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Abstract

Experimental results obtained from maritime pine (Pinus
pinaster Ait.) wood are presented for the characterisation
of all LR=(1,2) orthotropic stiffness parameters of clear
wood specimens by a single test. The approach relies on
application of the virtual field method (VFM) to a rectan-
gular specimen loaded in the losipescu fixture. The dis-
placement field over the gauge surface of the specimen
is measured by the grid method. Two configurations are
investigated: (1) with grain aligned along the specimen
length (0° configuration) and (2) with grain at 45°. For the
0° configuration, only the parameters Q,, and Q4 are cor-
rectly identified, with coefficients of variation of the same
order of magnitude as those obtained from reference ten-
sile and shear tests. Better identification is obtained for
the 45° configuration, for which only the parameter Q,,
exhibits large scatter. This improvement results from a
more balanced influence of all stiffness parameters on
the response of the 45° specimen. However, all stiffness
parameters identified were systematically underestimat-
ed by approximately 30% in comparison to reference val-
ues. This deviation is due to the vertical spatial variation
of the mechanical properties of wood within the stem.
Literature data confirm this interpretation.

Keywords: full-field measurements; material characteri-
sation; statically undetermined test; virtual fields method

(VFM).

Introduction

To describe the complex behaviour of wood based on
given parameters is difficult, and correct experimental
characterisation of the parameters governing a consti-
tutive law is particularly challenging. This is the case even
when clear wood is modelled as a continuous and homo-
geneous material, with orthotropic linear elastic behav-
iour along the longitudinal (L,1), radial (R,2) and tangential
(T,3) directions of the wood cells (Guitard 1987; Smith
et al. 2003). Conventionally, the material parameters
describing this behaviour are experimentally determined
by carrying out several statically determined tests (e.g.,

tensile, compression, bending and shear tests) on spec-
imens with simple geometries (e.g., rectangular), oriented
along the material symmetry axes and containing a few
annual rings (ASTM D143 1994). This approach involves
considerable effort for accurate characterisation of wood
mechanical properties because of the inherent anisotropy
and variability of wood.

Digitisation combined with full-field optical techniques
(FFOTs) yields new methods for material characterisation
of a given surface (Grédiac 2004): (1) digital image cor-
relation (Rastogi 2000); (2) moiré interferometry (Post et
al. 1994); (3) speckle interferometry (Cloud 1995); (4)
shearography (Hung and Ho 2005); and (5) grid methods
(Surrel 2004). A specimen with appropriate geometry can
be loaded in such a way that several parameters are
simultaneously involved in its mechanical response.
From the kinematic fields measured by FFOTs, all these
active parameters may be determined in a single test
using a suitable identification strategy. This seems par-
ticularly interesting for the characterisation of wood prop-
erties due to its anisotropy and variability.

Data processing by finite element model updating
(FEMU) (Le Magorou et al. 2002) or the virtual field meth-
od (VFM) (Grédiac et al., 2006) is suitable for deriving
material properties from full-field measurements.

Only the VFM approach is considered in this study of
the linear elastic orthotropic behaviour of maritime pine
wood (Pinus pinaster Ait.) in the LR=1,2 plane of sym-
metry. It is straightforward and simple. A macroscopic
homogeneous model of the material is considered:
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where o; is the stress field vector, ¢ is the strain field
vector and Q,;, Q.,, Q,, and Qg are the stiffness para-
meters to be determined experimentally. The objective of
this paper is to investigate the ability of VFM to simul-
taneously identify the four LR stiffness parameters in a
wooden rectangular specimen loaded in the losipescu
fixture.

Wood appears as heterogeneous on the scale of our
study due to latewood (LW) and earlywood (EW) layers
within the growth rings (Figure 1). However, it has been
verified by Xavier et al. (2005) that the size of the spec-
imen and the size of the annual rings are suitable to
obtain “homogenised” properties of clear wood using the
present approach. In the quoted work, a finite element
model of layered material with different properties in LW
and EW phases was applied and displacement fields
were simulated. The results were in very good agreement
with the homogenised properties according to the law of
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mixtures of the layered material. Thus, in the present
paper, the material was supposed to be homogeneous.

