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SUMMARY
This paper describes a specific utilization of a numerical/experimental method for the
characterization of materials, the identification method. The method is applied to the
orthotropic material wood, using data from a three-point bending test. The conclusion is
that only ratios of material parameters could be estimated, because of the local plastic
deformation that occurred.

1. INTRODUCTION
The characterization of materials consists of determining the parameters of a chosen
material model describing the material behaviour in an experiment. Applying traditional
methods, for example a tensile test, prevents the strain field from being inhomogeneous.
This means a considerable restriction in the scope of material characterization.
Hendriks [1991] describes the identification method which provides more freedom for
experiments. In this method an inhomogeneous strain/displacement field on a test piece is
measured. Also a finite element model, describing the experiment, with initial values for
the material parameters, is used to compute a strain field. The measured strain data are
compared with the calculated strain data. By means of feedback the values of the initial
material parameters are modified. A new strain field is calculated based on the modified
parameters. The resulting iteration process is repeated until the differences between the
subsequent estimates for the material parameters are small enough, and the deflections
between the calculated and measured strain field nears the measuring error. A flow chart
of the identification method is presented in figure 1.1.
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Figure 1.1. Flow chart for the identification method.
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In this report the identification method is employed on the orthotropic material wood,
using data from a three-point bending test. The material wood was examined because it
can be described with a linear orthotropic model and because it has a high stiffness ratio,
which is an interesting complication (J. de Jager [1991]). The three-point bending test
causes an inhomogeneous strain field, with this strain field parameter estimations can be
carried out.
In section 2 the constitutive behaviour of wood and a short description of the parameter
estimation algorithm are mentioned. Section 3 describes the experiment that has been
carried out. Section 4 describes the finite element model. In section 5 results of the
experiment and of the parameter estimation are presented. In section 6 some conclusions
are given. Section 7 describes some recommendations.

2. THEORY

2.1. Constitutive behaviour of wood
Wood is a material which, up to a certain degree, can be considered as orthotropic. A
characteristic feature of wood is the high degree of anisotropy, up to a ratio of the largest
and the smallest Young’s moduli of 20, Wood also has a certain degree of dependency on
time, moisture content, humidity and pressure. However, it can be shown that if these
quantities do not alter too much, their contribution to the material properties can be
neglected (J.M. Dinwoodie [1989]).
The material then can be described by a linear elastic orthotropic model, if the
displacements are not too large. If the size of the used specimen is small in comparison to
the cross-sectional dimensions of the tree and it is obtained far enough from the centre of
a cross-section, a Cartesian co-ordinate system can be used to describe the model. Figure
2.1 defines the material directions that will be used. Direction 1 is the longitudinal
heading, parallel to the axis of the tree. Direction 2 is the radial direction and heading 3 is
the tangential heading.
6
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Figure 2.1. Definition of the co-ordinate system.
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The specimen will be loaded in a three-point bending test (figure 3.3). The problem can be
reduced to a quasi-two dimensional case by assuming a plane stress condition. Further the
assumption is made that, under elastic deformation, the Young’s moduli in tension,
compression and bending are identical. With these simplifications the elastic behaviour can
be described with Hooke’s Law as follows (Oomens [1991]):
E

= @o

With the following compliance matrix:

From the above it is evident that there are four independent material parameters: two
Young’s moduli (E, and E2), one Poisson’s ratio (yl2 or v2,) and one shear modulus (GJ.
These parameters are to be estimated.

2.2. Parameter estimation
Hendriks [1991] presents a method by which the parameter estimation can be carried out
by means of the method of least squares.
The problem is represented by:

In this equation the column yk contains the displacements of material points of the k-th
measurement. The column x contains the parameters that are to be estimated. It is assumed
that an algorithm is available to calculate yk when x is known; this function is symbolized
by the nonlinear column hk(x). The column vk contains observation errors.
For the sequential estimations based on prior knowledge of the parameters, the following
equation is found:
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represents the measurement matrix (also called design matrix). The term &+I&
represents the expected observation measurements, based on the a priori estimate x,. Since
the term yktl contains the actual observed value, the difference (yktl - a t l x k ) gives new
information. This difference is multiplied by a weighting matrix Lt1and forms the
innovation for the new estimate xktl.

