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Abstract: Mechanical parameters of the olive wood plate have been computed by data inversion
of vibrational experimental tests. A numerical-experimental method has allowed the evaluation of
the two transverse shear moduli and the four in-plane moduli of a thick orthotropic olive tree plate.
Therefore, the natural flexural vibration frequencies of olive trees plates have been evaluated by the
impulse technique. For our purposes, we define the objective function as the difference between
the numerical computation data and the experimental ones. The Levenberg–Marquardt algorithm
was chosen as optimization strategy in order to minimize the matching error: the evaluation of the
objective function has required a complete finite element simulation by using the ANSYS code. As
input, we have used the uniaxial test data results obtained from the olive plates. The converged
elastic moduli with n = 10 natural modes were E1 = 14.8 GPa, E2 = 1.04 GPa, G12 = 4.45 GPa, G23

= 4.02 GPa, G13 = 4.75 GPa, ν12 = 0.42, and ν13 = 0.42. The relative root mean square (RMS) errors
between the experimental frequencies and the computed one is 9.40%. Then, it has been possible to
obtain a good agreement between the measured and calculated frequencies. Therefore, it has been
found that for plates of moderate thickness the reliability of the estimated values of the transverse
shear moduli is good.

Keywords: orthotropic material; olive tree; Levenberg–Marquardt method; flexural vibration
frequencies

1. Introduction

During the olive tree’s mechanical harvest, the olive tree is subject to vibrating stress by the mean
shaker machine and it is very important to evaluate the interaction between olive tree and the shaker
machine. Further, it is necessary to model the mechanical behaviour of the tree also defining the
mechanical characteristics of the different part of it. This can be performed by a structural analysis.
It has to be kept into account that the olive tree has often anomalies, very evident in cross section,
formed by growth irregularity of the circular ring that generally introduce some indentures of different
and irregular intensity. It would be of notable interest to be able to determine and to characterize,
with no-destructive instrumental tests, one or more parameters able to define, qualitatively and
quantitatively, its mechanical characteristics to better understanding the interaction tree – shaking
machine during the mechanical harvest. Numerous studies on the mechanical characteristics of the
olive tree wood have concerned the characterization of its anatomical structure and the determination,
on specimens, of the principal elastic constants by the evaluation of the speed of propagation of
ultrasonic wave [1–3]. Other studies have been based on the detecting of the vibration natural
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frequencies both flexural and longitudinal, and of the corresponding inside damping, calculated
with the method of the logarithmic decrement [4–6]. The data results are not always homogeneous
and directly comparable, because they have been obtained with different materials, conditions and
methodologies. Further, the considered wood in the current literature are usually “construction wood”
and not vegetating wood [7–10]. Insofar this research has been aimed to evaluate the real potentialities
of the vibration methods of investigation, and particularly of the modal analysis applied for vegetating
wood. Indeed, from a theoretical point of view, different authors [11–14], have noticed that it is possible
to extract the transverse shear moduli of moderately thick plates from experimental frequency data.

Therefore, in this research has been proposed a methodology to evaluate vegetating wood
mechanical properties, and as secondary aim, its validation in the ambit of the formulated hypothesis
of anisotropic material. All that, makes it possible to determine six engineering elastic constants of an
orthotropic olive tree plate from a single experiment [15–19].

2. Materials and Methods

The parameters that define the characteristics physical-mechanics of the wood, for the same
woody type and under identical conditions, introduce a notable variability according to the origin
of the considered arboreal individual and the portion of stem from which the specimen is obtained.
The percentage of spring wood, in comparison to that autumn wood (with bulk density also three
times greater) it assumes a great importance on its mechanical behaviour, tied up strongly to the inside
friction and the viscous-elastic characteristics [20–24].

2.1. Specimens Preparation

The specimens considered have been withdrawn by Leccino cultivar olive tree and by an only
radial large table along 1800 mm of the width of 120 mm and of the thickness of 10 mm coming from
the same arboreal individual. Prismatic plates, with dimension 180 × 120 × 10 mm, have been obtained
by using disk saw. In such operation we looked for, as far as possible, to obtain clean specimens
without defects and particularly from knots and fiber deviations, as well as breaking longitudinal.
The specimens considered have been marked in way to be able to separately evaluate its physical-
mechanical characteristics and their position in comparison to the medullar axle of the native stem. For
the sampling the letters A, B, C, D, E, F, G, H, I, L have been used to denote the considered specimens.

2.2. Uniaxial Testing

The considered plates have been submitted to traditional uniaxial test by a uniaxial test machine.
It is composed of a very sturdy two-column structure with an upper crosspiece adjustable in height and
a movable lower crosspiece operated by an electromechanical system with a ball screw that ensures
an accurate control of speed and load. The machine is controlled by a PC. The load is detected by an
electric strain gauge cell incorporated in the upper cross member and the deformation by a linear
position transducer. The relative values are displayed on the PC screen.

