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Abstract – In this paper, a procedure is developed in order to manage virtual tests using numerical sim-
ulation in order to reduce time and to optimize design before the real validation tests on wood products.
This procedure in 3 steps can be used in an industrial context: (i) characterization of the material prop-
erties, (ii) construction of probabilistic density function for each parameter, (iii) Monte Carlo simulation
of the structural behavior of the wood products furniture. For this purpose, experimental tests associated
with digital image correlation technique were managed using 3 point bending tests easy to develop in an
industrial environment. A probabilistic density function was constructed for each mechanical parameter
based on the test results using the principle of maximum entropy. The simulation is managed by a FEA
developed in the Matlab environment and allows a Monte-Carlo simulation in a reasonable CPU time. We
can then evaluate the effect of the input data dispersions on the overall reaction of the structure. A real
test is performed on a prototype product in order to confirm the simulation results and to validate the
approach.

Key words: Virtual validation test / spruce wood furniture / anisotropic elasticity characterization / digital
image correlation / finite element analysis / probabilistic approach

1 Introduction

For the furniture industry, CEN the European com-
mittee for standardization has approved a number of tests
on furniture to ensure its strength and durability before
authorization can be given to sell the product. To pass
through these tests, a prototype has to be manufactured
for each new design and submitted to validation tests.
On the basis of the results, the design is evaluated and
modified. This trial and error process continues until a
compromise is reached. Numerical simulation could be an
interesting alternative to this expensive process. Mainly,
three points have to be addressed to manage virtual tests
on furniture:

– characterization of the furniture materiel property;
– characterization of the connections behavior between

furniture components;
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– choice of the appropriate model for the furniture ge-
ometry to manage fast simulations.

These points have already been studied by numerous au-
thors even if the furniture industry develops modelling
strategies (using Computer Aided Engineering CAE tech-
niques dependant to a large extent on Finite Element
Analysis FEA) less recently than aerospace or automo-
bile industries. Such strategy reduces the cost of test
campaigns and also reduces the time before marketing
because the number of product development cycles is
lower. Numerous scientific challenges had to be addressed
to make these virtual validation tests possible: wood
anisotropy; modeling of beam components; influence of
links between beams; dispersion of material properties
One can see [1] for a bibliographical review of the finite
element methods (FEM) applied in the analysis of wood.
His work referred to 300 references to papers and confer-
ence proceedings on wood research that were published
between 1995 and 2004. Since middle of the 90’s, scien-
tific contributions on furniture modeling are published: in
reference [2] a study on performance testing of side chairs
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focuses on strength characteristics according to the ac-
cepted levels of applied loads that had been determined
for a desired category of use. More recently [3, 4] focused
on wooden furniture and the structural modeling of the
front rails of sofas or the performance tests of school chairs
constructed with round mortise and joints.

The problem of the link between elements of furni-
ture was addressed and Kasal et al. [5–7] investigated
the strength properties of glued-dowel jointed sofa frames
constructed with solid wood and wood-based composite
materials. As a result of his work, Kasal found that FEM
gives reasonable estimates of the overall strength perfor-
mance of the sofa frames; it was also concluded that the
wood composite materials could be used instead of solid
wood materials in the production of frame constructed
furniture. He also worked on experimental tests to deter-
mine the ultimate shear and bending moment capacities
of glued corner blocks under controlled laboratory condi-
tions. Finally a model for estimating the moment resis-
tance of L-type screw corner joints constructed of particle-
board and medium density fiberboard was also published.
All these contributions were essentially experimental and
could not test all 3D loading possibilities on the furniture
or the part of the furniture.

Meanwhile Nicholls and Crisan [8] analyzed the stress-
strain state found in corner joints and box-type furniture
by using FEA. FEA was beginning to be widely used in
the furniture modeling context later than in automobile or
aerospace applications. For example Mishra and Sain [9]
used 3D finite element simulation of static loading on a
chair base made up of wood thermoplastic composites by
means of the commercially available software SolidWorks.
Paoliello et al. [10] worked on defining loads that occur
on a Eucalyptus wood chair while sitting different pos-
tures and he used ergonomic concepts. Lately, Çolakoglu
and Apay [11] have presented the simulation and strength
analysis of three chairs produced from different types of
wood in free drop using ANSYSTM software. As a result
of FEA, suggestions were developed for furniture design-
ers and manufacturers, but accurate simulation needs a
fine knowledge of the wood properties.

