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ABSTRACT

Cross-laminated timber (CLT) is a panel-shaped engineered wood product, assembled of layers
of lamellas (mostly softwood) with perpendicular orientation of the grain direction. In contrast to
other panel-shaped engineered wood products, CLT is not used as components of structural
elements, but rather as load bearing plates and shear panels. The design of CLT used as loadbearing plates is often governed by serviceability criterions like maximal deflection and
vibration susceptibility. Hence, predicting the respective behaviour of such panels requires
accurate information about their elastic properties.
With the aim of determining the global elastic properties of full-scale CLT panels directly in the
production line, a fully automatic, non-destructive procedure based on experimental and
theoretical modal analysis was developed: Resonance frequencies and mode-shapes of the plates
are determined first by means of an experimental modal analysis. A simulation model based on
Reddy's higher order plate theory is then used to analytically calculate natural frequencies and
mode shapes as functions of the unknown elastic parameters. Finally, in an optimization process
two in plane moduli of elasticity and three shear moduli can be identified by minimizing the
differences between measured and analytically estimated resonance frequencies.
First, the method was investigated in the laboratory. The applicability of the method was then
proven on 42 CLT panels with different dimensions, layer sizes and from different producers,
and validated by static bending experiments on full-scale panels and panel-bars. Finally the
procedure was optimized for the application in the production line.
INTRODUCTION

The design of timber structures is often governed by serviceability criterions like maximal
deflections and vibration susceptibility. Predicting the deformation behaviour in such cases
requires accurate knowledge of the elastic properties of the structural elements.
Due to its micro and macro structure, timber shows a strong anisotropic elastic behaviour.
Parallel to the grain, moduli of elasticity (MOE) are significantly higher than perpendicular
(radial and tangential) to the grain. Therefore, timber structures are mostly assembled using
beam- or rod-like elements. Furthermore, timber is a heterogeneous material with many natural
defects like knots or sloped grain. To overcome these disadvantages the wood industry is
fabricating laminated beam and plate elements where major defects are cut off and remaining
minor defects are distributed over a large volume, resulting in a homogenization of the material.
With this technique, high quality structural members can be produced using normal quality
timber. The crosswise perpendicular orientation of the strong fibre direction of the layers results
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in a composite plate element with "tuned" stiffness properties in different directions (Fig. 1, left).
Hence, cross-laminated timber (CLT) is becoming more and more important in timber structures
(Fig. 1, right). Industrial on-line, non-destructive evaluation tools are needed to support
engineers as well as producers with accurate elastic material properties of CLT. The aim of the
research project presented here was to develop a fully automatic, non-destructive procedure to
determine the global stiffness properties of full-scale panels directly in the production line.

Figure 1: Cross-laminated timber (CLT): Product (left) and application (right)

STATE OF THE ART

Up to now the stiffness properties of CLT are either calculated from the properties of the single
layers (raw material) using the compound theory (Bodig and Jayne 1993) or evaluated by testing
panel-bars cut from the CLT following the rules given by the relevant product standards
EN 13353 (CEN 2003b), EN 13986 (CEN 2004b) and EN 789 (CEN 2004a).
Compound theory
The stiffness properties with respect to the principal axis of the plates can be calculated from the
stiffness properties of the single layers by means of the compound theory (Bodig and Jayne
1993). It was suggested by (Blaß and Görlacher 2003) to take into account all layers when
calculating the apparent MOE of the plate and not to omit those layers not having fibre direction
parallel to the stiffness direction of interest as it is e.g. common practice in the assessment of the
stiffness of plywood (Steck 1988). (Kreuzinger 2001) provided a method to account for the
influence of shear and of interlayer slip. Reliable estimations of the stiffness properties of CLT
however can only be got if the MOE of the raw material (layers) is derived with accurate
precision e.g. by performing precise visual grading or by machine grading. But specialities
resulting from production like relieving notches or grooves to allow for stress compensation as
well as homogenising effects cannot be accounted for correctly using the compound theory. To
overcome the problem of lacking information about single layer properties, it is a common way
to assume that the raw material used for the production of CLT is "normal quality timber", i.e.
matches strength class C24 (CEN 2003a). This assumption was shown to be "on the safe side" in
most but not in all cases (Czaderski et al. 2007).
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Testing of panel-bars
The stiffness of CLT can be derived also by testing full-scale plates or parts (strips) of them.
Such procedures as e.g. described in EN 789 (CEN 2004a) are followed in the course of
technical approvals. These approvals however are only valid for the tested product with its
respective set of layers, its geometrical properties and its way of production (type of adhesive,
grooves, raw material, etc.).