Materials and methods

Tree and specimens

The material used was manufactured from a single Pinus pinas-
ter Ait. tree of 74 years of age that was grown in the district of
Viseu (Portugal). Specimens cut at approximately 8 m from the
basal plane of the tree were available. These sawn and planed
boards were dried in a kiln to a moisture content of 10-12%
before cutting the specimens from the outer part.

The specimens consisted of beams of 80X20Xx5 mm? cut in
the LR plane of symmetry. A total of 14 specimens were inves-
tigated here, seven with grain orientation at a nominal angle of
0° with regard to the longitudinal axis of the specimen, and sev-
en with grain orientation of 45° (Figure 1a). The average width
of the growth rings was approximately 2 mm. The equilibrium
state of humidity was reached before testing. The oven-dry den-
sity of the specimens (determined as the ratio between the oven-
dry weight and green volume) was found to be between 0.505
and 0.559 g cm=. Using the oven-dry method, the moisture con-
tent of the specimens during testing was determined to be
approximately 9-10%.

Full-field measurements

The grid method chosen in this study has better spatial resolu-
tion than digital image correlation, for instance. It is applicable
to all types of materials and is less sensitive to vibrations than
interferometric techniques. It provides measurement of the in-

plane displacement field by studying the deformation of a grid.
The grid consists of a periodic pattern of white and black con-
trasting lines and is assumed to be perfectly bound to the spec-
imen. A detailed description of the grid method can be found in
Surrel (2004).

A grid with a pitch (p) of 0.1 mm, i.e., 10 lines mm-, was
employed here, covering a field of view of 34 X20 mm? (L X W in
Figure 1c) at the centre of the specimen. It was imaged using a
PCO SenSicam CCD camera of 13761040 pixels with a pixel
size (on the object plane) of 0.025 mm, i.e., approximately 4
pixels per period (Figure 1c). The grid was transferred according
to the procedure described by Piro and Grédiac (2004).

Images of the grid in the deformed and undeformed states
were analysed using a phase shifting approach (Dorrio and Fer-
nandez 1999; Surrel 1999). The windowed DFT algorithm was
used in this work because of its ability to eliminate some of the
systematic errors inherent to grid images (Surrel 1996, 1999). It
provides two phase fields. The difference between these phase
fields is linearly tied to the displacement field:

UB(XJ’)=‘£TA¢B(X’Y)’ @

where B=x and y, respectively for the horizontal (from a grid
with vertical lines) and vertical (from a grid with horizontal lines)
components of the displacement. In our experiments, the dis-
placement resolution, i.e., the smallest displacement value that
can be detected or measured, lies between 0.9 and 1.2 wm. The
spatial resolution required to achieve this accuracy is 1 period
(distance between two contiguous lines) here, i.e., 0.1 mm.
The in-plane strain fields required for identification of the
material parameters were determined using a polynomial
approximation of the raw data provided by the grid method,
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Figure 1
distance, approx. 450 mm).

Images of (a) the 0° and 45° specimens and (b) the mechanical set-up. (c) Sketch of the mechanical set-up (WD, wording
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followed by numerical differentiation (Pannier et al. 2006). This
approach is particularly suitable when the frequencies of the
signal (low) and noise (high) are well separated, which was
assumed here.

Shear/bending mechanical test

A specific shear/bending mechanical test was designed that
involves the stiffness parameters Q,;, Q. Qi and Qg in the
deformation of a single specimen (Pierron and Grédiac 2000;
Grédiac et al. 2002b; Chalal et al. 2006). It consists of loading
a straight rectangular beam with the losipescu fixture (Figure 1c).
The V-notches of the classical geometry of the losipescu spec-
imen (ASTM D5379 1993) are removed here. The length between
the inner supports (L) and the grain angle (6) are adjusted to
maximise the identifiability of the stiffness properties by the VFM
(Avril et al. 2004b).