Wood is known as an inhomogeneous material with
highly variable mechanical properties [12]. Thereby, these
properties can be considered as random variables that can
be characterized by probability distribution. The general
procedure for selecting the appropriate distribution of the
parameter in question depends on selecting the statistical
distribution that best fits to the empirical data set [13,14].
Based on assignments for timber by [15], the normal, log-
normal and Weibull distributions are considered as the
most appropriate family of probability density function
(pdf) to model the clear wood properties. However, it
can be noted that strength and stiffness cannot attain
negative value, so that normal distributions may be rel-
atively unable to represent the physical sense of these
parameters [16].

Consequently, managing virtual test by using the FEA
that takes into account the dispersion of wood can pro-
vide accurate and numerous anisotropic material data via

a Monte Carlo simulation and gives a confidence region for
the furniture’s rigidity and strength. This procedure has
already been used successfully in different contexts: (see
for example [17–20]). In order to manage fast simulations
in the Monte Carlo process, we chose to model the struc-
ture of the bunk bed with anisotropic beam elements in
order to reduce drastically the number of Degrees Of Free-
dom (DOF For short) in regard of a complete 3D FEA.
Considering the important difference between the longitu-
dinal and transverse properties, the natural beam theory
is developed taking into account the shear effect. The use
of beam element reduces the accuracy of the stress field
especially in corners and connections between beams.

One way for approximating the effects of connection
flexibility is to use extensional and rotational springs. The
stiffness of each spring is the ratio of the transmitted
force to the corresponding relative displacement within
the connection. This system of springs can be represented
with a zero length element 0D with two coincident nodes
and thus assembled in a matrix form as a finite element
which makes the integration of the connection behavior
in FEA code relatively easy at programing level. Calcula-
tions showed that the stiffness of rotational components
are significantly lower than the extensional ones so only
the contribution of rotational springs is considered and
the effects of extensional springs can be ignored. The iden-
tification of the connection stiffness matrix components is
done by a multi-scale numerical approach, using 3D FE
simulations. Details can be found in reference [21].

The studied bunk bed is made up of spruce. Measure-
ments of elastic characteristics and strength of the mate-
rial have required characterization tests; 3 point bending
test associated with the technique of digital image cor-
relation (DIC). This technique is well known since the
early 80’s [22–25] and applied in a lot of fields to identify
material behavior, in particular for flexible material like
polymers or rubbers where strain gages cannot be used.
Usually pictures are taken during plane stress tests us-
ing 2D images [26, 27] or even 3D structures [28]. In this
paper, characteristics are measured from 3 point bending
tests.

The classical method for Young’s modulus E and shear
modulus G measurement by static bending test for wood
beams needs to provide tests by varying the depth/span
ratios of two or more beam specimens and is well known
since early 1960’s. Three point bending test results usu-
ally underestimate the value of G due to stress concen-
tration imposed by the loading point which is not taken
into consideration in beam theory. To overcome this prob-
lem and by means of finite element simulation, a correc-
tion factor on the Timoshenko’s shear coefficient was pro-
posed by [29] and plausible shear modulus was obtained.
Murata and Tsubasa [30] managed to determine simulta-
neously both E and G by polynomial regression analysis
of deflection curves. DIC was recommended as a powerful
tool for full-field normal and shear strain measurement.
Yoshihara and Tsunematsu [31] examined the feasibility
of estimation methods for measuring Young’s modulus of
wood by 3 point bending test. They found that shear
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Fig. 1. Three principal axes of wood with respect to grain
direction and growth rings [12].

deformation had no influence on the value of Young’s
modulus if it was obtained by the load-longitudinal strain
relation. Based on these previous studies, we assume a
transversely isotropic material behavior for spruce and
we propose to measure the displacement field by DIC
on a “short” beam in order to measure accurately the
shear effect. We determine both E and G out of the load-
displacement relations by means of least square method
on the bottom part of the specimen. Thus, the localized
effect in the region near the loading point has no influence
and a single test leads to both E and G values. The same
test also gives the limit of proportionality Rel.