PROPOSED NEW METHOD

It was the aim of the research project to derive stiffness properties of CLT by applying and
further developing a new method, which is based on experimental and theoretical modal
analysis. The method, being an alternative to compound theory and bending tests of panel bars,
turned out to be an efficient and accurate technique to determine elastic stiffness elements of
full-scale plates (Frederiksen 1997b, Frederiksen 1997a, Larsson 1997, Bastos et al. 2002). The
procedure is based on three major steps:
x First, an experimental modal analysis is performed on the plate hung up on thin lines:
Resonance frequencies fi,exp and mode shapes of the plate are measured (Fig. 2, top).
x In a second step, resonance frequencies fi,cal and mode-shapes of the free vibrating, linear
elastic plate are described in a theoretical model as functions of the elastic material
properties (Fig. 2, bottom) using Reddy's higher order plate theory for the anisotropic
case (Reddy 1984).
x Finally, the inverse problem is solved by systematically adjusting the unknown stiffness
properties until the theoretically calculated resonance frequencies fi,cal match the
experimentally measured ones fi,exp (Fig. 2, centre). In this optimization process, the
stiffness values are estimated simultaneously using a parametric model fitting algorithm.
In the first few iteration steps, the ranking of the measured and the calculated modes does
not necessarily coincide, since the initial values of the material parameters are only rough
estimates. In order to match the computed and the measured frequencies, a procedure
based on MAC (Modal Assurance Criterion) values is used (Maia and Silva 1997).

Figure 2: Schematic of the applied NDE method to derive stiffness properties of CLT
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PRELIMINARY EVALUATION UNDER LAB CONDITIONS

The method was first applied to one single plate under lab conditions. The procedure is
summarized below. Detailed information can be found in (Gsell et al. 2007).
Material and method
The CLT panel investigated was built of three layers. The bottom and the top layer had the same
fibre direction (e1), whereas the intermediate layer was oriented perpendicularly (e2). The face
sheets had a thickness of 10 mm, whereas the middle layer was 50 mm thick. Each layer
consisted of smaller wooden elements with rectangular cross sections. These bars were made of
coniferous timber (Norway spruce, picea abies karst.). The three layers were adhesively bonded
by thin PUR bond lines. The plate dimensions were: 2a = 1.5 m, 2b = 1.0 m, and 2h = 0.07 m
(Fig. 3) and the weight of the plate amounted to 44 kg. The specimen was stored for several
months in a climatized room at a temperature of 20° C and a relative humidity of 50%. When
testing the panel, a moisture content (MC) of 11% was measured.

Figure 3: Coordinate system and geometrical
properties of the investigated CLT panel

Figure 4: Experimental set-up in the
climatized room. The black dots on the panel
indicate the 56 excitation points

Experimental modal analysis
The test set-up used a free plate configuration, since clamped or simply supported boundary
conditions are difficult to realize experimentally. The panel was hung vertically by thin,
lightweight threads and was excited with an impact hammer at 56 spots allocated on a Cartesian
grid of 7 times 8 equally spaced points, as shown in Fig. 4. The dynamic response was measured
on the opposite side of the panel using small and lightweight accelerometers. On each location,
ten measurements were taken and the respective signals were averaged. The signals were
digitized and stored using a common data acquisition system (OROS OR38). In a first signal
processing step, the recorded experimental time signals were digitally filtered using a Chebyshev
Type II bandpass filter (Maia and Silva 1997) with pass-frequencies 50 Hz and 1 kHz. Since the
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first Eigenmode was expected at a frequency of 60 Hz, no relevant information was suppressed.
The sampling frequency amounted to 4.096 kHz.
To determine the resonance frequency out of the measured signals, Fast Fourier Transformation
(FFT) (Maia and Silva 1997) could have been used. However, in order to be able to perform a
fully automated procedure, the measured time signals were analyzed directly by describing the
impulse response at each point j of the plate as a sum of M exponential functions with complex
amplitude Am
j , resonance frequency Zm and damping factor Gm (Eq. 1) (Gsell et al. 2007):
M

x j (t )

¦A

m
j
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Zm  iG m

(1)

m 1

Analytical model
The theoretical model has to describe mode shapes and resonance frequencies of a free vibrating,
linear elastic plate as a function of the elastic properties. In the frequency range used in the
investigation (d1 kHz), the wavelengths were sufficiently large compared to the thickness of the
panel. In consequence the material was assumed to be homogenous and effective stiffness
properties could be used. Timber exhibits MOE parallel to the grain which is more than one
order of magnitude higher than the shear moduli. Therefore, shear deformations had to be
considered in the model. Hence, the model of Reddy (Reddy 1984) was taken to describe the
deformations of the plate (Gsell et al. 2007).
Linear kinematic relations combined with the constitutive equations of a linear elastic,
orthotropic, homogenized material were used (Eq. 2):
ı = Cİ