Experimentally, the load was applied at a controlled displace-
ment rate of 1 mm min-' and measured with a 100-kN load cell.
Before the tests, specimens were loaded and unloaded five
times up to a load of approximately 50 N to improve the flatness
and parallelism of their loading surfaces. Because only the linear
elastic mechanical response of the specimens was investigated
here, the tests were stopped when a load of approximately 200
N was reached. This load range was found to be adequate for
stiffness identification.

Stiffness parameter identification by VFM

The problem to be solved here is the simultaneous identification
of Q,;, Qu, Qpp, and Qg from measurements of the resultant
load, the strain fields and specimen geometric parameters. VFM
(Grédiac et al. 2006) is an identification procedure suitable for
solving this type of inverse problem. It is based on two funda-
mental equations in solid mechanics: the static equilibrium
equation — the principle of virtual work (PVW) — and the consti-
tutive stress-strain equation. In a first step, the method consists
of replacing the constitutive equation [Eqg. (1)] into the PVW,
which vyields, by assuming a plane stress problem and the
absence of body forces, the following equation:

Q,[ ser ds= 1? J ToM.nguz(M) dS, @®)
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where & is the virtual strain field, ug is the virtual displacement
field, S is the surface for which measurements are available, t is
the thickness of the plate, and T;(M,n;) is the distribution of
external tractions applied over the boundary S; (M is any point
on this surface and ng is the outward normal vector at point M).

Rewriting Eq. (3) with as many different virtual fields (ug, &)
as there are unknown parameters yields a linear system of equa-
tions. The virtual fields are actually special virtual fields, i.e.,
satisfying some specific conditions (Grédiac et al. 2002a,b).
Moreover, they are expanded here using piecewise bilinear test
functions (Toussaint et al. 2006). Finally, they are determined as
the solution of a constrained optimisation problem (Avril et al.
2004a). This ensures that the solution obtained is less sensitive
to experimental noise.

Results and discussion

Flowchart of the procedure

The image processing and identification procedures were
performed using Matlab® functions (developed in house)
according to the flowchart presented in Figure 2.
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Figure 2 Flowchart of the image processing and identification
procedures.

0° specimen

Throughout the data processing, several parameters
have to be carefully selected because they may signifi-
cantly affect the final results. In particular, choice of the
polynomial degree for the approximation of raw displace-
ment data is crucial. Thus, we identified stiffness para-
meters using different polynomial degrees. Results are
presented in Figure 3 for a 0° specimen. For each poly-
nomial degree, the parameters were determined from 27
load values from 73 to 140 N. It is evident in Figure 3
that the scattering bars are quite large for degrees greater
than 7. For degrees less than 7, noise minimisation is
more efficient and the results are uniform. However, the
polynomials are unable to accurately fit the actual fields
and this induces a bias in the results by overestimation
of Q,; and Q,,. This bias was also observed by process-
ing simulated data provided by a finite element code.
Therefore, degree 7 is a good compromise between
noise minimisation and good fitting and was retained for
the whole study. An example of the measured and
approximated displacement fields, along with their dif-
ference, is presented in Figure 4 for a 0° specimen. The
difference fields have low-intensity random values, indi-
cating that some noise has been subtracted from the
original displacement fields during the fitting process.
Derived strain fields are displayed in Figure 5a. It is
evident that the ¢, field component (Figure 5a.3) is pre-
dominant over those derived from the other two com-
ponents. The strain fields (Figure 5a) were compared with
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Figure 3 Variation of the stiffness parameters with respect to the degree of the fitting polynomial for 0° (l) and 45° (CJ) specimens:

(@ Q11 (b) Qze, (€) Qi and (d) Qoo

numerical values (Figure 5b) computed using a finite ele-
ment model with the ANSYS 8.0® package. Wood was
modelled as a continuous, homogeneous and orthotropic
material with the elastic properties identified by VFM in
the experiments. Despite a reasonable match between
experimental and numerical fields, it is interesting to note
the significant differences near the borders of the region

of interest. These differences reveal that the polynomial
fitting approach used here may induce some systematic
errors in the strain computation in these areas. Never-
theless, these errors only slightly affect the VFM process
(Grédiac et al. 2006).