The advanced technology derived from the use of microprocessors allows great flexibility in the
execution of load control, elongation and displacement tests. The PC controls all the functions of the
machine. The installed program allows performing the most common tests of traction, compression,
bending, load control and/or displacement/elongation, and by mean this device the E1, E2 and ν12

values have been obtained.

2.3. Modal Analysis

It is possible to evaluate the mechanical parameters of olive wood plate by data inversion of
vibrational experimental tests. Therefore, the natural flexural vibration frequencies of olive trees plates
have to be evaluated.
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2.3.1. Constitutive Equations

It has been chosen to deal with completely free plates because it is the only boundary conditions
which can be easily and accurately realised in an experimental set-up.

Figure 1 shows a rectangular plate of constant thickness h, and planform dimensions a and b. A
Cartesian coordinate system x-y-z. is located at the middle plane, with the z-axis normal to this plane.
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The plate is, in general, composed of a number of orthotropic layers of equal thickness and
material properties. The principal material axes of the layers may be oriented at different angles to the
plate axes x, y. The constitutive equations of an orthotropic layer in the material symmetry-axes take
the form 
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where qij are normalised plane-stress reduced stiffness’s related to the material moduli by
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The indices 1, 2 and 3 refer to the material symmetry axes of each layer, and σ = normal stress;
ε = strain; E1, E2 = the two in-plane Young’s moduli [Pa]; G12 = the in-plane shear modulus; ν12 =

the in plane Poisson’s ratio; G13, G23 = the two transverse shear moduli and qij are normalised plane
stress reduced stiffness’s related to the material moduli. Like it is known, the assumptions that are
at the basis of the mathematical model to study the flexural vibrations for an orthotropic plate are:
solid with constant cross-section, orthotropic homogenous material. With the limitations over said and
with reference to a prismatic plate free-free, the flexural vibrations can be evaluated by mean inverse
problem theory.

2.3.2. The Inverse Problem

We have used the inverse problem theory with the aim to determine the unknown material moduli
of an olive tree plate by mean a set of measured natural frequencies. Non-linear parameter estimation
methods can be used for this purpose. Given a set of measured natural frequencies of an olive tree plate
we aim at determining the unknown material moduli. In this approach, the parameters are adjusted to
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achieve a model that fits the experimental data the best. This is done by minimising the difference
between theoretical and experimental data.

The number of frequencies l is chosen under consideration for the following characteristics:

- The necessity of providing experimental data which is sufficiently sensitive to the parameters to
be identified (the sensitivities with respect to the transverse shear moduli generally increase with
the mode number).

- The accuracy of the numerical model (accurate prediction of frequencies related to higher modes
of vibration requires increased computational effort).

- Higher modes are more sensitive to local defects in the plate than lower modes.
- Frequencies of higher modes of vibration are generally more difficult to measure than those of

the lower modes.
- A high number of degrees of freedom (the number of data points less the number of unknowns)

is desirable to reduce statistical variance.

By experience, a value of l around 10 is a good compromise.

2.3.3. Testing

For the considered plate, the truly free support is closely approximated by supporting the plate
on very soft elastic bands so that the rigid body modes have frequency values which are very low in
relation to those of the flexural vibration. In addition, the olive tree plate is suspended in a vertical
position so that the suspension bands are normal to the direction of vibration. Hereby, minimum
interference is ensured on the plate flexural vibration frequencies that are the object of the test. The
technique used in the modal analysis is that of an excitement impact flexural, produced by special
sensitized hammer. The excitation of the plate is accomplished by an impulse hammer with a force
transducer and the plate response is measured by a microphone providing non-contact measurements.
Particularly in the tests a hammer GK 291 C of the PCB Piezotronics and the response is measured
by a microphone providing non-contact measurements. The used transducer was of the type ICP
(Integrated Circuit Piezotronic) and that has inside microelectronic circuit that gives output signal in
Volt. By an acquisition data system, the signals obtained by the strength transducer (hammer) and
from the microphone providing noncontact measurements have been directly detected by a standard
procedure. The load peak has been 600 g peak.

