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Abstract The bending and shear stiffness of cross-lami-
nated timber (CLT) made from softwood depend on the
moisture content of the panel. In principle, the stiffness
properties drop with increasing moisture content within the
hygroscopic range. However, swelling provokes closing of
open gaps of the middle layers and leads to an apparent in-
crease of stiffness due to internal friction. This increase in
stiffness is only relevant for low deflections and can pro-
voke misinterpretation of measuring results when deriving
stiffness properties of CLT by means of dynamic methods
such as modal analysis. Drying, on the other hand causes
cracking within CLT, which manifests itself in a distinct re-
duction of the bending stiffness perpendicular to the grain
direction of the face layers. Calculating bending stiffness of
CLT perpendicular to the grain direction of the face layers
by means of the compound theory not taking into account
the face layers therefore is a common and correct procedure.

Einfluss der Holzfeuchte auf die Biege-
und Schubsteifigkeit von Brettsperrholzplatten

Zusammenfassung Die Biege- und die Schubsteifigkeit
von Brettsperrholz (CLT) aus Nadelholz sind von der Holz-
feuchte der Platten abhängig. Die Steifigkeiten nehmen
grundsätzlich mit zunehmender Holzfeuchte ab. Die Quel-
lung der Brettlagen kann jedoch, einhergehend mit der

A. Gülzow
Carbo-Link GmbH, Undermülistrasse 26, 8320 Fehraltorf,
Switzerland

K. Richter · R. Steiger (�)
Empa, Swiss Federal Laboratories for Materials Testing and
Research, Wood Laboratory, Ueberlandstrasse 129, 8600
Dübendorf, Switzerland
e-mail: rene.steiger@empa.ch

Schließung offener Fugen, die Steifigkeit durch innere Rei-
bung scheinbar erhöhen. Diese Steifigkeitserhöhung ist al-
lerdings nur bei geringem Lastniveau relevant, was zu Fehl-
interpretation bei Steifigkeitsmessungen mittels dynami-
scher Verfahren, wie z.B. der Modalanalyse führen kann.
Das Austrocknen von Brettsperrholzplatten andererseits be-
wirkt Risse in den Brettlagen, was sich v. a. in einer markan-
ten Reduktion der Steifigkeit senkrecht zur Faserrichtung
der Decklagen äußert. Daher sollen die Decklagen bei der
rechnerischen Ermittlung der Biegesteifigkeiten nach der
Verbundtheorie als nicht mitwirkend betrachtet werden.

1 Introduction

Cross-laminated timber (CLT) is a panel-shaped engineered
wood product which is assembled of layers of lamellas with
perpendicular orientation of the grain direction. Compared
to the raw material CLT plates exhibit homogenized me-
chanical properties. CLT is increasingly used for load bear-
ing plates (floor elements) and panels (wall elements) in
residential buildings and as deck plates in bridge construc-
tions (Pohlmann and Mohr 1999; Schickhofer 1999, 2002;
Schickhofer and Bernasconi 2002; Gülzow et al. 2007).

Within the hygroscopic range the mechanical proper-
ties of timber are subjected to changes depending on the
moisture content (MC) of wood. The modulus of elasticity
(MOE) in grain direction of defect free timber drops by ap-
proximately 1.5% if the wood moisture is increased by 1%
(Hoffmeyer 1995). According to Kufner (1978) the varia-
tions of MOE as a function of the MC for different wood
species are similar. Following the European standard EN
384 (CEN 2004), MOE determined on test specimens must
be adjusted if the actual MC is not complying with a refer-
ence MC of 12%: in the MC range of 10 to 18%, MOE can
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Fig. 1 Principal axes in CLT as used in this paper
Abb. 1 Definition der Hauptachsenrichtungen bei Brettsperrholz

be adjusted by 2% for every percentage point of difference
in MC, in such way that the MOE increases if the data are
adjusted from a higher MC to a lower one, and vice versa.