Typical results obtained with the VFM are presented in
Figure 6, in which the stiffness parameters are plotted

a.l

100

Figure 4 (a) Measured, (b) approximated and (c) residual (1) x and (2) y displacement fields obtained for a 0° specimen (Lm).
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Figure 5 Typical (1) experimental and (2) simulated strain fields for the 0° specimen (P=-139.4 N): (a) &, (b) &,, and (c) &.

versus the applied load. It can be observed that the data
conveniently converge to a mean value for both Q,, and
Qg However, all along the load interval, scattered data
are obtained for both Q,, and Q,,, which compromises
their convergence to an identifiable value. This result may
be perceived as a first indication that the 0° configuration
may be not suitable for correct identification of these two
last parameters.

An applied load interval was chosen for evaluating an
average value for each stiffness parameter. It was select-
ed individually for each specimen to eliminate aberrant
results. The criterion is to exclude applied loads that are

“too low” for which the signal-to-noise ratio is still low
and the loads that are “too high” for which the non-linear
response of the material may have been already reached.
For instance, in Figure 6 the applied load interval was in
the range from 73 to 140 N. In other words, this interval
is selected to reduce the standard deviation associated
with the mean stiffness values determined among the
specific applied load range.

The average values of Q,;, Q,,, Q,,, and Qg identified
by VFM in these intervals for the 0° specimens, along
with the specimen density (p), are summarised in Table
1. After checking the normality of the distributions of the
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Figure 6 Identified stiffness parameters plotted versus the applied load for 0° (M) and 45° (CJ) specimens: (a) Q,4, (b) Q.,, (C) Qp,

and (d) Qgs.
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Table 1 Oven-dry densities and stiffness properties of Pinus pinaster Ait. wood identified by the virtual field method (VFM) using

0° specimens.

Specimen p Q4 Q,, Q. Qg
(g cm?) (GPa) (GPa) (GPa) (GPa)
1 0.508 10.0 0.916 0.351 0.777
2 0.505 11.0 1.03 0.589 0.985
3 0.522 9.73 0.763 0.551 0.835
4 0.509 10.3 0.303 0.294 0.992
5 0.531 10.3 0.605 0.558 0.948
6 0.537 10.5 0.256 0.335 1.07
7 0.534 10.1 0.417 0.209 0.963
Mean 0.521 10.26 0.613 0.412 0.939
95% Cl +0.388 +0.280 +0.138 +0.092
CV (%) 2.6 4.09 49.4 36.9 10.6
Reference 15.6 1.97 0.926 1.41
Difference (%) 34 69 55 33

Cl, confidence intervals. CV, coefficient of variation.

stiffness values by the Shapiro-Wilk test (Neuilly 1999),
the 95% confidence intervals for the mean of each
parameter were determined from the t-distribution (Table
1). It can be concluded from these results that Q,, and
Q,, are identified with very large scatter, confirming that
the 0° configuration is not suitable for their accurate iden-
tification. Similar results were also obtained for a unidi-
rectional glass/epoxy composite material (Chalal et al.
2006). This result may be understood from the &, strain
field. In fact, the Q,, and Q,, parameters are directly pro-
portional to &,, and it was noted that the intensity of this
strain component is significant only in concentrated
zones near the inner supports (Figure 5b). Hence, the
identifiability of these parameters is lower. This can also
be analysed in terms of sensitivity to noise, which is high-
er for Q,, and Q,, than for Q,, and Qg for the 0° specimen
(Pierron et al. 2006). This is confirmed by the low scatter
associated with the Q,, and Q4 parameters (Table 1).

