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Increasing awareness of sustainable building materials has led to interest 
in enhancing the structural performance of engineered wood products. 
Wood is a sustainable, renewable material, and the increasing use of wood 
in construction contributes to its sustainability. Multi-layer wooden 
panels are one type of engineered wood product used in construction. 

There are various techniques to assemble multi-layer wooden panels into 
prefabricated, load-bearing construction elements. Assembly techniques 
considered in the earliest stages of this research work were laminating, 
nailing, stapling, screwing, stress laminating, doweling, dovetailing, and 
wood welding. Cross-laminated timber (CLT) was found to offer some 
advantages over these other techniques. It is cost-effective, not patented, 
offers freedom of choice regarding the visibility of surfaces, provides the 
possibility of using different timber quality in the same panel at different 
points of its thickness, and is the most well-established assembly 
technique currently used in the industrial market. 

Building upon that foundational work, the operational capabilities of CLT 
were further evaluated by creating panels with different layer orientations. 
The mechanical properties of CLT panels constructed with layers angled 
in an alternative configuration produced on a modified industrial CLT 
production line were evaluated. Timber lamellae were adhesively bonded 
in a single-step press procedure to form CLT panels. Transverse layers 
were laid at a 45° angle instead of the conventional 90° angle with respect 
to the longitudinal layers’ 0° angle. 

Tests were carried out on 40 five-layered CLT panels, each with either a 
±45° or a 90° configuration. Half of these panels were evaluated under 
bending: out-of-plane loading was applied in the principal orientation of 
the panels via four-point bending. The other twenty were evaluated under 
compression: an in-plane uniaxial compressive loading was applied in the 
principal orientation of the panels. Quasi-static loading conditions were 
used for both in- and out-of-plane testing to determine the extent to which 



the load-bearing capacity of such panels could be enhanced under the 
current load case. Modified CLT showed higher stiffness, strength, and 
fifth-percentile characteristics, values that indicate the load-bearing 
capacity of these panels as a construction material. Failure modes under 
in- and out-of-plane loading for each panel type were also assessed. 

Data from out-of-plane loading were further analysed. A non-contact full-
field measurement and analysis technique based on digital image 
correlation (DIC) was utilised for analysis at global and local scales. DIC 
evaluation of 100 CLT layers showed that a considerable part of the 
stiffness of conventional CLT is reduced by the shear resistance of its 
transverse layers. The presence of heterogeneous features, such as knots, 
has the desirable effect of reducing the propagation of shear fraction along 
the layers. These results call into question the current grading criteria in 
the CLT standard. It is suggested that the lower timber grading limit be 
adjusted for increased value-yield.  

The overall experimental results suggest the use of CLT panels with a 
±45°-layered configuration for construction. They also motivate the use of 
alternatively angled layered panels for more construction design freedom, 
especially in areas that demand shear resistance. In addition, the design 
possibility that such 45°-configured CLT can carry a given load while using 
less material than conventional CLT suggests the potential to use such 
panels in a wider range of structural applications. The results of test 
production revealed that 45°-configured CLT can be industrially produced 
without using more material than is required for construction of 
conventional 90°-configured panels. Based on these results, CLT should 
be further explored as a suitable product for use in more wooden-panel 
construction. 
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Sustainable development must cope with our existing aspirations and 
needs, while at the same time not compromising the ability to meet the 
needs of the future (Brundtland 1987). The central idea of sustainable 
development is for society to not use more than can be replaced (Rowell et 
al. 2010). In Europe, almost 40% of the total use of energy and materials, 
40% of greenhouse gas emissions, and 40% of total waste originates from 
the building sector; thus, the choices of the construction industry have a 
considerable impact on sustainable development (Gluch et al. 2007). 
Timber construction is of interest because it has a smaller ecological 
footprint than steel and concrete construction (Bokalders et al. 2009). 

When Sweden joined the European Union (EU) in 1994, new regulations 
allowed construction of wood-frame structures for residential buildings 
over two floors tall. This had been forbidden for the previous 120 years. 
The new standards are no longer based only on the type of material used. 
Instead, they are formulated to specify certain building requirements that 
must be fulfilled. Thus, materials such as solid wooden panels can now be 
considered for use because they can fulfil the requirements, e.g. fire 
resistance, when properly engineered. Given increasing awareness of 
environmental issues, the importance of increasing the prevalence of 
wooden structures is becoming increasingly clear. Its importance and 
consumer demand have promoted the development of new, sustainable 
construction solutions (Fredriksson 2003; Erikson et al. 2007). 