(2)

Nine independent material properties (C11, C12, C13, C22, C23, C33, C44, C55, C66) in the stiffness
tensor C were required. ı and İ denote the stresses and strains, respectively. Applying
Hamilton's principle (Altenbach et al. 1996) and assuming free boundary conditions, the
dynamic behaviour can be described by the Eigenvalue problem (Eq. 3):

K Z2 M q 0

(3)

M is the mass matrix and K the stiffness matrix. Z denotes the resonance frequency and q are
the coefficient vectors of the Legendre polynomials (Bronštejn et al. 2005) used to describe the
two-dimensional field of displacement and the two rotations (Gsell et al. 2007).
Inverse problem
As already mentioned, in the third step of the procedure the unknown stiffness parameters Cij in
the analytical model had to be adjusted until the theoretically calculated resonance frequencies
fi,cal matched the experimentally measured frequencies fi,exp. This adjustment was done using a
parametric model fitting algorithm described in (Britt and Luecke 1973) (see (Gsell et al. 2007)
for details).
In the first iteration steps, the order of the measured and the calculated modes does not
necessarily coincide since the initial values of the material parameters taken from EN 338 (CEN
2003a) (MOE and shear moduli) and (Stamer 1935) (Poisson's ratios) are only rough estimates.
In order to coincide the computed and the measured frequencies, a procedure based on the socalled Modal Assurance Criterion (MAC) values (Maia and Silva 1997) was used. For each
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analytically derived mode, the corresponding measured mode shape is identified by the highest
MAC value. Related modes with MAC values below a chosen threshold are classified as not
reliable and are rejected from further calculations. It was assumed that MAC values above 0.95
indicate pairs of corresponding modes. This additional step was necessary in order to obtain a
fully automated procedure.
Experimental Results
Determination of stiffness parameters
Initial guesses for the unknown stiffness parameters were taken from literature (Stamer 1935).
The influence of the parameters C12 , C13 , C23 and C33 on the resonance frequencies was low;

corresponding values were therefore as well set according to (Stamer 1935). As expected in such
optimization processes, the unknown parameters converged asymptotically to the optimal values.
The initial guesses and the final estimates are listed in Table 1.
Table 1: Initial guesses and final estimates of the five unknown stiffness parameters
Parameter
Initial guess [GPa] Final estimate [GPa]
C11
7.00
8.33
C22
5.00
4.73
C44
0.40
0.540
C55
0.10
0.095
C66
0.60
0.747
After ten iteration steps the maximal changes in the parameters of the stiffness tensor amounted
to less then 0.001 % (Gsell et al. 2007). The five unknown stiffness parameters (Table 1) have
been estimated using twelve resonance frequencies. The differences between experimentally
determined resonance frequencies and theoretically calculated frequencies were less than 1.5 %.

Verification by means of a static bending test
The correctness of the elastic parameters was verified by a static bending experiment (Gsell et al.
2007). All edges of the quadratic plate (2a = 2.45 m, 2b = 2.45 m, 2h = 0.07 m) were simply
supported and uplift was prevented (Czaderski et al. 2007). The specimen used for the dynamic
characterization of the elastic parameters had been cut out of the test panel (marked grey area in
Fig. 5). A single load of 45 kN was applied perpendicular to the surface at a quarter point of the
plate. The out-of-plane deformations were measured at three locations M1 – M3.

Figure 5: Left: Plate in static verification (bending test). Right: Measurement locations M1M3, location of single load (P) and calculated displacements based on Reddy's plate theory
using the dynamically determined stiffness properties
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The static experiment was then modelled analytically based again on Reddy's plate theory
(Reddy 1984) and using the dynamically determined stiffness properties. The applied force was
considered acting at one single point. The resulting displacement field is shown on the right side
of Fig. 5. In Table 2 the three measured displacement values M1 – M3 are compared with the
corresponding values calculated with the analytical (Reddy) model.
Table 2: Comparison of measured and calculated deformations
Measurement
Experimentally derived
Calculated
location
deformation [mm]
deformation [mm]
M1
11.91
11.27
M2
10.75
9.93
M3
11.24
10.56

Relative error [%]
5.38
7.60
6.09

The calculated values underestimate the measured displacements by approximately 6 %. Apart
from experimental inaccuracies, the observed differences can be explained regarding the
estimated stiffness properties. The deflections are linearly depending from the elastic parameters.
Hence the experimentally determined stiffness parameters are approximately overestimated by
6 %. Since the strain rate in the dynamic experiment is significantly higher than in the static test,
the strain rate dependency of the material becomes noticeable. These findings coincide with the
results of (Machek et al. 2001) and (Görlacher 1984).