The weighting matrix is computed according to:
&tl=

(P, + 4Ekt3H[,t,T@kt,+

&tlE+ Qkmkt13-1

The update of the covariance of the estimation error in xktl can be calculated with:

is a nonnegative
The matrix &+l is the covariance matrix of the observation error vktl.
makes it possible to put less weight
symmetric matrix. The introduction of this matrix
to the a priori estimate x, and more weight to the new data.
The above is an outline of the theory described in Hendriks [1991].
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3. EXPERIMENTAL MODEL

On a wooden bar (dimensions: 300 mm X 30 mm X 30 mm) 80 retro reflective markers
were placed. They reflect incoming light very strongly in comparison to the background.
This offers the possibility to observe the displacements of the markers, and thus of the bar,
with a video tracking system (Hentschel GmBh, Hannover). These markers can be placed
at random, but they should have at least 7 mm spacing.
The 80 markers were placed for different purposes; 14 markers were placed to mark the
surroundings of the bar, 21 markers were used to deal with boundary conditions (e.g. to
take into account the local plastic deformation at the supports), and 45 markers were
actually used to measure the displacements of the bar at different locations. Figure 3.1
shows the initial position of the 45 markers that were used to measure the displacements
of the bar. Figure 3.2 shows the 21 markers that were used to deal with boundary
conditions.

Figure 3.1. Initial position of the markers used for measuring displacements.
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Figure 3.2. Initial position of the markers used to deal with boundary conditions.
The three-point bending test was carried out on a Zwick 1484 200 kN tensile machine.
The force was applied in the middle of the bar. The displacement of the thrust was raised
in steps of 0.3 mm. Each measurement was followed by a relaxation time of 3 minutes.
After those 3 minutes all marker positions were measured.

~

Figure 3.3. The three-point bending test.
During the experiment diagrams of strains and stresses in the bar were made with raw
data. The displacements appeared to produce strains that are large enough to run a
parameter estimation. The strains have to be larger than the measurement error, and strains
in different directions have to be present.
Table 3.1. Experimental results from the three-point bending test.

*

measurement

displacement* [mm]

force [NI

15

4.502

3143.7

19

5.702

3712.5

These are the displacements of the thrust.

Figure 5.2 shows the principal strains that occurred in the bar, at places where markers
were used to measure displacements. The highest strain was 0.39% and the lowest strain
was 0.06%.

~
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4. FINITE ELEMENT MODELS
After carrying out the measurements, two finite element models were developed. The
meshes were generated with the finite element program IDEAS [IDEAS User Guide]. The
elements used for this mesh were linear quadrilateral elements. (4 nodes and 4 integration
points) The completion of the model and the calculations were done with DIANA
[DIANA Finite Element Analysis]. The mesh was generated with IDEAS because this
program offers more sophisticated features than DIANA with respect to mesh generation.
Figure 4.1.a and b show the two meshes that were used. One model contains 430
elements; the other has 135 elements. Figure 4.1.a shows that the shape of the elements of
the first mesh is not well. Some elements have already a strong deformed configuration in
their initial position. This is the result of the fact that markers that were used for boundary
conditions, must have the same-location as nodes of the model.
The second mesh looks good.

Figure 4.1.a. Mesh with 430 elements.
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Figure 4.1.b. Mesh with 135 elements.
It is not necessary that the markers in the experimental set-up are located on element
nodes, except for markers that are used for boundary conditions.

To deal with the rigid motion of the bar, which occurs through the local plastic
deformation at the supports and which does not contribute to the strains in the bar, use is
made of boundary conditions. In the area just above the local plastic deformation the
displacement is prescribed as a boundary condition. To get these displacements, 21
markers were used in the experiment. To prescribe those displacements it was necessary
for the markers to have the same location as the corresponding nodes in the finite element
model.
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For the first model (figure 4.1.a) 21 nodes were used to describe the boundary conditions.
In one node the displacement was prescribed in two directions, in the other 20 nodes the
displacement was described only in one direction.
For the second model (figure 4.1.b) only two nodes were used: one was used to describe
the displacements in two directions, the other was used to describe the displacement in
only one direction.

Figure 4.2. Kinematic boundary conditions.
The assumed situation is one of a linear elastic deformation. In fact local plastic
deformation occurs at the supports (above the supports and below the force). This problem
is met by taking boundary conditions into consideration. This causes a difference for E,,
E, and GI2, because the actual deformed situation (local plastic and elastic deformation,
see figure 4.3) is not equal to assumptions that are made in the model (only linear elastic
deformation, see figure 4.4).

+\.
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Figure 4.3. Actual deformation in the bar.

F

Figure 4.4. Deformation in the bar assumed in the model.
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5. RESULTS

The measurement of the displacements was done in pixels. In this case 1 mm corresponds
to 789 pixels. The displacements in figure 5.1 are measured in pixels.