Besides environmental and sustainability concerns, developments in 
timber engineering resulting from changed industrial conditions have also 
increased interest in the use of wood as a building material. Structural 
engineered wood products (EWPs) such as cross-laminated timber (CLT) 



are increasingly used in timber construction and targeted toward a global 
market (Brandner et al. 2016).  

A combination of the factors discussed above has led builders and 
architects to shift toward the use of timber products in the construction of 
larger spans and taller buildings. Enhancing the competitiveness and 
reliability of structural EWPs such as CLT will ensure their future use as 
sustainable, low-carbon-footprint materials, and as a major contributor to 
affordability in new structures (Asdrubali et al. 2017).  

CLT has been gaining acceptance for use in both residential and non-
residential applications (Brandner et al. 2016). In earlier use, hyperbolic 
paraboloid shell-shaped timber-roof constructions with a double-curved 
hyperbolic shape appeared in Europe in 1957. The panels used in that 
construction were formed from adhesive-bonded 0° / 90° cross-layered 
timber lamellae, CLT. Later, this construction material was superseded by 
the changed availability of industrial steel combined with trends in 
architectural design (Booth 1997).  

CLT as it is known today is a result of advances in industrial automation 
technology. The current concept of CLT was motivated by the need of the 
Central European sawmill industry in the early 1990s to increase the 
value-yield for sideboards. A further increase in the volume of CLT 
production is expected as technology advances and more industrial 
automation is introduced. Such an increase will attempt to recapture the 
sizeable market share held by non-renewable mineral-based construction 
materials, such as steel and concrete, as well as that held by traditional 
wood-based products (Brandner et al. 2016). 

  



Research focusing on the structural performance of buildings made of 
EWPs has contributed to an expanded use of wood as a construction 
material. As reported by Foster and Ramage, in 2016 the wider use of 
EWPs for a 300-m-tall building concept was in the exploratory stage. This 
indicates the potential of EWPs as a future structural material; however, 
fundamental challenges remain to be addressed with respect to the 
structural design due to the increasing impact of lateral and dynamic loads 
at such heights (Foster and Ramage 2016).  

There are existing tall buildings constructed with EWPs. A 24-story 
building in Vienna, called “HoHo”, a structural hybrid based on CLT, 
glulam, and reinforced concrete, is expected for completion in 2018. The 
lateral resistance to load from wind in this building is primarily provided 
by its central vertical concrete core (Xiong et al. 2016). In 2016, the world’s 
tallest wooden apartment block was an 18-story, 53-m-tall building in 
Vancouver, Canada. The structure was constructed mainly of glulam and 
five-layered CLT, with a concrete elevator shaft to provide the necessary 
lateral load resistance against wind conditions (Poirier et al. 2016). These 
examples raise the question of whether the structural stabilization for load 
from wind provided by the concrete elevator shaft can instead be provided 
by a timber-panel solution in future similar applications.  

A related product, glulam beams, have been used at orientations of ±45° 
to provide support for load due to wind in new construction (Fig. 1). The 
principle demonstrated by these beams, that glulam in a ±45° orientation 
offers increased resistance to load from wind, will presumably also apply 
to CLT panels. The applications of such panels then may include replacing 
±45° oriented glulam beams, ±45° oriented steel rods, or a central vertical 
concrete core used for load stabilization against wind. A CLT panel-based 
approach in similar cases could involve ±45° layers acting as a shear wall 
element. This may provide an alternative design approach that distributes 
the load more uniformly instead of acting through individual beams which 
in turn can offer more design freedom via a panel approach. 