EXTENDED VERIFICATION OF THE METHOD
After realizing, that the new method to determine the stiffness parameter of CLT works well,
some further tests were performed. In a first step the applicability of the method was proven on
42 CLT panels with different dimensions, layer sizes and from different producers (Fig. 6). The
validation by static bending experiments on whole panels and panel-stripes again showed that the
stiffness parameters derived by modal analyse were correct (Gülzow et al. 2008b).
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Figure 6: Extended verification of the procedure by testing in total 42 CLT plates of different
producers with various geometrical dimensions and layer set-up

All elastic parameters (C11, C22, C55, C66) relevant for static calculations could be determined
with adequate accuracy directly from the full-scale plates (1: direction parallel to the grain, 2:
direction perpendicular to the grain (in-plane), 3: direction perpendicular to the plane). The
accuracy of the elastic parameters determined by modal analysis increased with the amount of
identified modes. The maximum difference between measured and dynamically determined
resonance frequencies was 3 %, the average 0.5 %. The shear modulus C44 could not be detected
for all plates. The probability of being able to determine this property increases with increasing
thickness of the plates, with decreasing thickness of the deck-layers and with decreasing sidelengths of the plates parallel to the grain-direction of the deck-layers (Gülzow et al. 2008b).

FURTHER DEVELOPMENT AND APPLICATION IN PRACTICE
Application in the industrial plant
Since measurements of vibrations are very susceptible to external influences and due to the fact
that one cannot conclude only from laboratory tests to the applicability in the production flow,
the procedure was verified on four different plates with completely different dimensions directly
in the industrial plant (Gülzow 2008). These measurements showed that the effects of the
production process do not impair the investigated procedure. The vibrations of the plates were
not disturbed by shocks or vibrations coming from machines.
Finally the procedure was applied to assess the stiffness parameters of a CLT plate with
dimensions of 4.75 m x 3.00 m x 0.32 m and a weight of 1952 kg (Fig. 8, right) (Gülzow et al.
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2007) as well as of another CLT plate with dimensions 8.10 m x 6.80 m x 0.48 m (weight: 5986
kg) both later on being used as decks of road bridges (Gülzow et al. 2008a).
Reduction of excitation points
In order to optimize the procedure for the application in the production line, it was tried to
reduce the number of exciting-points (Fig. 7). With an optimised positioning of the excitingpoints and by reducing them to 5, up to 40 plate-modes could be identified (Gülzow 2008).
Partially it was possible to determine the stiffness parameters with only one exciting-point.

Figure 7: Reduction of the excitation points by identifying the mode shapes depending on
their contour lines (left) and by describing the contour lines by single points (right)
Air bearings instead of hanging up the plates
Furthermore special bearings were developed for a horizontal placement of the specimens aimed
at avoiding the tedious hanging-up of the panels. Laying plates of different dimensions on air
bearings (air tubes and air-jacks) (Fig. 8) has proven to be a good alternative to the hanging-up
of the plates (Gülzow 2008). The resonance frequencies of the hanging plates differed just
marginally (max. 3.4 %) from those laying on the air bearings.

Figure 8: Optimisation of the method for practical application: Air tubes (left) or air jacks
(right) instead of hanging-up the plates as shown in Fig. 4
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Application in other situations
As final part of the research project, the procedure was successfully applied to assess the
stiffness properties of a prestressed glulam deck of a foot bridge (dimensions: 9.7 m x 1.6 m x
0.20 m, weight: 1567 kg) (Fig. 9) as well as of small tone wood specimens used for making
violins (Fig. 10) (Gülzow 2008).

Figure 9: Cable-stayed foot bridge with a
glulam deck plate, the stiffness properties of
which was assessed on base of modal analysis

Figure 10: Application of the procedure to
assess the stiffness properties of tone wood
used for making violins

CONCLUSIONS
A fully automated procedure to determine two in-plane elastic moduli and the three shear moduli
of orthotropic CLT plates was investigated and proven to be capable of assigning the relevant
stiffness properties to CLT plates of different layer set up and geometrical dimensions. The
stiffness parameters derived by matching experimental and theoretical modal analysis were
proven to be correct by means of static bending tests. The procedure was shown not to be
affected by vibrations and shocks coming from machines in the production plants. In order to be
applicable directly in the production line, the procedure was optimised by reducing the number
of exciting-points and by developing special air bearings for a horizontal placement of the plates.
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