Figure 5.1. Marker displacements of the 15* measurement, in pixels, 10 times enlarged.
The strains in the bar are about 100 times larger than the corresponding measurement
errors. Also the distribution for the principal strains is not homogeneous (figure 5.2).
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Figure 5.2. Principal strains in the bar for the lShmeasurement.
The parameter estimation was carried out with the marker displacements of the 15*
measurement. The values for E,, E, and G,, were estimated and with those values the
ratios of E,/E, and E,/G,, were calculated. Table 5.1 shows the parameter estimations for
ElEZ and E,/G,, after 8 iteration steps. Figures 5.3.a and b show the undeformed meshes
and the deformed meshes with the estimated parameters at the 8&iteration step.
With the estimation process Y could not be estimated as its value did not convergence.
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Table 5.1. Parameter estimations, 135 elements, 8 iteration steps.
Parameter

Expected Value*

Initial Value

Estimated Value

Xi

unit

xexFtedi

%,i

st.dev

%,i

st.dev

E:&

c-!

12.93

10

62.9

7.47

1.47

El/G,,

[-I

16.79

18

62.9

23.74

I.4?

'I

Also a parameter estimation process was carried out for the 19&measurement. The results
obtained after this process were not reliable.

Figure 5.3.a. Undeformed and deformed mesh for the model with 430 elements.
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Figure 5.3.b. Undeformed and deformed mesh for the model with 135 elements.
Figure 5.4 shows the residual displacement field in the bar after 8 iteration steps. The
massive circles present the measured marker displacements, the open circles present the
calculated marker displacements. The differences between measured and calculated marker
displacements appear to be very small, and at random.
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Figure 5.4. Residual displacement field in the bar, in pixels, 500 times enlarged.
The development of the estimated ratios throughout the iteration process is presented in
figure 5.5.
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Figure 5.5. Development of estimates for E&, and E,IG,,.
The parameter estimation program calculates an error for every set of parameters. For the
successive iteration steps the square root of this error is shown in figure 5.6.
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Figure 5.6. Development of the estimation error.
As mentioned previously, the parameter Y could not be estimated with the parameter
estimation grogram. Figure 5.7 shows the calculated error for different values of Y. It
appears that the error almost does not change. If it was possible to estimate .y well, there
would be an evident minimum in the error for the right value of Y.
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Figure 5.7. The error for different values of Y.

6. CONCLUSIONS
The major conclusion is that the three-point bending test is not a suitable test to determine
material characteristics.
The discrepancies between the estimated and the expected parameter values may have the
follow reasons:

- The assumed situation is one of a linear elastic deformation. As has been mentioned
already at the end of section 4, local plastic deformation occurs at the supports. This
problem is met by taking boundary conditions. This causes an overestimation for E,, E,
and G12.

- The actual values for the material parameters are unknown. This has the following
reasons:
- It is not exactly known what kind of wood is used for the performed test. Hence exact
values for the parameters are unknown. The most likely values are those of spruce. It
is most likely that the expected values are not equal to the real values.
- Not every piece of wood is identical. There is a difference between different trees, but
also within one tree differences occur. These circumstances can cause the differences
between the estimated and the expected values.
After removing the force the shape of the bar took it's original configuration (except for
the local plastic deformation at the supports). Hence it is not likely that any plastic
deformations occur elsewhere in the material.
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The assumption that the bar material is homogenous is a good approximation. This can be
concluded from the residual displacement field. The residual displacements are very small
in comparison to the measured displacements.

To make a good estimation of parameters it is necessary for the strains to be large enough.
Also strains should occur in different directions. All these demands were met.
7. RECOMMENDATIONS

It is recommended to use for the finite element computation at least 2 meshes with
different numbers of elements, thus offering the possibility to get an impression about the
reliability of the estimation.
Also for the same reason it is recommended to make more parameter estimations with the
same test piece by carrying out more measurements at several loadings. It is possible to
make use of more measurements in one parameter estimation run. This is recommended.

~

Better results can be obtained by an investigation of the local plastic deformation. If local
plastic deformation is implemented in the finite element model, better estimates for the
material parameters can be made.
Also use can be made of the local approach, only look at the places were elastic
deformation occurs.

It is recommended to investigate the possibility to avoid local plastic deformation by a
number of cyclic reloadings.
It is clear that making use of kinematic boundary conditions only, excludes the possibility
of estimating the exact parameter values. However the ratios E&, and E,/G,, can be
estimated well. If E, is determined, e.g. by a compression-test, E, and G,, can be
determined from the estimated ratios.

~~
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