 A combined glulam and CLT structure. Glulam beams oriented at ±45° 
provide structural load resistance against wind impact (Photo used with 
permission from Alexander Schreyer/UMass)

Wood is an orthotropic material, having different mechanical properties 
depending on the load orientation. Conventional CLT is therefore 
fabricated as a 0° / 90° laminate, with layers alternating in the 
longitudinal and transverse orientations. Thus, layers oriented transverse 
to the load orientation are stressed perpendicularly to the fibre orientation 
under in- and out-of-plane loading. The modulus of elasticity and the 
shear modulus of Norway spruce in the fibre orientation are 
approximately 25 times greater than the values transvers to the fibre in 
clear wood (Dinwoodie 2000). Hence, in a conservative design, the 
contribution of the cross-layers to the global stiffness and strength in 90° 
layers is generally neglected in the principal orientation because of the 
ratio of mechanical properties between the longitudinal and transverse 
layers (Brandner et al. 2015). If the lamellae are aligned at angles less than 
90°, such as 45°, there is a potential to distribute the stresses more suitably 
along the fibre orientation (Fig. 2). 



Fig. 2. (top) Conventional 0° / 90° and (bottom) modified 0° / ±45°-alternating 
layer configuration of five-layered CLT 

 

  



Based on tests of panels containing one 45°-orientated layer in the centre 
exposed to a principal in-plane shear proportion, Jakobs (1999) concluded 
that a CLT with a 45°-layer structure can offer twice the stiffness of 
conventional CLT. Such an increase in stiffness raises the question of 
whether CLT can become increasingly relevant in load-bearing 
applications if different layers and angle arrangements are combined, a 
process facilitated by the development of industrial automation. If so, it 
would offer greater freedom in structural design when using a panel 
approach, further supporting the re-ascension of CLT in the structural 
applications market. In response to this potential, the performance of CLT, 
including under in- and out-of-plane loading for CLT with layers at 
alternative angles, is of interest. 

Timber products company Thoma manufactures Holz100, an industrial 
wooden panel product featuring an alternative lamella alignment (EOTA 
2013). Their product is manufactured using ±45° transverse layers with 
the lamellae held together by wooden dowels instead of adhesive (Fig. 3). 
This approach can partly retain the reinforcing effect in both the major 
and minor orientations via the ±45° transverse layers. However, to 
increase panel stiffness, adhesive was used instead of dowels in this 
research. Gluing load-bearing timber components results in a 
substantially stiffer panel than the use of purely mechanical connections 
such as wooden dowels or nails. The stiffer assembly refers to the result of 
areal connection bonding, as opposed to multiple pointwise connections 
with nails or dowels. Bonding between the adhesive and the wood is based 
on both chemical and mechanical factors (Blaß et al. 1995). 



Thoma’s Holz100 is a solid wooden product with lamellae assembled in a 
±45° orientation and connected with wooden dowels

In recent years, various techniques for assembling multi-layer wooden 
panels into construction elements have been developed (Paper I). These 
developments have spurred the need for a market comparison to 
investigate the fundamental differences between existing techniques. It is 
unclear which technique, for example, is advantageous for use in 
residential construction when considering production cost, panel 
mechanics, and ecological implications.  

Ecological implications can be further divided into chemical content, 
renewability, and raw material utilization associated with the technique. 
This raises the question: is there a potential to combine different layer 
assembly strategies, taking advantage of their mechanics while also 
considering wood quality features by full-field measurements and 
different analysis approaches to achieve a stiffer panel at higher value-
yield? 

  



Non-contact full-field measurement techniques are increasingly used for 
experimental mechanics with the goal to measure the spatial distributions 
of different mechanical quantities. Digital image correlation (DIC) is 
typically used for full-field shape, motion, deformation, and strain 
measurements; it is a method used to analyse the mechanics of materials 
and structural systems. In summary, DIC is both a measurement approach 
and an analysis tool that continues to be developed for an increasing 
number of applications (Sutton et al. 2009). 

For DIC, instead of physically mounting sensors on an object or structure 
of interest, images of it are acquired and analysed. The pixels in these 
images are used to capture changes in object features, and thereby 
measure more points in a full-field view. Data extraction through DIC 
provides characteristics of use for continuum mechanics for global and 
local analysis and non-linear optimization for finite element modelling 
(FEM) (Sutton et al. 2009). 

