2

ðps
k�1 � xi

k�1Þ

Dt
. (14)

After obtaining the new velocity vector, the position is recalculated by using equation (8). The difference
between this formula and the initial one is that the current velocity is neglected. According to [34], in most
cases this new velocity vector will bring the particle back to a feasible region of the search space.

5.5. Discrete/integer variables

The PSO algorithm and the genetic algorithm differ historically at this point, since the first one was
originally introduced to solve continuous problems and, the second, was first designed to solve discrete
problems. However, this aspect does not make unfeasible the implementation of PSO algorithm to solve
discrete problems. A simple modification can make the algorithm able to deal with the position of each
particle as an integer number. The approach is straightforward: the position of each particle is rounded to its
closest integer value after applying Eqs. (8) or (10). This method, although simple, has shown to be quite
effective in several problems tested.

6. The LifeCycle model

LifeCycle model is an optimization method based on artificial life (ALife) principles. The term ALife is used
to describe the study of systems that have some essential features of life. ALife can be divided in two important
topics:
�
 how computational techniques can help in biologic phenomenon studies;

�
 how biologic principles can help to solve computational problems.
In this context, the LifeCycle model is a computational tool inspired in the biologic concept of life cycle.
From a biology viewpoint, the term is used here to define the passage through the phases during the life of an
individual. Some phases, as sexual maturity, are one-time events, others, as the mating seasons, are re-
occurring. Although it does not happen in every case, the transitions between life cycle phases are started by
environmental factors or by the necessity to fit to a new condition [23]. The transition process promotes the
maturity of an individual and contributes to the adaptation and evolution of its species.

From the optimization viewpoint, the capability of changing to a different stage by searching a way to
improve self-fitness with respect to the environment can be used to inspire a new optimization method. In this
sense, the fitness provides a criterion used by each individual to shift its life stage. Different from what
happens in the genetic algorithms, where the natural evolution inspires the optimization method as a whole, in
the LifeCycle model the transitions between the stages inspire only part of the method. The transitions are
used to deal with the mechanism of self-adaptation to the optimization problem. To close the definition, the
LifeCycle stages must be defined. In the present work, two heuristics are used as stages, namely the GA and
the PSO. Different versions of the LifeCycle model can be proposed by considering other heuristics and a mix
of them as shown in [23]. This means that the optimization approach does not follow a rigid scheme as
proposed in [35], in which various techniques are used sequentially in a cascade type of approach.
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6.1. Basic LifeCycle model algorithm

The outline of a basic LifeCycle algorithm is as in Fig. 6:
In the LifeCycle model shown above the algorithm is initialized with a set of particles of a PSO swarm,

which can turn into GA individuals, and then, according to their performance, return to particles again, and
so on. A LifeCycle individual switches its stage when there is no fitness improvement for more than a
previously defined number of iterations. In the present work, this is a parameter that can be adjusted
according to the problem.

6.2. Parameters of LifeCycle model

Since the algorithm is composed by various heuristics, it is necessary to set the parameters of every
heuristic used in the LifeCycle model. Nevertheless, there is a parameter inherent to the LifeCycle
model, namely the number of iterations that represents a stage of the LifeCycle. The authors, to
improve the algorithm performance, have introduced this parameter differently from what is usually
done, by simply fixing this number as in [23]. This number is called stage interval. At the end of
each stage interval, the less well-succeeded individuals must change their stage aiming at improving their
fitness.

6.3. Stop criterion

In this work no convergence criterion is used. Simply the number of iterations is previously defined and the
algorithm iterates until this number is achieved. However, relative errors calculated from successive iterations
could be used as stop criterion for the algorithm.

7. Numerical simulation

Fig. 7 shows the finite element model of two columns used as benchmark for identification purposes. The
columns are submitted to different load scenarios.
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Fig. 7. Finite element model of the beam-like column.

