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Resumo
La madera laminada cruzada (CLT) es un tipo de panel estructural que consta de varias
capas compuestas de laminados de madera que se apilan en forma transversal para
producir un sistema de madera maciza. Contudo CLT es un sistema de madera maciza
que implica un volumen significativo de materia prima de madera para producir los
paneles. Con esa limitación en mente, se propone el desarrollo de una solución de panel
basada en CLT alternativa, o al menos complementaria, que haga uso de menos madera.
Dicha solución se obtiene combinando los conceptos de paneles de madera aislados
estructurales (SIP). Más específicamente, dicha solución consiste en reemplazar la capa
interna de un panel CLT de cinco capas por uno hecho de un material rígido aislado
(espuma rígida de poliuretano). Los paneles se producen y evalúan en términos de
rendimiento mecánico como elementos de vigas o paredes, así como en términos de
rendimiento térmico y acústico en una campaña experimental. Los resultados se
presentan, lo que demuestra que este es un complemento potencial para los paneles
comunes de CLT.
Palabras-clave: Paneles sándwich; Madera laminada cruzada; Panel aislante
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Abstract
Cross Laminated Timber (CLT) is a type of structural panel that consists of several layers
composed of timber laminations that are stacked crosswise in order to produce a massive
timber system. However, CLT is a massive wood system which implies a significant
volume of wood raw material to produce the panels. With that limitation in mind, the
development of an alternative, or at least complementary, CLT based panel solution that
makes use of less wood is proposed. Such solution is obtained by combining the CLT and
structural insulated timber panel (SIP) concepts. More specifically, such solution consists
in the replacement of the inner layer of a five-layer CLT panel by one made of a rigid
insulated material (polyurethane rigid foam). Panels are produced and evaluated in terms
of mechanical performance as beam or wall elements in an experimental campaign.
Panels are produced and evaluated in terms of mechanical performance as beam or wall
elements as well in terms of thermal and acoustic performance in an experimental
campaign. The results are presented, showing that this a potential complement to the
common CLT panels.
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1.

INTRODUCTION

1.1.

Background

Cross-Laminated Timber (CLT) is a type of structural product that consists of several
layers of timber laminations stacked crosswise ideal to be included in massive timber
construction systems. Such layouts, which significantly reduces the anisotropy of the
panel, guarantees higher physical stability (e.g. reduced warping) and allows for easier
and more efficient connections between elements, making these panels a versatile
solution to bear both out-of-plane and in-plane loads (Crespell and Gagnon, 2010)
(Karacabeyli & Douglas, 2013). This system has significant advantages with respect to
traditional wood light-frame construction (higher dimensional stability, strength and
stiffness capacities or easier connections possibilities, etc.), that open a completely new
field for the use of timber in construction (Dias, et al., 2016). On the other hand, as this
is a massive wood system, a significant volume of wood raw material is required to
produce the panels and this is pointed out as one of the main barriers for CLT
implementation (Espinoza, et al., 2016). In that context, the development of an
alternative, or at least complementary, CLT based panel solution that makes use of less
wood, combining mechanical performance with improved thermal insulation and reduced
weight has been under study by the authors of the present paper. Such solution, named
cross-insulated timber (CIT), consists of replacing the inner layer of a five-layer CLT
panel by one made of a rigid insulated material (polyurethane rigid foam), as in the
structural insulated timber panel (SIP) concept (¡Error! No se encuentra el origen de la
referencia.).

Figura 1: Example of the panel solution cross-section under development.
This paper presents the most relevant results obtained in the preliminary stages of the
research carried out to develop the proposed innovative panel solution.
2.

MATERIALS AND METHODS

2.1.

Introduction

In a research involving the development of a new product it is of outmost relevance the
analysis and characterization of the materials used in the various components. This data

is necessary for both the results analysis and as input in the models. The relevant
properties to use as input in the analytical/numerical models were obtained from
experimental tests and bibliography.
From the bibliographic review, it is found that the relevant properties to know for each
component on sandwich type panels include the modulus of elasticity of the skins, the
shear modulus of the core, the bending strength of the skins and the shear and compressive
strength of the core.
2.2.

Material characterization - Wood elements

The modulus of elasticity (MOE) of the wood elements was determined for each one of
the lamellas of the tested elements prior to gluing. For that propose, the dynamic modulus
of elasticity, which has high correlation with the static modulus of elasticity for sawn
wood beams (Hodoušek, et al., 2017), was determined with basis on axial vibration test.
The other properties, namely the bending strength, shear modulus and shear strength
were not determined by experimental tests, so reference values found in the works of
(Machado, et al., 2014)(Xavier, et al., 2009)(Bucur, 2016)(Santos, 2017) were
considered. Regarding the definition of the rolling shear modulus, no distinguish was
made between the transversal-longitudinal and the longitudinal-radial planes, so a mean
value was assumed form those collected from the cited works. The mean values and
coefficient of variation for the mechanical properties of the wood elements considered
in the analytical models are shown in Table 1: Mean values and coefficient of variation
for the wood layers’ mechanical properties
.
Table 1: Mean values and coefficient of variation for the wood layers’ mechanical
properties
Material
Maritime pine
Australian blackwood

2.3.