DIC can be based on defined patterns applied for comparing sub-regions 
throughout image data to obtain a full-field measurement. DIC can also be 
based on different stochastic natural object-based patterns on solid 
surfaces, as a volume as in computer tomography data, or as a collection 
of particles in a fluid medium (Sutton et al. 2009). It can also generate a 
finite-element-similar decomposition of a mesh; the nodal displacements 
can provide a natural interface with FEM, allowing the mesh to then be 
adapted to specimen geometries of a material interface structure. An 
advantage of using a finite-element-similar mesh is the ability to connect 
DIC to numerical techniques specially developed for FEM (Fagerholt et al. 
2009).  

Different DIC codes have been developed and continue to be further 
developed. The so-called DIC challenge evaluated different codes with the 
primary focus of providing a methodology to assess DIC codes and 
quantify how well DIC analysis software is performing (Reu et al. 2017). 

DIC has been applied to assess mechanics of wood. In one study, analysis 
of fracture mechanics with DIC was performed to measure crack 
propagation at the scale of cell walls within growth rings. Specimens 
subjected to in-plane tension showed that the interaction between the 



weaker earlywood and stronger latewood had the greatest influence on 
crack propagation in growth rings (Thuvander et al. 2000a). These results 
inspired a further FEM study of crack growth in wood (Thuvander et al. 
2000b). Another study performed an analysis of two knots tested under 
in-plane tension to determine the extent of strain fields around knots. Its 
authors concluded that DIC is useful for deriving both quantitative and 
qualitative information about the behaviour of knots (Oscarsson et al. 
2011). Elasticity properties in three different material directions can be 
determined within a single sample; such a study was performed using 
cubic samples of archaeological wood under axial compressive loading. 
The impact of barrelling was investigated, which results from the 
restraining friction between the specimen and loading plates. By 
considering the barrelling affect, material data with higher accuracy can 
be extracted for FEM (Vorobyev et al. 2016). DIC has also been used to 
investigate strain distribution along wood–adhesive boundaries. More 
ductile adhesives showed more distributed strains than adhesives with 
greater brittleness, which exhibited more pronounced localised strains. 
The authors of that study also suggested that DIC can be useful for 
calibrating FEM (Serrano and Enquist 2005). Micro-computed 
tomography was used to study a wood specimen loaded in three-point-
bending. Analysis of displacement and strain in volume correlation was 
suggested to be used for study mechanics on a macro-scale of wood 
(Forsberg et al. 2008). DIC have been used for the assessment of dowel 
diameter and arrangement in parallel laminated veneer connections tested 
in four-point bending (Bader et al. 2015). 

In a study of CLT, analysis of one panel subjected to torsion with DIC 
proved valuable for determining its structural characteristics (Sebera et al. 
2013). CLT panels of three different strength grades—C18, C24 and C35—
subjected to concentrated out-of-plane loading were evaluated with DIC at 
the CLT tension-surface side. From these tests, it was concluded strength 
grade had no observable influence on panel stiffness; however, it 
influenced panel strength (Hochreiner et al. 2013). It should be noted, 
though, that the whole panels were made of timber of the same grade and 
the DIC estimations were performed on primary a global basis. Therefore, 
these results raise the question of how wood features such as knots and 
grain disturbances located in different layers affect the shear mechanics of 
CLT from both global and local shear strain perspectives. Thus, as 
described in the problem description (Section 1.2), further specific 
research is needed.  



A performance-driven solid wood panel product is needed if the sizeable 
market share held by non-renewable mineral-based construction 
materials is to be recaptured by EWPs. Of specific concern are areas that 
require increased shear resistance, for example, shear wall elements to 
take lateral loads from wind, as described in the Introduction (cf. Fig. 1). 
The vision was to reduce the amount of material required to carry a given 
load, increase value-yield, and facilitate greater structural freedom in 
design via a different CLT panel approach. It should be possible to 
approach this problem from a material properties perspective.  

This research strived to create an enhanced CLT product that offers the 
performance necessary to meet the increase in demand for timber-based 
building construction materials.

The objective was to determine an industrially feasible performance-
driven CLT layer-assembly strategy in a manner supported by the 
principles of full-field mechanics.  

As a first step to achieving the objective, the state of the industry with 
regard to assembly techniques for solid wooden load-bearing panel 
elements was characterized. This characterization sought to collect data 
that would allow the derivation of recommendations for panel layer 
assembly to create a performance-driven product appropriate for use in 
residential construction. That design work allowed production of 
enhanced solid-wooden panels and was followed by determination of the 
principal characteristics of CLT panels’ in- and out-of-plane load-bearing 
capacity and full-field mechanics. These tests were intended to provide 
data that could form a basis for new guidelines for industrial production 
of a CLT product with higher performance.  

