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Abstract

In this paper is performed the strain analysis of the common laminated wood seat shell exposed to the room conditions
immediately after moulding. Experimental dimensional and shape stability evaluation is carried out by measuring the
displacement of the three points on the backrest of the shell, which was placed in the indoor environment for 21 days.
The results showed that the dominant displacement occurred in the initial days of testing during which the wood of the
seat shell was achieved the equilibrium moisture content. Finite element analysis is conducted by 3D linear elastic model
for orthotropic materials. Numerical calculation was used to determine displacement caused by the difference of the
moisture content of the wood before and after the experimental examination. The numerical result showed smaller
displacement of the backrest points than the measured displacements. The results also indicate that numerical calculations
gave approximate data of the behaviour of the complex shape of laminated veneer products due to changes in moisture
content of wood because of indoor condition change.

Keywords: seat shell; wood moisture content; strain; FEM.

1. Introduction

Plywood seat shells, laminated wood products that have curved and balanced structures made of veneer layers, are the
basic elements of a certain types of chairs. Laminated structures have specific mechanical and physical properties that
depend on the properties of individual veneers, veneers layout and parameters of production process.

The investigations in this domain of wood constructions are focused primarily on the analysis of mechanical properties
of plywood. Different veneer layouts in plywood structure have a remarkable impact on plywood tensile strength [1].
Investigation of veneer layouts impact on strength of laminated wood and evaluation of mechanical properties of
laminated wood was analysed by computer programs [2] and [3]. The stresses and strain state of laminated wood exposed
to mechanical load was analysed by numerical methods. The results depend on simplifications and assumptions
introduced in the numerical models. In-plane stress analyses of curved forms is not capable to calculating radial
(interlaminar) stress and spatially complex curved structures require more complex analysis [4]. Linear elastic analysis
of stress and strain for seat shells and laminated wood chair and the applicability of results as design tool have been
explored [5], [6] and [7]. Deformations developed during the veneer products manufacture, after moulding and during

- 0318 -



30TH DAAAM INTERNATIONAL SYMPOSIUM ON INTELLIGENT MANUFACTURING AND AUTOMATION

use of the laminated veneer products were analyzed. Different fibre orientations, fibre deviations and moisture content of
wood before and after moulding have a clear impact on shape stability laminated veneer products [8] and [9].

2. Research objective and methodology

The aim of this research was to analysis the dimensional and shape stability common laminated wood seat shell
exposed to the room conditions immediately after moulding and to determine the effects of investigation approach on the
results obtained by experimental and numerical methods.

The objective was to measure displacements of the three points on the backrest of the seat shell that was placed in the
indoor environment for 21 days. Numerical calculation was used to determine displacement of the seat shell caused by
the wood shrinkage as a result achieving the appropriate equilibrium moisture content during the experimental
examination.

The plywood seat shell taken from manufacturing process and made from eleven plies of beech veneer was analyzed.
Shape and dimensions of the seat shell are shown in the Fig. 1 (left). The thickness of all veneers was 1,5 mm and nominal
value of plywood thickness was 16,0 mm and mean measured value 15,5 mm. The plywood was made with a symmetric
layout of veneers. First, second and fifth veneers of the symmetric half-thickness of plywood were oriented longitudinally
and other layers with transverse oriented veneers. Urea-formaldehyde adhesive (UF) with catalyst (NH4CI) was used to
bond veneers with a spread rate of 160 g/m?. The metal construction of the school chair was used to fix the shell and three
gauges were to measure displacements, Fig. 1 (middle and right).

Fig. 1. Beech plywood seat shell (left), construction for fixing seat and gauges (middle and right)

Testing setup and used equipment are shown in Fig. 2. The shell was fixed to pedestal in the seat part zone with four
screws. The horizontal displacements of the shell backrest at symmetrical three points were measured by the gauges. The
position of the gauges (graduation: 0,01 mm) was defined by the distances (160 mm) from the upper edge of the shell
backrest. The air temperature and relative humidity (RH) in the room during the testing were measured by digital
thermometer — hygrometer (resolution: 0,1°C and 1% respectively).

Fig. 2. Testing of the seat shell (left) and position of the gauges (right)

- 0319 -



30TH DAAAM INTERNATIONAL SYMPOSIUM ON INTELLIGENT MANUFACTURING AND AUTOMATION

The numerical 3D linear model for orthotropic material was solved by a finite element method, Fig. 3. The eleven
layers were defined by a unique set of material properties and orientation of wood. The numerical results of the considered
problem were obtained by using the Catia software package.

Fig. 3. Numerical model of the plywood seat shell: eleven layers (left) and mesh with boundary conditions (right)

The elastic properties and shrinkage (contraction) coefficients of the beech wood used in calculations are presented in
Table 1 [10], [11]. Adhesive was neglected.

E, 13,969

Modulus of elasticity (GPa) Ep 2,284
E; 1,160

Gr 1,645

Rigidity modulus (GPa) Gir 1,082
Grr 0,471

ViR 0,450

vir 0,510

. . . VgT 0,750

Poisson’s ratio . 0,360

VeL 0,075

VrL 0,044

Shrinkage (contraction) coefficients B 1,0-107*
(per 1 percentage point moisture Br 19,33-107*
content change below FSP) Br 39,33-107*

Table 1. Elastic properties and shrinkage coefficients of beech wood (Fagus sylvatica L.), p=0,75 g/cm? [10], [11]

3. Results

The experimental result of displacements of the three backrest points in the horizontal direction during 21 days is
shown in Figure 3. The room air temperature and relative humidity (RH) were measured on the same days. Data capture
was performed twice a day, except the days of weekend, at the morning and at the afternoon.