E (MPa)

G0 (MPa)

G90 (MPa)

fm (MPa)

fr (MPa)

Mean

17520

1210

239

149

4.6

CV (%)

11.5

6.1

19.8

-

12.3

Mean

15196

1366

384

139

-

CV (%)

6.6

-

-

-

-

Material characterization - Polyurethane foam

The manufactures of the foam only provided little or incomplete information related to
the mechanical properties of the same, most related with the compressive strength. So in
order to fully characterize the relevant properties namely, shear, compression and tension,
a set of experimental tests were conducted following procedures found on relevant
standard or scientific works. In Figure 1 is shown an example of a test setup for
compression and the corresponding result. In general the mechanical behavior observed
in compression was plastic behavior with the foam hardening while in tension a linear

elastic behavior until a brittle failure was observed. A summary of the results obtained is
presented in Table 2.
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Figura 1: Test setup and load slip example of the Polyurethane characterization –
Compression test.
Table 1 – Mean values and standard deviations for mechanical properties of the
polyurethane foam. Note: E – modulus of elasticity; G – shear modulus; fc –
compressive strength; ft – tensile strength; fv – shear strength; fw – flatwise; ew –
edgewise.
Ec,fw
(N/mm2)

Ec,ew
(N/mm2)

Et,fw
(N/mm2)

G
(N/mm2)

fc,fw
(N/mm2)

fc,ew
(N/mm2)

ft,fw
(N/mm2)

fv
(N/mm2)

Mean

7.86

3.81

14.15

3.01

0.26

0.14

0.26

0.12

CV (%)

7.8

20.3

7.2

17.2

4.3

5.1

6.9

7.0

2.4.

Material characterization - Adhesive layers

According to EN 16351 (CEN, 2015) a minimum shear strength value of 1.00 MPa per
glue line and a characteristic value of 1.25 MPa shall be ensure in between wood crosslayers. Those same values were fulfilled using a one-component polyurethane adhesive
(140 g/m2) with pre-application of a polyol primer (20 g/m2) and a bonding pressure of
0.6 MPa, for both Maritime pine and combined Maritime pine/Australian blackwood
(Santos, et al., 2019). The shear strength values obtained in tests are shown in Table 2.
Table 2 - Shear strength of the glue lines values obtained in tests according to EN16351
for the wood glued elements.
fv (N/mm2)

Material
Maritime pine + Maritime pine

Mean
CV (%)

5.77
23.0

Mean

5.60

Maritime pine + Australian blackwood

CV (%)

21.0

The comparison of the shear strength of the glue lines with the shear strength of the
polyurethane foam (Table 1) shows that the foam is the most fragile element.
In order to ensure an adequate bonding between the faces and the core, ETAG 016-1
(EOTA, 2003a) refers a tensile strength test, for which the failure should not occur at the
bond layer. A series of tests were conducted on bonded specimens with a two-component
polyurethane adhesive (SikaForce L100) made of a polyurethane foam layer between two
Maritime pine layers. From the conducted tests. It was found that a bonding pressure of
0.1 MPa was enough to ensure that failure would occur totally at the foam and not at the
glue line.
3.

EXPERIMENTAL TESTS

3.1.

Specimens preparation

In the manufacturing of the beams, the bonding specifications were followed in
accordance to the results described above. To assemble the wood parts to the polyurethane
foam, an adhesive spread rate of 350 g/m2 and a bonding pressure of 0.1 MPa were
considered. The beam specimens were not edge bonded and the external layers were
composed by only one board, so that no finger-joint unions were used. Depending on the
available materials, different layer thickness for the wood and polyurethane elements
were considered, which for wood ranged from 10 to 35 mm and to polyurethane from 30
to 120 mm. It should be noticed, that such were not defined with basis on design, as the
main purpose here was to validate the prediction models.
3.2.

Test setup – beam

In order to assess the mechanical behaviour of the developed panels when subjected to
out-of-plane loads (floor) and validate the analytical/numerical models to describe such
behaviour, an experimental campaign was carried out. The experimental campaign
included bending tests on both beams and panels following the ASTM C393 (ASTM,
2011b) and EN 408 (CEN, 2012) guidelines. The beams, simply supported, were subject
to a four point loading scheme and the mid-span deflection in measured. From the results
it was possible to obtain the global stiffness of the beam as well its behaviour up to failure.
Figure 2 shows the setup for a beam.

Figure 1 – Examples of a beam test setup for bending test and lateral deflection
observed during the buckling test

3.3.