A dual channel signal analyser calculates the frequency response function by fast Fourier
transformation (FFT), from which the frequency values are extracted by a modal analysis curve fitting
technique. The measurements have been repeated for each specimen until five consecutive readings of
frequency, within 1% of each other, have been obtained. The average of the five readings was taken
as the resonant frequency of the specimen. The experimental technique as described here provides
accurate and reliable natural frequencies for the completely free plate in a very simple and fast manner.
In addition, the test is noted to be non-destructive. With the aim to set the numerical model, it is
possible to study the effect of transverse shear deformation on the plate natural frequencies. This effect
as a function of the length-to-thickness ratio. It has been noted by different authors [25–28] that the
transverse shear effect:

- Increases as the length-to thickness ratio decreases;
- Increases with the complexity of the mode shape; i.e. as the wave length-to-thickness in either

direction decreases;
- Increases as the elastic modulus to shear modulus ratio increases.

It has been also noted that the one percent limit is not exceeded for the first 10 natural frequencies
if the length-to-thickness ratio is higher than 60 for the isotropic plate and 95 for the orthotropic
plate. The results obtained from numerous authors [29–32] with different material, reveal that the
transverse shear effects become significant for length-to-thickness ratios less than 30–50 depending
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on the degree of material anisotropy and vibrational mode type. From a theoretical point of view
this indicates that it is possible to extract the transverse shear moduli of moderately thick plates
from experimental frequency data. Additional numerical results including comparisons with 3-D
finite element solutions that proves the high accuracy of the numerical model are available in current
literature. What that is the typology of the used material, the study of the dynamic response of a
structural system is useful not only for the solution of problems related to vibrations and noises, but
also for the evaluation of some elastic characteristics of the considered system [33–36]. The intrinsic
properties that are evaluated, analysing the behavior of a structure in correspondence of its resonances
are: the natural frequencies, the damping and the deformation (modal forms). The modal analysis is a
theoretical and experimental methodology that allows to determine these parameters and it consists in
a complex of tests and measures at which the considered structure is undergone with the objective
to obtain a mathematical description of its dynamics. The study of the dynamic response of wood
elements results more difficult and rather more approximate in comparison to other materials in how
much the mathematical formulations that are at the base of the modal analysis imply a linear behavior
of the structure that, besides, it should have to have homogeneous composition and characteristics
well defined. As it is known, the wood has a behavior orthotropic and therefore it is necessary to
evaluate the different characteristic moduli for these types of materials, for which it is necessary to
use mathematical models more complex to simulate its behaviour. We will refer to the theory of the
orthotropic plates broadly treated in the literature [37–40].

2.4. Validation

To better understand the procedure used, we approach this problem by using an optimization
strategy and a FEM code in order to determining, on the basis of vibrational data, the elasticity
parameters of the considered material. For our problem, a Levenberg–Marquardt algorithm was chosen
as optimization strategy. In this case, the evaluation of the objective function required a complete finite
element simulation that we performed using the ANSYS code. The Levenberg–Marquardt algorithm
(LMA) is used to solve nonlinear least squares problems. This method is a combination of the gradient
descent (GD) and the Gauss–Newton (GN) methods. Both the GD and GN methods are iterative
algorithms, based on an initial guessed

→
x -value, by which one try to minimize a cost function. In this

work the cost function is a measure of the distance between the calculated modal frequencies and
the experimental ones ‖

→
ωn −

→
ωexp‖. The modal frequencies are iteratively obtained, on the basis of

updated elasticity parameters
→

E . At each iteration, the LMA chooses either the GD or GN and updates
by choosing values that make the root-mean-square error smaller. The iterative update is dependent
on the value of an algorithmic parameter “λ”, a non-negative damping factor that smooths out the
graph. The update is GN if λ is small (i.e., close to the optimal value) and a GD if λ is large. The
Gauss–Newton is more accurate and faster than the gradient descent when close to the minimum error.
Therefore, the algorithm will migrate towards the GN algorithm as soon as possible. As input for the
parameter evaluation, we have used the uniaxial test data results conducted on the specimen obtained
from the olive plates considered.

3. Results

3.1. Material Properties Evaluated with Uniaxial Testing

In the following, the data results obtained submitting the considered plates to traditional uniaxial
test, have been reported:

E1 = 14.4 ± 0.71 GPa; E2 = 0.95 ± 0.95 GPa; ν12 = 0.43 ± 0.03
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3.2. Natural Frequencies

Results are presented for a moderately thick unidirectional olive tree plate (Figure 1) with data
given in Table 1, considering the plates examined A, B, C, D, E, F, G, H, I, L, because the maximum
errors detected for the obtained values were less than 5%, the mean values are reported in Table 1.

Table 1. Olive tree plate data.

Length, a (mm) Width, b (mm) Thickness, h (mm) a/h Mass, m (g) Moisture (%)

180 120 10 17.8 405 30

The parameters evaluation has been performed considering the first 10 natural frequencies, and it
has been reported in Table 2.