The average value and standard deviation of the temperature during the test are 21,9 °C and 1,0 °C respectively. The
average air relative humidity value and standard deviation are 41,4 % and 2,7 % respectively. The literature table [11]
gives that wood equilibrium moisture content is 7,9 % by average values measured temperature and relative humidity.
The average value and standard deviation of the seat shell wood moisture content after moulding i.e. at the test start were
10,67 % and 0,45 % respectively. The wood moisture content reached average value of 8,82 % and standard deviation
of 0,10 % at the test end i.e. after 21 days. Therefore, the wood moisture difference at the test start and at the test end is
1,85 % i.e. 1,85 percentage moisture content change below FSP.

During decrease of moisture content affected by the environmental conditions, shrinkage of the wood occurred. The
changes of displacements recorded by three gauges, placed on the seat shell back during the 21 days, are shown as stacked
lines in Figure 3. The displacements that were recorded all three gauges are in the same direction and in the direction of
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closing the seat shell. The curves are not overlap i.e. the values of displacement at the left (gauge 1), at the middle (gauge
2) and at the right (gauge 3) measuring point were not the same during the test.
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Fig. 4. Displacements of the three backrest points, temperature and humidity the room air

Initial and great increase of displacement, as expected, occurred in the first ten days of the test. The change of the
displacement was slightly and the displacements become stagnant in the second part of the test. The maximum values of
displacements are 2,18 mm at the left, 1,87 mm at the middle and 1,76 mm at the right measuring point. The largest
displacement was recorded in the left (gauge 1) measuring point and the lowest value of displacement was obtained in
the right (gauge 3) measuring point, which indicates twisting and changing the shape of the seat.

Strain was modeled by moisture content gradient regarding wood shrinkage of the seat shell layers. The moisture
content gradient was 1,85 % and represents the difference between the wood moisture content at the beginning and at the
end of the test. The strain induced by the moisture below the fiber saturation point is dependent on the change of the
moisture content. The equation for free shrinkage strain based on the internal moisture changes is &£, = 8 - AM where 8
is the matrix of the shrinkage (contraction) coefficients in longitudinal, radial and tangential direction and AM is the
change of moisture content below the fibre saturation point. The wood temperature was assumed to be constant and the
wood content of the moisture slightly changed during the test so that their effects on the mechanical properties of the
wood were neglected.

The result of the numerical calculation comprising total displacement of the seat shell is shown in Figure 5.
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Fig. 5. Numerical result of the distribution of the total translational displacement

- 0321 -



30TH DAAAM INTERNATIONAL SYMPOSIUM ON INTELLIGENT MANUFACTURING AND AUTOMATION

The simulation of shrinkage of the wood cause displacement of the seat shell that have the similar magnitude to
experimental results. The largest value of displacement (1,5 mm) is at the upper backrest edge. Displacements are minimal
in the zone of fixing shell to pedestal and equal zero in the points of contacts with screws.

Displacement of the seat shell in the direction of the gauges (x axis) is shown in Figure 6. The results show that the
displacement component in the direction of the gauges is dominant. The largest value of displacement (1,47 mm) is at the
upper backrest edge. The great displacement values in the seat zone, from fixing points to the free seat edge, indicate the
orthotropy inconsistency of the numerical model, but the direction of displacement show that the shrinkage simulaton is
correct. The numerical result of the test points zone shows the same displacement direction as direction of displacement
that was recorded by gauges. The numerical results shows approximately same values of displacements at the all three
test points ~1,13 mm. The values are smaller than the displacements measured in the testing.
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Fig. 6. Numerical result of the translational displacement component in the direction of the measurements of the
gauges

4. Conclusion

An experimental investigation of the dimensional and shape stability and numerical simulation of the wood shrinkage
of acommon laminated wood seat shell exposed to the room conditions immediately after moulding have been preformed.

Dominant displacements and shape changed of the seat shell, based on the results of the test points at the backrest, has
been occurred in the first ten days after moulding. Based on the stagnation of displacements, the equilibrium moisture
content of the wood in the seat shell were achieved after that period of time. The difference of the wood moisture content
of the seat shell after moulding and after exposed to the room conditions for 21 days is less than two percent which
resulted low values of displacements measured in the points of backrest caused wood shrinkage. Different values of the
displacement at the measuring points indicates low twisting and changing the shape of the backrest of the seat shell.

Numerical simulation of shrinkage of wood seat shell as a result of wood moisture content change obtained by test is
performed. The numerical results show the same displacement direction and the similarity with experimental values. A
developed numerical model with defined geometry and wood properties of leyers was not intended i.e. could not to
simulate twisting of seat shell.

The test setup was allowed to collected data quite well. The experiment was time consuming and it was not practical
to examining multiple samples. The numerical results are closely to the experimental data but the numerical model has
lack of orthotropy consistency. The applied procedures can be successfully used to achieve approximate data of the
behaviour of the complex shape of laminated veneer products due to changes in moisture content of wood because of
indoor condition change.

Additional research needs to be done to set up optimal 3D orthotropy model of plywood seat shell and optimize this
type of construction.
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