Putting together DIC, 3 point bending test analy-
sis, Monte Carlo simulation and anisotropic beam FEA,
we provide a complete example to prove the feasibil-
ity of managing virtual tests for wood furniture. To ad-
dress these points, the paper presents anisotropic behav-
ior characterization in a first section together with the
probability density function construction for all variable
parameters. In the second section, we present the stochas-
tic simulation of the bunk bed and statistical treatment
of the results that are finally validated by comparing with
the measurements done on real tested bunk bed.

Using all results presented, one can first manage series
of 3 point bending test on specimen cut out from wood
sample that will be used to manufacture the studied furni-
ture. From DIC, one can obtain the experimental results
that are used to identify the probability density functions
for each uncertain parameter of the mechanical model of
the furniture. Thanks to the finite element beam code
developed one may run the Monte Carlo simulation and
obtain the confidence region for deflections and strength
security factor for the furniture. This approach is quite
simple to develop in an industrial context.

2 Anisotropic behavior of wood (spruce)

In account of the orientation of the wood fibers and the
manner in which a tree increases in diameter as it grows,
wood is generally considered as cylindrically orthotropic
material (Fig. 1) that has its unique and independent

mechanical properties along three mutually perpendicular
axes: longitudinal (l), radial (r) and tangential (t).

However, it has been noticed that the differences in
mechanical properties between the radial and tangential
axes are relatively minor when compared to the differ-
ence between the radial or tangential axis and the longi-
tudinal axis [12]. Consequently, to simplify we assumed
that spruce could also be considered as a transversely
isotropic material where the properties are symmetrical
around the preferred axis of fiber. Generally, 5 indepen-
dent constants are required to identify the elastic behavior
of transversely isotropic material; this is illustrated by the
following stress-strain relations of generalized Hooke’s law
(Eq. (1)) where l (fibre direction) is the axis of symmetry:
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where:
νtl

Et
=
νlt

El
.

In this study, we focus on Young’s modulus El, shear
modulus Glt, the elastic resistance of spruce and their
dispersions. We also study the influence of the fluctua-
tions of these parameters on the displacement values at
critical points. For this purpose a set of 3-point bending
tests and tensile tests has been carried out to define these
characteristics.

2.1 Characterization tests of spruce: 3-point bending
test

Clear specimens of European spruce (Picea abies, ap-
proximate density of 450 kg.m−3) were sawn from dif-
ferent elements of the bunk bed (3 safety rails and 3
lathes). The specimens were small in size with a length
span of 130 mm (parallel to grain), 15 mm in width and
30 mm in depth and with a moisture content of about
12%. The main objective of this experimental study is
to obtain appropriate statistical measurements of two si-
multaneous parameters for each test (Young’s modulus
El and shear modulus Glt). Therefore, we resorted to the
displacement fields of each wood specimen. These fields
can be measured by using the technique of digital image
correlation (DIC) which is widely used recently and has
shown efficacy in mechanical testing of wood and wood
products [32]. The 3-point bending tests, accompanied by
DIC, were executed until failure occurred on 27 specimens
using the universal testing machine Deltalab500 (Fig. 2).

The results containing the rough displacements fields
went through a smoothening process to avoid the influ-
ence of experimental noise on the results and compared
with the analytical solution of the displacement field com-
ing from the beam theory.
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Fig. 2. Digital image correlation setup (speckle pattern ap-
plied on the surface of the sample).

One can see in Figure 3 that an important effect is
localized near the application of the load, so it is possible
to manage accurate identification using only the lower
part of the beam (i.e. y < 0). The analytical solution
(see Appendix for details) is given in Equation (2) for
0 < x < L/2 where the origin is located at beam center:
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(4)

F is the applied load, Iz the quadratic moment of the
cross section of the beam; U0, V0 and Ψ are the rigid body
displacement components of the beam. The objective is
to adjust the parameters (El, Glt) and the rigid body dis-
placement from the displacement field measured by DIC
using the least square method. For each of the 27 tests,
an initial picture is taken and four pictures (F = 200 N,
400 N, 600 N and 800 N) are analyzed to get the displace-
ment components Ui and Vi at every node (xi, yi). The
unknowns of the problem are obtained by minimizing the
sum of squared residuals e2

e2 =
N∑

i=1

(
(U(xi, yi) − Ui)

2 + (V (xi, yi) − Vi)
2
)

=
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(3)

This is a direct application of the least square method.
Developing the 5 derivations leads to a 5×5 linear system
that writes A.(X) = (B).A, (X) and (B) are developed

in Equation (4)
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 (b)   (a)  

Fig. 3. Displacement components’ contour for a typical test: horizontal (a) and vertical (b).