Being valid for single lamellas, the validity of the men-
tioned relation between MC and stiffness properties has to
be studied for the cross-laminated compound material under
different climate conditions. The changes in the most impor-
tant stiffness parameters of CLT being the MOE parallel to
the grain direction of the deck-layers (E11) and perpendicu-
lar to the grain of the deck-layers (E22) as well as the shear
modules (G12,G23,G13) are analyzed in the following for
changing MC (definition of the principle axes 1, 2, 3 of CLT:
see Fig. 1). Furthermore it is examined if cracking of the
deck-layers while drying the panels (Niemz and Wang 2002;
Niemz et al. 2005) results in a reduction of MOE perpendi-
cular to the grain direction of the deck-layers (E22).

2 Material and method

Investigations were carried out with an industrially pro-
duced CLT panel with a symmetric layer composition
(15 mm/50 mm/15 mm) and dimensions of 3.7 × 2.2 m2.
Tangentially sawn boards of Norway spruce (Picea abies
Karst.) with a thickness of 25 mm were used as raw ma-
terial. The MC of the boards was 8%; their strength class
corresponded to C24 according to EN 338 (CEN 2003). Be-
fore assembling of the CLT, planking are produced by edge
bonding of the single 25 mm lamellas. Making sure that
there is a sufficient overlap of the single planking elements,
several planking are bonded glulam-like at 130°C resulting
in so-called “Blockholz” which is then vertically cut into
layers being the raw material for the CLT production. All
bonds are made with a melamine urea formaldehyde resin
(MUF). Due to the high temperature used to accelerate the
curing process, small cracks in all layers appear directly af-
ter production. It is not a common way of producing CLT
from “Blockholz”. Normally single boards are used result-
ing in gaps between the lamellas and in consequence less
homogeneous product properties.

The CLT panel was stored in a climatized chamber for 12
months at reference conditions (climate 1: 20°C, 65% RH).

After reaching equilibrium MC 1 the geometrical dimen-
sions as well as the weight of the panel were measured, and
the stiffness parameters were determined applying a proce-
dure which was developed by Gsell et al. (2007) and Gülzow
et al. (2008): Resonance frequencies and mode-shapes of the
hanging plate were determined by means of an experimental
modal analysis. A simulation model based on a higher order
plate theory was then used to estimate resonance frequencies
and mode shapes. Finally, in an optimization process the un-
known stiffness parameters were identified by minimizing
the differences between measured and estimated resonance
frequencies. As it was shown by verification on base of sta-
tic bending tests (Gülzow et al. 2008), the method is capable
of deriving stiffness properties of CLT with high accuracy.

Afterwards, the panel was divided into six equally sized
specimens (1.20 × 1.10 m2). The grain direction of the deck
layers was parallel to the longer sides of the specimens.
The weight and the geometrical dimensions of all specimens
were measured again. The MC was determined in the cen-
ter and in the corners of the panel, in depths of 1 cm and
3 cm using an electrical resistance meter (MC 1 = 12.0%
± a variation in single measurements of 1.0%). After deter-
mining the stiffness parameters of the specimens by modal
analysis the test panels were again stored in a climatized
chamber at the following conditions and storage times (cli-
mate 2: 20°C, 85% RH, 8 months; climate 3: 20°C, 35%
RH, 4 months). MC 2 and 3 of the panels were measured
for climate conditions 2 and 3, respectively. MC 2 was
18.5 ± 1.4% and MC 3 was 10.6 ± 1.4%.

3 Results and discussion

For all six specimens the MOE parallel (E11) and perpen-
dicular (E22) to the grain of the deck layers as well as the
shear modulus G12 in plane and the shear modules G23 and
G13 could be determined by means of theoretical and ex-
perimental modal analysis. Due to the small sample size the
significance of measured differences in stiffness properties
as a result of changing moisture content could statistically
not be proven. However, general tendencies regarding the
mean values can be detected (Figs. 2 and 3) and allow draw-
ing respective conclusions.