Fig. 8. Sensitivity analysis regarding the values of the parameters for various natural frequencies (a) kx
1
¼ kx

2
¼ ky

1
¼ ky

2
¼ 1.0� 1011N/m

and kt
1
¼ kt

2
¼ 1.0� 1011Nm/rad and (b) kx

1
¼ kx

2
¼ ky

1
¼ ky

2
¼ 1.0� 104N/m and kt

1
¼ kt

2
¼ 1.0� 104Nm/rad.
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According to Fig. 7, the following scenarios are considered:
1.
 Identification of magnitude, position and direction of F1. The position is defined by the node to which F1 is
applied, and the direction can assume either ‘‘upwards’’ or ‘‘downwards’’.
2.
 Identification of the magnitude of F2 and the values of each spring that characterize the corresponding
boundary conditions

From the optimization point of view, scenario 1 illustrates an optimization problem containing continuous
and discrete variables, simultaneously.

Before performing identification tests, a sensitivity analysis was made to evaluate the influence of change in
the parameter values on the dynamic behavior of the system (natural frequencies) for two different values
assigned to all stiffness parameters involved. It can be seen that load parameters are the most important for
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identification purposes when kx
1
¼ kx

2
¼ ky

1
¼ ky

2
¼ 1.0� 1011N/m and kt

1
¼ kt

2
¼ 1.0� 1011Nm/rad as

can be seen in Fig. 8(a). On the other hand, for smaller values of stiffness, when kx
1
¼ kx

2
¼ ky

1
¼

ky
2
¼ 1.0� 104N/m and kt

1
¼ kt

2
¼ 1.0� 104Nm/rad, the parameters of the boundary conditions are

sensitive, see Fig. 8(b), and should also be identified.
Table 1 shows the setup for LifeCycle. Table 2 presents the identification results for the various loading

scenarios. As in real applications, identification methods have to be robust enough to deal with experimental
errors. Consequently, it is also considered a situation in which the values of the natural frequencies are
corrupted with 5% of random error, as also included in Table 2. The results show that the optimization
approach used in the force identification procedure was efficient for all scenarios analyzed.

The evolution of LifeCycle along the iterations can be observed in Fig. 9 for scenario 1, for the
case in which the effect of simulated random noise was included. Fig. 9(a) shows the transitions due
to its self-adaptation skills. Fig. 9(b) shows which heuristics is conducting the optimization process at a given
iteration.

8. Experimental results

8.1. Experimental setup

As previously demonstrated in the simulation results, when the stiffness parameters associated with the
boundary conditions are sufficiently high, the corresponding sensitive values are very low.

Preliminary identification tests were performed showing that the boundary conditions in the test rig are such
that ideal conditions can be adopted. Consequently, in the experimental part of the present research work only
the force parameters are to be identified.

The load identification procedure was performed by using experimental data obtained from laboratory tests
as performed on steel-made columns subjected to an instrumented test apparatus, which is capable of applying
compressive loads. Such a device was originally intended for the demonstration of the buckling phenomenon.
Fig. 10 shows the experimental setup in which, by choosing proper boundary conditions, various scenarios can
be studied. In this way, three different boundary conditions were tested, namely, C–C, P–C, and P–P. For each
value of the load, a set of frequency response functions (FRF) was obtained by processing the Fourier
Table 1

LifeCycle parameters used in numerical simulation

LifeCycle Number of individuals Number of iterations Stage interval

100 75 5

Table 2

Identification results for the beam-like column

Scenarios Exact Without corrupted data With corrupted data

Optimum Error (%) Optimum Error (%)

1 F1 (N) 267.6317 270.2345 0.9725 259.5107 �3.0344

Position 9 9 — 9 —

Direction Downwards Downwards — Downwards —

2 F2 (N) 535.26 535.18 �0.0161 565.15 5.5835

kx1 (N/m) 1.0� 1011 1.0434� 1011 4.3385 9.6086� 1010 �3.9144

ky1 (N/m) 1.0� 1011 1.0276� 1011 2.7648 1.0731� 1011 7.3099

kx2 (N/m) 1.0� 1011 1.0356� 1011 3.5629 9.9948� 1010 �0.05209

ky2 (N/m) 1.0� 1011 9.8459� 1010 1.5412 1.0304� 1011 3.0378

kl1 (Nm/rad) 1.0� 1011 9.498� 1010 �5.02 1.0415� 1011 4.1474

kl
2 (Nm/rad) 1.0� 1011 9.6635� 1010 �3.3653 9.3371� 1010 �6.6293
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Fig. 9. Evolution and performance of LifeCycle.