Fig. 4. Comparison between the displacement components’ contour for a typical test (bottom contours) and beam model
components (top contours).

where N is the number of nodes and:

AUE = −Fyixi
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AV E =
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i

24Iz
(3L− 2xi) AV G =

Fh2xi

16Iz

(5)

Each test gives a mean longitudinal modulus and a
transversal shear modulus. A typical comparison between
the measured and the analytical displacements fields is
shown in Figure 4. The final results yielded average on
all tests of El = 9170 MPa with standard deviation
(sdEl) of 1570 MPa (17% dispersion), and average of
Glt = 550 MPa with standard deviation (sdGlt) of 95 MPa
(17% of dispersion).

The mean values of El and Glt corresponded to the
literature; for example in reference [33]. The tests yielded
a mean value of 24.4 MPa for the bending strength at the
proportional limit Rel with a fluctuation of 13%. The cor-

relation between the parameters derived from the static
bending tests is shown in Figure 5. The coefficient of cor-
relation amounts to rER = 0.62 between elastic modulus
El and bending strength Rel. Lower correlation was re-
ported between the shear modulus Glt and both El and
Rel (rEG = 0.26, rGR = 0.21). Consequently, we contin-
ued the study assuming that Rel, El and Glt are mutually
dependent variables. These correlations and dispersions
are not surprising; both stiffness and strength properties
of wood are strongly and positively correlated to wood
density, which in turn varies from one tree to another
and even within a tree where it varies with height and
along the radial profile [34].

2.2 Stochastic modeling of spruce’s behavior

In order to use the probabilistic approach, the disper-
sion of each parameter, considered as random variables,
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 (b)   (a)  

Fig. 5. Bending test results. Linear regression correlation between elastic modulus El and bending strength Rel (a), El and
shear modulus Glt (b).

should be represented by their probability density func-
tion (pdf for short). For a bunk bed problem, the uncer-
tain parameters were limited to the wood elastic charac-
teristics i.e. Young’s and shear modulus (El and Glt) and
the bending strength Rel.

2.2.1 Statistical dependence of the random
variables

The parameters (elastic moduli and strength prop-
erty) were identified from the previous experiments and
considering the correlation reported, they must be con-
sidered as mutually dependent. Indeed the statistical cor-
relation between these variables should require more data
to be proved. The literature points out an effective cor-
relation between them, see for example [35]. The number
of experiments in this kind of industrial approach will al-
ways remain too small to give rise to possible correlations
(typically from 20 to 40 when more than 400 are needed).
This small sample size is not sufficient to use the Maxi-
mum Entropy principle including the covariant matrix as
an information, but it will help here to turn the 3 chosen
parameters in a space where the variables will be inde-
pendent. If

−→
X is the vector of the natural variables:

−→
X =

⎛
⎜⎝
El

Glt

Rel

⎞
⎟⎠ (6)
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(7)

Searching the eigenvalues Ci and associated eigenvectors−→ϕi of [Cx] leads to the independent variables via:

−→
Y =

⎛
⎝Y1

Y2

Y3

⎞
⎠ = RT .

−→
X where R = [−→ϕ1,

−→ϕ2,
−→ϕ3] (8)

The pdf for each independent parameter Yi can provide
numerous realizations of the random variable. Turning
back in the natural variables space with the inverse rota-
tion one can obtain the realizations of the coupled natu-
ral variables. For each realization of (El, Glt, Rel) a FEA,
presented later, was executed. The construction of the pdf
density function is briefly summarized below.

2.2.2 Probability density functions for the random
parameters

The 27 experimental values of triplets (Eli, Glti, Rei)
give 27 triplets of the Yi variables. This number of experi-
mental values is not enough to consider that the standard
deviations are helpful information to use with the princi-
ple of maximum entropy, a widely used technique, to con-
struct the pdf [20]. The available information necessary
to build the pdf pY i(yi) for the variables Yiare limited to
Equation (9).

⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

1 =
+∞∫
0

pYi(yi)dyi

mYi =
+∞∫
0

yipYi(yi)dyi

ci =
+∞∫
0

ln (yi) pYi(yi)dyi

(9)

The first assures, through the normalization conditions,
that all characteristics are positive, the second that the
pdf gives the experimental mean value and the last con-
dition of Equation (9) assures that the inverses of moduli
1/El and 1/Glt exist and are strictly positive. 1/El and
1/Glt must be 2nd order random variables so that the
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 (b)   (a)  ( ) (b)

Fig. 6. 5000 realizations of the correlated random variables El and bending strength Rel (a), El and shear modulus Glt (b).

strain value remains finite. ci is a finite positive value but
we don’t have any experimental information on it. It can
be adjusted a posteriori using the evaluation of the stan-
dard deviation of Yi. Using this evaluation of σY i and
conditions of Equation (9) leads to a pdf Gamma that
writes:

pYi(yi) = 1R+
y

(
1

δ2
i

−1

)
i

(mYiδ
2
i )

1
δ2
i Γ

(
1
δ2

i

) exp
( −yi

mYiδ
2
i

)
(10)

where:

Γ (x) =

+∞∫
0

tx−1 exp(−t)dt

is the Gamma function, mY i and δi standing for respec-
tively the mean value and the coefficient of variation of
the random variable Yi. Without any further information,
δi can be considered as model uncertainty. If the standard
deviation σY i is evaluated from the experimental values,
the δi value is equal to the ratio σY i/mY i.

We managed 5000 realizations of the 3 independent
variables Yi following Gamma law’s pdf and coming back
to the natural random parametersEl, Glt and Rel one can
see in Figure 6 the “cloud” (E,G) is slightly correlated;
At the opposite, the “cloud” (E,Re) highlights a strong
correlation that has an important effect on the numerical
simulations presented in the next part.

3 Numerical simulation of structural bunk
bed behavior

A bunk bed is usually manufactured from long wood
planks where one dimension is large compared to the two
others. As we consider it as a structure designed to take
loads, we propose the beam theory to model its struc-
tural elements. The choice of the beam theory depends on
several factors, one of which is the anisotropy degree of
the material. Generally wood has a much higher Young’s

modulus (up to 20 times) than its shear modulus (see
the experimental section). Under these circumstances, the
deformation of the beam due to shear, which is usually
small and neglected in Euler-Bernoulli’s theory, increases
and should be taken into account. Therefore, two nod-
ded Timoshenko beam element was chosen to model the
bed structure. For this particular case, a Matlab code
for finite element analysis was developed to simulate the
normalized tests on a bunk bed with the principle aim of
including the uncertainty of the mechanical parameters
and its effect on the response of the structure as shown
later.

Finally, a test was performed on a real bunk bed to
confirm the methodology adopted in this work.

3.1 Mean problem and results

Based on the European standard [36], the mean prob-
lem we focused on is the normalized test in which we
applied a vertical force of 1000 N on the middle of the
long top safety barrier (node 29).

Considering a mass density of 450 kg.m−3 for spruce
and the mean test results for El and Glt, the FEA re-
sults showed a maximum displacement of 2.27 mm at the
loading point as was expected (Fig. 7) and the associated
maximum stress in this section was σxx = 4.7 MPa and
σxy = 0.3 MPa. Whereas the maximum stress on the level
of the structure was found at the node (13) which is the
intersection point of the bed column and the long safety
barrier and it was σxx = 5.1 MPa, σxy = 0.4 MPa. The
contribution of shear stress in Hill criteria is only 15% of
the tension stress contribution. Hence, we chose to ignore
this contribution and evaluate the strength of the struc-
ture using strength criteria written for a beam problem
as:

Sf =
1
Ks

=
∣∣∣∣σxx

Rel

∣∣∣∣ < 1 (11)

where Ks is the safety factor amounts to 4.8 and 5.2 for
nodes 13 and 29 respectively. For the mean problem no
node exceeds 1 and thus the structure is validated for this

503-page 7



H. Makhlouf et al.: Mechanics & Industry 17, 503 (2016)

Fig. 7. Initial and deformed shape of mean problem (scale
factor for displacement = 60).

test. Still, the strengths and the mechanical properties
used have shown dispersions up to 17% according to the
tests. Therefore, a Monte Carlo simulation, shown below,
was performed to take into account the uncertainty of
these parameters.