The results obtained with VFM for Q,, and Q4 were
compared with “reference” stiffness values for P. pinaster
wood reported in Table 2. These reference parameters
were determined experimentally from tensile tests along
the longitudinal and radial directions (Pereira 2005), and
a classical losipescu shear test (Xavier et al. 2004). The
specimens for these reference tests were taken from the
same tree as for the experiments presented in this paper,
but from a lower position of 6 m approximately. Accord-
ingly, the specimens for the tests of this paper and ref-
erences did not match perfectly. Nonetheless, these
references are reported here in order to comment on our
results.

It is evident that a close Q,,/Qq anisotropic ratio is
obtained between the present results (10.9) and the ref-
erences (11.0). These ratios are also in agreement with

those deduced for loblolly pine wood (Q,,/Q¢ =12.3; For-
est Products Laboratory 1999). However, the average
values of Q,, and Qg are lower than those of the refer-
ences by 34% and 33%, respectively. We interpret the
underestimation of both Q,, and Q4 as a result of vertical
spatial variation of the wood mechanical properties within
the stem. A recent study (Machado and Cruz 2005) has
shown that a decrease of approximately 29-35%
(depending on the radial position of the specimens) of
the longitudinal modulus (E,) can be found for specimens
cut at different heights within the stem (separated by
approx. 60% of the whole height of the tree). Machado
and Cruz (2005) explained this vertical decrease in E, in
terms of the greater percentage of juvenile wood at high-
er positions within the stem, which leads to lower density
(Louzada 2000). The same phenomenon is observed
here: the mean density reported in Table 1 is lower com-
pared to that of the references (Table 2). However, the
density variation alone cannot explain the stiffness dif-
ferences obtained here, at least if we assume a linear
relationship between density and stiffness (Gibson and
Ashby 1997). Other morphological differences, such as
the microfibril angle, may also contribute to the differ-
ences observed for mean values of the stiffness para-
meters measured in this work and those for the
references (Barnett and Bonham 2004).

45° specimen

Specimens with the grain rotated by 45° with regard to
its longitudinal axis were tested (Figure 1a). The same
procedure as described above was applied.

The stiffness parameters identified with different
degrees of polynomials are presented in Figure 3. It is

Table 2 Reference stiffness values of Pinus pinaster Ait. wood identified through standard tests (Pereira 2005; Xavier et al. 2004).

(L) tensile test

(R) tensile test (LR) losipescu test

P Q4 Qi p Qz» P Qoo
(g cm?®) (GPa) (GPa) (g cm?®) (GPa) (g cm?) (GPa)
Mean 0.616 15.54 0.92 0.697 1.97 0.589 1.41
95% Cl +0.580 +0.055 +0.089 +0.112
CV (%) 2.0 7.1 7.3 0.9 7.9 5.6 10.3

Cl, confidence intervals. CV, coefficient of variation.
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Figure 7 (a) Measured, (b) approximated and (c) residual (1) x and (2) y displacement fields obtained for a 45° specimen (.m).

evident that: (1) the stiffness parameters tend to
decrease for higher degrees; and (2) scattering for the
stiffness values increases with increasing degree. Hence,
a degree of 7 was chosen as a compromise between
accuracy and stability, as for the 0° specimens. An exam-
ple of measured and approximated displacement fields
is illustrated in Figure 7. The conclusion regarding the
filtering effect of the polynomial approximation is the
same as for the 0° specimens.

The derived strain fields computed in the (1,2) material
reference axes are shown in Figure 8a. It can be pointed
out here that both the &, and &, fields are more evenly
spread over the region of interest than for the 0° speci-
men. Thus, rotation of the specimen grain clearly yields
a more balanced distribution of strains over the region of
measurements. Thus, better identification of the four stiff-
ness components can be expected.

Comparison of the experimental strain fields (Figure 8a)
with the equivalent values modelled by finite element
analysis (Figure 8b) reveals only some marginal differenc-
es. These are located near the edges and are induced by
the polynomials. In Figure 6, an example of the variation
of the stiffness parameters versus the applied load is
plotted. Good convergence towards the average value
(without a high degree of scattering) is reached for the
Q4;, Q,,, and Qg parameters with increasing load. Iden-
tification of Q,, remains low. This result is not unexpected
because this parameter involves Poisson’s effect, which
is usually small and therefore more difficult to measure.