  



Can data-driven guidance be provided for the selection of solid wood 
panel load-bearing layer-assembly techniques for use in residential 
construction? 
 
To what extent are load-bearing characteristics in the primary CLT 
orientation influenced by alternatively angled transverse layers for:  

- In-plane compression? 
- Out-of-plane bending? 

 
To what extent is shear strain influenced by transverse layers 
subjected to out-of-plane loading from a global and local perspective 
of CLT? 
 
Can advice be provided for production of alternatively angled CLT? 
 
How suitable is the use of DIC for determining the mechanical 
properties of CLT? 
 
Can the results from this research be used to propose more suitable 
material grading recommendations for increased value-yield? 
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The wood specie Norway spruce [Picea abies (L.) H. Karst.] was chosen to 
produce CLT panels consisting of longitudinal 0° layers and transverse 
layers alternating at 90° or ±45°. The panels were manufactured on an 
industrial CLT production line using a method based on a custom process 
and manufacturing procedure. This work took place in Martinsons’ CLT 
factory located in Bygdsiljum, Sweden (Fig. 4). 

According to standard methodology described in the Dynagrade AB patent 
(Larsson et al. 1998), and by measuring the physical impact resonant 
frequency mode, a Dynagrade was used to grade the lamellae. The timber 
selected corresponded to grade C24 according to EN 338 (CEN 2016), 
having an average density, 462 kg/m3 at 8% moisture content. The cross-
section dimensions of each single lamella were 94 × 19 mm2. All lamella 
surfaces were planed and pre-processed both along the narrow and wide 
sides through a jointer. The finished lamellae did not contain any finger 
joints. 

It was possible to adjust the production line cross-cutting cut saw to 
continuously cut single full-length lamellas at an angle of 45° for the 
transverse layers. This capability allowed production of the modified CLT 
while still using the same amount of material required to build an 
equivalent amount of conventional CLT 90°. 



Fig. 4. Industrial production line used for manufacturing conventional CLT 90° 
and modified CLT ±45° panels

The lamellae were bonded using a melamine-urea-formaldehyde (MUF) 
adhesive, Cascomin 1247, along with hardener 2526 from Casco Adhesives 
AB. During fabrication, the adhesive was applied on all flat surfaces except 
the narrow sides using an industrial separate ribbon spreader. Adhesive 
was applied in the amount of 320 g/m²; resin with 29.2% hardener was 
used. Pressure was applied from the transverse orientations to press the 
lamellae into panels in a single step by using a high-frequency press. 

After curing, the panel dimensions were about 95 × 1200 × 4136 mm3. Six 
panels were manufactured, that consisted of alternating 90° and ±45° 
transverse layers: three panels with alternating layers arranged at ±45° 
relative to the longitudinal 0° angle, i.e. 0° / 45° / 0° / 45° / 0°, while 
another three panels with alternating layers arranged transversely at 90° 
angle, i.e. 0° / 90° / 0°/ 90° / 0°. The CLT panels were fabricated with 



every second panel a modified CLT with ±45° layers, followed by a 
conventional 90° CLT panel, and so on. In order to improve between-panel 
comparability, the production was performed in a simultaneous and an 
overlapping fashion that resulted in comparable environmental conditions 
and matching materials. All relevant production line procedures and 
manufacturing parameters were within the nominal range used by CLT 
company Martinsons when producing conventional CLT.  

The CLT panels thus produced were sawn into 40 specimens by using 
computer numerical control (CNC) in systematic sampling to represent 
the natural material diversity. This resulted in a total of 40 specimens, 
each consisting of either 90°-configured or ±45°-configured CLT. The final 
average dimensions of 20 of these specimens ready for the compression 
testing were 95 × 180 × 570 mm3. For the four-point bending test, the 
average dimensions were 95 × 590 × 2000 mm3.