3.2 Monte Carlo simulation of bunk bed structural
behavior

In this section we will examine the result of Monte-
Carlo simulation [37] of the bunk bed structural behavior
problem in the former normalized test. In relation to 2
uncertain variables (El and Glt) and their associated pdf,
we managed 5000 finite element simulations. We investi-
gated two results, the maximum displacement (here, the
node where the load is applied) and the maximum stress.
This procedure will lead to estimate a confidence region
of the solution for both chosen results with respect to
the measured dispersion of the uncertain parameters of
the mechanical problem. We now present the results on
maximum displacement with this approach.

3.2.1 Monte-Carlo numerical simulation: convergence

Convergence of the Monte-Carlo numerical simulation
can be shown by calculating the mean value and the stan-
dard deviation of the maximum displacement. In Figure 8,
both terms are plotted versus the number of realizations
managed. We can see that convergence was managed for
200 realizations. If this was known, we could have re-
duced the number of simulations and consequently the
CPU time used.

The mean value of the displacement appears to be
equal to 2.36 mm which is slightly different from the max-
imum displacement value obtained by solving the mean

Number of realization

Fig. 8. Evolution of mean value (dashed line) and standard
deviation (solid line) of the maximum displacement versus the
number of realizations.

problem. Let us recall that the maximum displacement
was equal to 2.27 mm in the mean problem which is 4%
less than the mean value of the probabilistic approach.
This small difference is due to the asymmetry of the pdf
of the unknown parameters around their mean value.

3.2.2 Mean displacement and confidence range

With a relatively small number of realizations, con-
vergence can be obtained for the mean value and the
standard deviation of Umax. However, this number is not
sufficient to manage the convergence for higher moments.
Based on the 5000 realizations we have, we can perform
an estimation of the probability density function of the
random variable. As illustrated in Figure 9 a bar chart
was constructed using a number of classes (50 classes of
probabilities for example) along the range [Um

Min, U
m
Max],

where Um
Min and Um

Max are minimum and maximum values
of Umax over the 5000 realizations. Counting the number
of realizations that give a Umax value for each class and
reporting this number to the 5000 values permits to deter-
mine the probability of having a realization that belongs
to this class. When the number of realizations increases,
the chart bar takes a continuous form (superposed line on
the bar chart of Fig. 9).

The constructed chart bar in Figure 9 makes it possi-
ble to define a confidence range from whose probability of
finding a realization is higher than Pc (Pc = 95% for ex-
ample). Equation (12) defines its upper and lower limits.

U+
max = ζ(1 − Pc)

U−
max = ζ(Pc) (12)

where ζ(p) is a fractile given for a random variable X
with a distribution function FX(x), by:

ζ(p) = inf {x, FX(x) < p} (13)
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Fig. 9. Probability density function of the maximum displace-
ment on the bed. (Bar chart) is the representation from the
Monte-Carlo simulation with 50 classes. (Dot line) is the pdf
identified from the mean value and standard deviation calcu-
lated from Monte-Carlo simulation. One can see that the dis-
tribution is not symmetrical around the mean value and cer-
tainly higher moments should be taken into account to build
a more accurate pdf for Umax which can be shown in the pdf
(full line) that takes into consideration additional information
of the third and fourth order moments.

Apparently, this can be executed by counting the real-
izations ordered by displacement values until the den-
sity function reaches Pc for the upper boundary and
(1 − Pc) for the lower boundary. The boundaries are
U+

m = 3.38 mm and Um = 1.7 mm. The mean value
2.36 mm belongs to the confidence region but it is not
located in the middle of it (the median value should be
2.54 mm).

3.2.3 Stress and bed strength probability

According to the Monte Carlo simulation, stress pre-
sented low dispersions whereas bending strength Rel

yielded a dispersion of 13% during the experimental tests.
If we focus on one critical section, the safety factor Ks

can be statistically investigated using the Monte Carlo
method. The confidence interval of Ks gives [4–6.7] for
node 29 and [3.5–6.2] for node 13. Apparently the safety
factor for both critical nodes reported is higher than 1 for
all realizations (Fig. 10) which indicates that no risk is re-
ported at the critical nodes and the bed strength design
is validated for the normalized test.

3.2.4 Bunk bed test results

To confirm this work methodology and the different
assumptions made until now, we managed a validation
test on a real bed given by the industry (only one bed
was available) shown in Figure 11. The force was applied
using a rigid wooden loading pad of 100 mm in diameter.