The average LR stiffness parameters and density of P,
pinaster wood identified by VFM from the shear/bending
test are summarised in Table 3. The 95% confidence

intervals for the mean stiffness parameters were deter-
mined from the t-distribution after checking for normality
by the Shapiro-Wilk test (Table 3). For this configuration,
both the Q,, and Q4 parameters are identified with scat-
ter of the same order of magnitude as for the reference
tests. However, greater dispersion is obtained for Q,, and
Q,,, which are still highly scattered. Because of identifia-
bility reasons, only Q,; and Qg stiffness values are com-
parable for the 0° (Table 1) and 45° (Table 3) specimens:
almost the same mean values were found. This is statis-
tically confirmed by a t-test for equality of the means at
a 95% confidence level.

For the VFM results, the anisotropic ratios were similar
for the specimens and references for Q,,/Q,, (8.2 and 7.9)
and Q,,/Q4 (10.7 and 11.0, respectively). These ratios are
also in agreement with those deduced from reference
properties reported for similar species (loblolly pine,
Q,,/Q,,=8.8 and Q,,/Q,=12.3; Forest Products Labo-
ratory 1999). Nevertheless, when comparing absolute
values, lower estimations are again noted for the 45°
specimens of the order of 35%, 37%, 29% and 33%,
respectively, for Q,;, Q,,, Q,,, and Qg (Tables 2 and 3).
As previously stated, the vertical spatial variation of the
mechanical properties of wood within the stem (Machado
and Cruz 2005) is believed to be the major reason for this
systematic underestimation of the stiffness values.

Conclusion

The approach presented in this paper is based on VFM
application to a rectangular beam loaded with the losi-
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Figure 8 Typical (1) experimental and (2) simulated strain fields for the 45° specimen (P=-142.4 N): (a) &,, (b) &,, and (c) &.

Table 3 Oven-dry density and stiffness properties of Pinus pinaster Ait. wood identified by the virtual fields method (VFM) using

45° specimens.

Specimen p Q,, Q,, Q. Qss
(g cm?) (GPa) (GPa) (GPa) (GPa)
1 0.559 8.11 1.29 0.624 0.925
2 0.537 8.69 1.28 0.954 1.00
3 0.557 8.45 1.24 0.363 1.01
4 0.542 11.6 117 0.702 0.928
5 0.540 10.7 1.26 0.667 1.03
6 0.544 11.8 1.16 0.591 0.856
7 0.539 11.7 1.26 0.730 0.905
Mean 0.545 10.16 1.24 0.661 0.950
95% Cl +1.5652 +0.048 +0.163 +0.059
CV (%) 1.6 16.5 4.22 26.7 6.67
Reference 15.6 1.97 0.926 1.41
Difference (%) 35 37 29 33

Cl, confidence intervals. CV, coefficient of variation.

pescu fixture, providing that both strain fields and the
resultant load are measured. The purpose was to identify
a suitable configuration for characterisation of the LR
stiffness parameters of clear wood.

From the 0° configuration, only the Q,, and Qg para-
meters could be correctly identified. On the other hand,
the 45° configuration brought about large improvements
in the results, especially for Q,,. Only the identification of
Q,, was low in the case of the 45° configuration. Accord-
ingly, the grain rotation from 0° to 45° allowed more bal-
anced strain fields and thus improved calculation of the
stiffness parameters. A numerical study is currently under
way to identify an angle between 0° and 90° that will
optimise the results for all LR clear wood stiffness para-
meters, similarly to the study carried out for polymer
matrix composites (Pierron et al. 2006).

The average values of the parameters identified were
systematically lower than the reference values. Our
explanation is that experimental inadequacies are prob-
ably responsible for this: the specimens and references
were taken from different heights. Vertical spatial varia-
tion of the mechanical properties within the stem can be
high (Machado and Cruz 2005). This supposition has to
be confirmed by further tests.
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