Fig. 10. Scheme of the experimental test rig.
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transforms of the input (impact forces) and output (transverse accelerations). Details about the geometric and
physical properties of the steel rod can be found in Table 3.

Regarding the finite element model used for identification purposes, Fig. 7 (scenario 1) illustrates the system
studied for the case P–C. It is worth mentioning that ideal boundary conditions were considered for all the
cases studied.
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Fig. 11. Experimental verification of the stress-stiffening effect.

Table 3

General properties of the steel column beam

l (m) length h (m) thickness b (m) width E (N/m2) Young modulus r (kg/m3) density u Poisson ratio

0.650 0.004 0.02 2.1� 1011 7800 0.3

Table 4

Experimental values of the natural frequencies of the beam-like column (P–C)�

Load (N) Natural frequency 1 2 3 4 5 6 7

250 Frequency (Hz) 31.24 106.01 227.30 391.57 602.72 854.09 1164.70

Estimator error (%) 3.50 4.96 2.79 2.56 2.53 2.44 2.47

750 Frequency (Hz) 37.35 98.07 218.88 383.34 594.82 852.06 1158.50

Estimator error (%) 18.56 2.86 3.00 2.47 2.34 1.60 1.77

�Theoretical Euler buckling load of 1070.5N.
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8.2. Demonstration of the stress-stiffening effect

In order to illustrate the stress-stiffening effect, the FRFs for a clamped–pinned column subjected to two
different loads are presented in Fig. 11. It can be seen that as the compression load increases the natural
frequencies decrease. In fact, the stress-stiffening effect generated by the external load leads to a smaller
column bending stiffness. Actually, this makes possible to take advantage of the stress-stiffening effect for
identification purposes. It is also worth mentioning that the use of set of natural frequencies, instead of only
one, helps to build a more reliable performance index to be used in the optimization process. Tables 4 and 7
show the set of frequencies used in each one of the experimental identification tests. It would be interesting, for
comparison purposes, to include the values of the natural frequencies for the unloaded structure. However, as
those experimental values were no longer available by the time this paper was written, they are not included in
the paper. It is worth mentioning that the values of the natural frequencies for the unloaded structure are not
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necessary for the identification procedure. Table 4 provides the values of the first seven natural frequencies for
two loading conditions (see Fig. 11), as well as the theoretical Euler buckling load and the estimator errors
caused by experimental noise in the determination of the FRFs, as obtained from [36]

�ðf Þ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� g2xyðf Þ

q

gxyðf Þ
�� �� ffiffiffiffiffiffiffi2nd

p , (15)

where e is the normalized random error; gxy
2(f) the coherence function taken under resonance conditions; and

nd the number of averages considered.
It is known that frequencies decrease for increasing values of compressive forces. This was experimentally

verified in most of the cases, especially for those with low error levels. However, this was not observed in the
first natural frequency of the P–C condition, as shown in Table 4. It was also noted the coherence values
corresponding to the first natural frequency are rather low. This means that the high value of the error
obtained for the first natural frequency preclude any conclusion about its variation when the external load is
increased. It is worth mentioning that the behavior of the boundary conditions in real experimental
environment plays an important role in the dynamic behavior of the system. Numerical experiments were
conducted aiming at verifying the influence of the boundary conditions in the natural frequencies for different
external loads. It was also noted that for the P–C case, the first natural frequency is the most influenced by the
boundary conditions. The same behavior was found for the C–C case. Finally, for the P–P case no influence
was detected.

8.3. Load identification

The identification procedure was performed by using the experimental data obtained from tests performed
on the beam-like column to check whether residual stress and initial strain, possibly related to manufacturing
or previous tests, have significant influence on the identification results. The geometrical and mechanical
parameters of the experimental specimens correspond to the values used in the numerical simulations. These
values can be found in the user’s manual of the buckling test device [37].