The loading machine was capable of applying an accepted
load of 1003 N and no damage was noticed at the con-
tact zone. The resulting amplitude was captured using a
displacement comparator with a tolerance of ±0.05 mm.
The force was applied ten times. It caused almost the
same displacement of 2.6 mm each time. This value was
included in the confidence region.

4 Conclusions

In this study, several tools were developed and dif-
ferent techniques were used to achieve a virtual normal-
ized test on a wooden bunk bed. In the experimental sec-
tion, the DIC process yielded reasonable mean values for
modulus El and Glt. The results highlighted important
percentages of dispersion in the mechanical properties of
spruce. This dispersion was taken into account by con-
structing probability density functions for each uncertain
parameter using the maximum entropy principle.

The same bending test also enables to measure the
strength (proportionality limit Rel) and correlations be-
tween these mechanical properties are taken into account
in our pdf construction. Only 27 tests were performed and
more accurate pdf could have been constructed if more
samples had been tested.

Applying FEM and the Monte Carlo simulation us-
ing beam elements permitted to identify the confidence
range for the maximum displacement and the strength
safety factor for the suspected nodes. These results were
confirmed by applying the test on a full size prototype.

This accurate and simple to use procedure is well
adapted to the industrial context and is a great help in
developing better furniture designs that could pass the
standardized tests in a short cycle of product develop-
ment. Both experimental evaluation of the mechanical
properties and the numerical simulation of the furniture
behavior can be provided in a design department and used
to optimize the structure before managing a real size val-
idation test.

Acknowledgements. The technological institute FCBA (Forêt
Cellulose Bois-construction Ameublement) is acknowledged
for the financial support and so are Félix Ho and Emmanuel
Meurisse (members of the mechanical team of FCBA) for their
help during the bunk bed tests.

Appendix

The analytical solution of the 3 point bending test
chosen for the identification can be build from the longi-
tudinal stress component σ for 0 < x < L/2:

σ = −Fy

2Iz

(
L

2
− x

)

F is the applied load, Iz the quadratic moment of the
cross section of the beam. The balance equation leads to
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Fig. 10. 5000 safety factor calculations at node (29).

Fig. 11. Test setup.

the shear stress τ expression

∂σ

∂x
+
∂τ

∂y
= 0 ⇒ ∂τ

∂y
=
Fy

2Iz
⇒ τ =

Fy2

4Iz
+ c1

where c1 is chosen to satisfy the free edge conditions on
y = h/2 and –h/2

c1 = −Fh2

16Iz
⇒ τ = − F

4Iz

(
h2

4
− y2

)

For elastic beam one can obtain the strain from:

εxx =
σ

El
and εxy =

τ

2Glt

This leads to the two differential equations:

∂U

∂x
= − Fy

2ElIz

(
L

2
− x

)
∂U

∂y
+
∂V

∂x
= − F

4GltIz

(
h2

4
− y2

)

From the first equation, one can obtain:

U = − Fxy

4ElIz
(L− x) + f(y)

Including this result in the second, one can obtain:

∂V

∂x
= − F

4GltIz

(
h2

4
− y2

)
+

Fx

4ElIz
(L− x) − f ′(y)

⇒ V = − Fx

4GltIz

(
h2

4
− y2

)
+

Fx2

4ElIz

(
L

2
− x

3

)
− xf ′(y) + g(y)

In beam theory εyy is naught. This last condition leads
to:

∂V

∂y
= 0 ⇒ Fyx

2GltIz
− xf ′′(y) + g′(y) = 0

⇒

⎧⎪⎪⎨
⎪⎪⎩
f ′′(y) = Fy

2GltIz
⇒ f ′(y) = Fy2

4GltIz
+ ψ ⇒

f(y) = Fy3

12GltIz
+ yψ + U0

g′(y) = 0 ⇒ g(y) = V0

U0, V0 and ψ are constant values that can be interpreted
as the rigid body motion components. Replacing all in
U and V expression leads to the analytical expression of
Equation (2):

U(x, y) = − Fxy

4ElIz
(L− x) − Fy3

12GltIz
+ yψ + U0

V (x, y) =
Fx2

4ElIz

(
L

2
− x

3

)
+

Fh2x

16GltIz
− xψ + V0
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