Table 2. Experimental frequencies.

i 1 2 3 4 5 6 7 8 9 10

fi(Hz) 758 1179 1484 1832 2069 2156 2230 2389 2661 2680

3.3. Comparison between Numerical and Experimental Results

The RMS errors between the measured frequencies and those computed is 9,40. Figure 2 reported
the comparison between the frequencies evaluated by experimental and numerical tests. In Table 3,
absolute percent errors of frequencies values estimated with experimental and numerical tests, have
been reported.
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Table 3. Absolute percent error of frequencies values estimated with experimental and numerical tests.

i 1 2 3 4 5 6 7 8 9 10

E 0.045 0.094 0.08 0.169 0.046 0.062 0.109 0.113 0.015 0.053

The mode shapes and the associated modal frequencies, calculated on the basis of the estimated
elastic parameters, are shown in the following Figure 3.
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The converged elastic moduli values, with n = 10 natural modes, have been:
E1 = 14.8 GPa, E2 = 1.04 GPa, G12 = 4.45 GPa, G23 = 4.02 GPa, G13 = 4.75 GPa, ν12 = 0.42, and

ν13 = 0.42.
Which resulted to be in good agreement with the obtained material constitutive parameters.

Further, it has been seen from the obtained data results, that the usual assumption of transverse
isotropy is justified since G12 ≈ G13. As can be seen, the reliability of the three parameters E1, E2 and
ν12 is very good.

However, Poisson’s ratio is generally noted to be the parameter most vulnerable to
data perturbations.

4. Discussion and Conclusions

Non-linear parameter estimation based on natural frequency measurements has been used to
identify the six most important elastic constants of olive tree plates including the two transverse
shear moduli.

The resonance experiment has been easy to perform and provides very accurate frequency data.
Attention is focused on the importance of an accurate numerical model that provides reliable

theoretical predictions. Otherwise, erroneous parameter estimates can result. Assessment of the
parameter uncertainty forms an important part of parameter estimation. The present investigation
shows that E1, E2 and ν12 are very well-determined. Regarding the transverse shear moduli, an
acceptable precision can be obtained provided that the length-to-thickness ratio is sufficiently small,
typically less than 30.

In this paper, we have considered samples with rectilinear anisotropy. This model accounts for
wood being orthotropic but simplifies the analysis by aligning coordinates of the anisotropy with the
rectilinear global axes, i.e., tangential, radial, and longitudinal directions in x, y, and z directions or at a
constant angle to those directions.

This approach simplifies finite element analysis because all elements have the same orientation
for their material axes. Because this model can include low shear moduli, it can account for changes in
effective modulus due to off-axis loading. The rectilinear assumption, however, makes it only suitable
for boards far from the pith.

The limitations of the methodology adopted for the experimental measures and also for the finite
element modeling are due at the fact that, the rectilinear anisotropy assumption would completely
miss board dimension and orientation effects caused by growth ring curvature within a specimen.

The state of generalized plane strain and generalized torsion exist only in an infinitely long
prismatic body subjected to loadings that do not vary axially. Stress disturbance inevitably occurs if the
exact end conditions are approximated by the statically equivalent conditions of the stress resultants.
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It is known that the Saint-Venant end effects in anisotropic elastic materials may not be local to the
boundary layer region. Study of the stress decay in anisotropic laminates in the state space setting has
been reported. Investigation via the state space formalism may prove to be effective in treating more
general problems.

Further different approaches are possible to numerical modeling. Four common methods for
numerical modeling of wood are considered with emphasis on their suitability for problems involving
stress analysis in the transverse plane:

1. Transversely Isotropic Material: The simplest model of wood assumes it is transversely isotropic
with the axial direction in the longitudinal direction. The rational is that longitudinal modulus is
10–20 times larger than radial or tangential moduli, while those transverse moduli may differ by
less than a factor of two.

2. Rectilinear Orthotropic Material: This model accounts for wood being orthotropic but simplifies
the analysis by aligning coordinates of the anisotropy with the rectilinear global axes, i.e.,
tangential, radial, and longitudinal directions in x, y, and z directions or at a constant angle to
those directions. This approach simplifies finite element analysis because all elements have the
same orientation for their material axes.

3. Homogenized Cylindrical Orthotropy: This model accounts for growth ring curvature within a
specimen but simplifies the analysis by using homogenized properties in the transverse plane.
Compared to rectilinear orthotropy, cylindrical orthotropy complicates the mesh generation.

4. Heterogeneous Cylindrical Orthotropy: The model used accounts for both growth ring curvature
within a specimen and variations in material properties between earlywood and latewood. This
model is physically the closest to approximating the structure of real wood. Although a fine
mesh is required to resolve the structure of wood, the extra effort versus homogenized cylindrical
orthotropy is minimal.
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