At increased MC 2, similar to solid timber the mean value
of E11 was lower compared to reference climate 1, whereas
the mean value of E22 did not change.

After drying to lower MC 3 of approximately 10%, the
MOE E11 of most panels increased again and at the mean
level reached the initial values of E11 again.

The MOE E22 dropped with increasing moisture. This
was to be expected since the deck layers of the panels in
standard climate did not show any cracks and all boards
were bonded laterally. Thus, there was no increase in stiff-
ness due to swelling. Furthermore, swelling in the middle
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Fig. 2 Graph of results: Mean
MOE (dotted lines indicate
reference value at initial MC of
12%)
Abb. 2 Grafik der
Versuchsresultate: Mittlere
Elastizitätsmoduln (Die
gestrichelte Linie repräsentiert
den Referenzwert beim
Startwert der Holzfeuchte
von 12%)

Fig. 3 Graph of results: Mean
shear modules (dotted lines
indicate reference value at initial
MC of 12%)
Abb. 3 Grafik der
Versuchsresultate: Mittlere
Schubmoduln (Die gestrichelte
Linie repräsentiert den
Referenzwert beim Startwert der
Holzfeuchte von 12%)

lamellas does not influence the MOE E22 since possible

cracks would have formed along the grain, i.e., in direction 2

(Fig. 1). After drying the specimens to a MC of 10%, E22

is decreasing further. In accordance with reports from prac-

tice this can be explained by occurring cracks in the deck

layers of the CLT panels (Fig. 4). Hence, when calculating
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Fig. 4 Cracks in the face layers
after drying the CLT specimens
to a MC of 10%
Abb. 4 Rissbildung in den
Decklagen nach Trocknung der
Prüfkörper auf eine Holzfeuchte
von 10%

bending stiffness of CLT perpendicular to the grain direction
of the face layers by means of the compound theory (Bodig
and Jayne 1993; Blass and Görlacher 2003) taking the face
layers not into account is a common procedure in the verifi-
cation process (Jöbstl 2007a, 2007b).

The shear modules as well are responsive to changing
wood moisture, crack formation and swelling (Fig. 3). They
are dropping with increasing moisture and increasing when
moisture is reduced. Due to the formation of cracks in all
layers the initial values cannot be reached anymore after dry-
ing.

Opening and closing cracks of the layers due to shrink-
ing and swelling affect the stiffness properties of CLT.
The accuracy in determining the stiffness parameters of
CLT by means of vibrations at different levels of mois-
ture contents therefore is limited. Using vibration analysis
and modal methods, only very small deflections of approxi-
mately 0.2 mm can be measured. At low stress levels internal
friction in cracks and grooves remains active, which results
in an apparently increased stiffness. This increase in stiff-
ness therefore is only relevant for low deflections and can
thus provoke misinterpretation of measuring results when
deriving stiffness properties of CLT by means of dynamic
methods such as modal analysis (Blumer et al. 2007).

4 Conclusion

Based on a small test series which aimed at studying the
impact of changes of the wood moisture content (MC) on the
stiffness parameters of cross-laminated timber panels (CLT),
the following conclusions can be drawn:

• When increasing the MC from reference climate (20°C,
65% RH)) by storing the specimens in climate 20°C/85%
RH during 8 months, all investigated stiffness parameters
(E11,E22,G12,G23,G13) decreased at their mean level.

• As a result of swelling the cracks in the middle lamellas
of the CLT panels are closing. Due to increased lateral

friction between the single boards this can result in ap-
parently higher stiffness parameters of the CLT. This fact
has to be taken into account when deriving stiffness para-
meters of CLT by means of dynamic methods, like e.g.,
modal analysis, since friction remains active only at low
stress levels.

• Drying can cause cracks in all layers of CLT, which, as a
result can lead to a reduction of the MOE perpendicular
to the grain of the deck layers (E22). Since drying-cracks
can always occur in practice, neglecting the stiffness-
contingents of the deck layers when calculating E22 on
base of the compound theory is a common and correct
procedure.
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