Table 5 shows the setup for LifeCycle used in the experimental tests.
A set of identification results for the different boundary conditions of the system is given in Table 6, as well

as the theoretical values for the Euler buckling loads. It can be concluded that the algorithm was able to
identify the real loads applied to the system, satisfactorily.
Table 5

LifeCycle parameters used in the experimental tests for force identification

LifeCycle Number of individuals Number of iterations Stage interval

20 50 5

Table 6

Identification results for the beam-columns

Boundary condition Theoretical Euler buckling load (N) Force (N) Error (%)

Experimental Identified

P–P 523.2 150 147.32 �1.79

350 310.42 �11.31

P–C 1070.5 250 211.81 �15.28

750 831.84 10.91

C–C 2093.5 1000 1132.93 13.29

1500 1580.35 5.36
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Fig. 12. Evolution and performance of LifeCycle for the experimental tests.
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The behavior of LifeCycle along the iterations can be observed in Fig. 12 for the case in which a 750N load
was identified, for the P–C boundary condition. As for the numerical simulation, the transitions due to its self-
adaptation skills can be seen in Fig. 12(a) and (b) shows which heuristics is conducting the optimization
process at a given iteration.

Table 7 summarizes the values of the experimental natural frequencies used in the optimization procedure
and the values of the obtained natural frequencies, corresponding to the identified values of the load
parameter shown in Table 6. It can be seen that, in general, the variation between the natural frequencies from
the model and those from the experiments are very small. In some cases, one of the natural frequencies had to
be discarded in the identification process due to unacceptable frequency estimation error as explained in
Section 8.2.

9. Conclusions

This paper presented an identification procedure to determine external forces applied to a beam-like column
for various boundary conditions. The inverse problem solver is based on the LifeCycle model, a heuristics that
considers different stages along the evolution, to mimic nature in the passage through the phases experienced
by an individual along life. In the present contribution, GA and PSO played the role of these phases. Load
identification was performed both for numerical FE data and real experimental data. The experimental data
were obtained by using a buckling test apparatus that was adapted to perform vibration tests. The goal of the
numerical investigation was to test the procedure for the case in which discrete and continuous design
variables are considered simultaneously and to check the efficiency of the methodology for various loading
scenarios and boundary conditions. Finally, the experimental investigation illustrated the possibility of using
the present technique in real engineering environment. The results are very encouraging in the sense that more
complex inverse problem contexts regarding force identification will be analyzed in the future. Preliminary
results from numerical simulation tests in two-dimensional portal frames have been successful and no
numerical difficulties due to ill conditioning were noted.
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Table 7

Natural frequencies and percentage errors for the loaded structure

Boundary

condition

Force (N) Frequencies Mode shape Objective

function J
1 2 3 4 5 6 7

P–P 150 Experimental — 85.91 197.91 351.86 559.17 804.97 1096.90 0.02

Model — 85.86 197.37 353.79 555.89 805.10 1103.80

Error (%) — �0.06 �0.28 0.55 �0.59 0.02 0.63

350 Experimental — 82.24 194.86 351.21 555.27 802.19 1093.00 0.04

Model — 81.32 193.00 349.48 551.61 800.85 1099.60

Error (%) — �1.11 �0.96 �0.49 �0.66 �0.17 0.61

P–C 250 Experimental 31.24 106.01 227.30 391.57 602.72 854.09 1164.70 0.13

Model 30.55 108.12 230.61 398.25 611.90 873.17 1184.50

Error (%) �2.21 2.00 1.46 1.71 1.52 2.23 1.70

750 Experimental — 98.07 218.88 383.34 594.82 852.06 1158.50 0.55

Model — 98.13 220.60 388.18 601.78 863.02 1174.40

Error (%) — 0.06 0.78 1.26 1.17 1.29 1.38

C–C 1000 Experimental 34.54 115.42 239.89 403.23 616.72 885.99 1171.20 0.34

Model 36.78 122.24 255.14 433.65 658.68 931.96 1255.90

Error (%) 6.50 5.91 6.36 7.54 6.80 5.19 7.23

1500 Experimental 25.31 106.96 232.42 399.43 613.89 884.93 1181.20 0.30

Model 27.22 112.72 245.64 424.03 648.97 922.18 1246.00

Error (%) 7.55 5.38 5.68 6.16 5.71 4.21 5.49
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