Test setup – columns

In order to assess the mechanical behavior of the developed panels when subjected to inplane loads (wall) and validate the analytical models to describe such behavior, an
experimental campaign was carried out. The experimental campaign included concentric
loading on column type-elements following the guidelines from ASTM E1803 (ASTM,
2014). The columns, simply supported, were subject to a punctual load acting at one top
and the mid-span deflection was measured. Figure 2 shows the setup for a column.
The global buckling load was determined from the load/deflection curve using the method
presented by (Southwell, 1932). Providing that the plotted load/deflection curve is
roughly a rectangular parabola passing through the origin, a linear regression is obtained
between the deflection/load vs deflection curve, for which the inverse of the slope
corresponds to the least critical buckling load.
4.

TEST RESULTS

4.1.

Beams

From the analysis of the experimental results, it is found good agreement between the
experimental values from the load-deflection curve (Figure 3), up to the end of the linear
behavior of the beams, and the analytical models typically used for sandwich panels and
cross laminated timber, namely the Timoshenko and Kreuzinger beam models (see Table
4). For the description of the non-linear behavior observed, a model considering the nonlinear behavior of the material (polyurethane foam) was developed using the commercial
finite element (FEM) package Abaqus, with good agreement with the experimental results
(Figure 3).
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Figure 3 – Example of load-deflection curve obtained in experiments and comparison
with the result from the finite element model.
Table 4 – Relative error estimation (Δ) of the experimental force-deflection relation
using the Kreuzinger and Timoshenko beam theories.

Δ Kreuzinger (%) Δ Timoshenko (%)
Mean
1
3
Standard deviation 6
6

The shear failure at the foam layer was always the failure mode observed in the bending
tests.
4.2.

Columns

Similarly to what was observed in the beam tests from the analysis of the experimental
results, it is found good agreement between the experimental values of the buckling load
obtained from the load-deflection curve (Figure 4) with the ones obtained by the
analytical model proposed by (Allen, 1969) fore the buckling load for pin-ended sandwich
panels (Table 5).

40.0
35.0
30.0

P (kN)

25.0
20.0
15.0
10.0

5.0
0.0
0.0

2.0

4.0

6.0

8.0

10.0

12.0

d (mm)

Figure 4 – Example of lateral mid-height deflection vs load curve obtained in the
buckling tests.
Table 5 – Relative error estimation (Δ) of the buckling load by the analytical model.
Mean
Standard deviation

4.3.

Δ Allen (%)
-2
5

Acoustic and thermal characterization

Panels were produced and evaluated in terms of acoustic performance in an experimental
campaign with respect to the determination of airborne and impact sound insulation. Two
configurations were tested, one with the wood layers with 10 mm thickness (CIT 70) and
the other with 35 mm (CIT 170); both types had a 30 mm thick’ polyurethane core.
Besides the referred panels, also equivalent thickness massive solutions in CLT were
tested (plus a 6 cm thick reinforced concrete floor and a traditional wooden floor for the
impact tests). The results (Figure 5) shows that the developed panel solutions have lower
insulation in comparison with the CLT corresponding solutions, however they still

perform quite well with mean weighted sound reduction index (Rw) between 38-47 dB
and weighted normalised impact sound pressure level (Lnw) values of 88-95 dB.
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Figure 5 – Comparison of the airborne and impact sound insulation curve for the
different panels tested.
Table 6 – Weighted sound reduction index and weighted normalised impact sound
pressure level for the panels tested.
Rw (dB)

Ln,w (dB)

Concrete slab
Wooden floor

-

89
97

CLT 70

46

92

CLT 170

53

85

CIT 70

38

95

CIT 170

47

88

The same panel typologies (CIT 70 and CIT 170) were evaluated in terms of thermal
resistance in an experimental campaign using an experimental setup based on ASTM
C1155 (ASTM, 1995). The thermal resistance (R) of the panels was estimated with basis
on the conductibility coefficient of the component materials from documented values for
Maritime pine wood (0.23 W/m.˚C) and from the manufacturer of the polyurethane foam
(0.021W/m.˚C). The comparison of the predicted vs experimental values (presented on
Table 7) shows a good agreement, which confirms the expected insulation of the tested
solutions.
Table 7 – Comparison between the thermal resistance (R) obtained experimentally vs
predicted.

CIT 70
CIT 170

R (m2.˚C/W)
Experimental Predicted
1.576
1.538
2.135
1.972

5.

FINAL REMARKS

This paper presents preliminary results from a research work undertaken to develop an
innovative hybrid panel with functional characteristics similar to those of conventional
CLT.
The research included the assessment of the materials used as well as of the panel
prototypes developed. These included mechanical, thermal and acoustic tests.
The mechanical tests showed a significant decrease in the performance when compared
to the results that would be expected from a conventional CLT configuration (massive
wood system). The results obtained were compared with those obtained with FEM and
analytical models and good correlations were obtained.
In what regards to functional performance the results obtained, with the various
configurations tested, showed the potential of the developed solution for sound insulation
proposes and to fulfil the thermal requirements for most of current practical applications.
Overall these preliminary results demonstrate that the developed solutions are well suited
to replace conventional CLT in many situations, becoming an very interesting
complement to the common CLT panels.
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