An exploratory technical case study is a method used to investigate an 
event or process (David and Sutton 2016). This technical case study 
involved analysis of a variety of aspects of a single case—as suggested by 
Eriksson and Wiedersheim-Paul (2014)—industrial production of 
alternately angled CLT. It was performed in situ at the production line of 
a CLT manufacturing facility. 

Fundamental requirements were determined before the case study was 
performed: Manufacture of the modified CLT product should require that 
firstly, no more material than needed for conventional CLT production be 
used; secondly, all adhesive should be industrially applied; and thirdly, the 
study should result in a product within the nominal requirements of the 
conventional production method currently in use on the CLT production 
line. 

Planning the necessary modifications to the standard CLT production 
process was carried out in consultation with manufacturing specialists at 
Martinsons’ plant. The production approach was arrived at via 
brainstorming and risk analysis combined with decision trees. The initial 
plan was adapted as needed to align with actual conditions at the time of 
manufacture. 

  



The specimens for evaluating both the compression and bending 
properties of CLT followed the standard EN 408 (CEN 2012), a suggested 
standard for identifying the strength and stiffness properties of CLT 
according to the CLT standard EN 16351 (CEN 2015). All tests were 
performed at the RISE Research Institutes of Sweden in Skellefteå (Figs. 5 
and 6). 

Fig. 5. Experimental setup for four-point bending test of CLT panels with an 
alternative layer configuration 

Fig. 6. Experimental setup for a compression test of CLT panels with four linear 
displacement sensors (LDS) 



All specimens were tested in an accredited laboratory that follows the 
standard operating procedures for calibrating all equipment and 
measuring devices. Quasi-static loading conditions were used for both in-
plane compression and out-of-plane bending e.g. loaded perpendicularly 
to their plane. These testing conditions were used to determine the extent 
to which the load-bearing capacity of such panels could be enhanced under 
the current load case.  

The mechanical bending properties were evaluated by applying load and 
measuring the corresponding displacement. For compression testing, the 
load was applied to the centre axis from the sample CLT surface. Each 
sample was placed between two stiff steel plates, with one spherically 
seated loading-head used to counteract the compressive load and avoid 
introducing bending. Global compression displacement was measured 
with four sensors, one placed at each of the four corners. For global 
bending displacement the specimens were measured by placing two 
sensors on either side of the sample’s centre axis. 

The standard EN 408 (CEN 2012) defines and describes the experimental 
methods used for determining mechanical properties under both 
compression and bending. The stiffness and strength of CLT were 
determined under both bending and compression. The bending specimens 
were tested in their principal orientation in a flatwise layup configuration. 
The global bending span was 1710 mm, and the distance between the 
centres of the two inner load points was 570 mm, with support widths of 
50 mm, including 5 mm edge radii.  

The global bending stiffness was examined by measuring the displacement 
around the centre axis over the full panel span; 1710 mm = 18 × panel 
thickness between the two outer supports. In compression, the 
displacement measured over the full sample length was 570 mm = 6 × 
thickness. All reported stiffness values were established at 40% and 10% 
of the ultimate load. Stiffness and strength calculations were based on the 
determined measurement values from the gross cross-section of tested 
specimens according to EN 408 (CEN 2012).



To evaluate the results for values below 5% of the test results, the 5th lower 
one-sided percentile was used, a measure also called a 5%-percentile or 5-
percentile value. This measurement value was regarded as an 
approximation of the characteristics of the specimens and was based on 
the logarithmic sample mean value. Its value had an estimated probability 
within the prescribed 75% confidence level (CL), in conformity with the 
established standard for the verification and calculation of characteristic 
timber structure values, EN 14358 (CEN 2016). 

DIC is a method which can be used as a full-field measurement approach 
for analysing the mechanics of materials (Sutton et al. 2009). DIC was 
selected as a tool in the current research for analysing full-field mechanics 
of CLT, as well as related material features such as fibre orientation and 
knots. A Canon EOS 7D Mark II (G) digital single-lens reflex camera with 
approx. 20.2 effective megapixels with an EF 35/2.0 IS USM lens was used 
for imaging. During testing, images were obtained at a rate of one frame 
per second. DIC analysis was performed using the ARAMIS 2017 
professional software (GOM GmbH, Germany).  

Strain, which is a relative deformation, was represented as εxy, indicating 
the shear strain. Subset matching was conducted against the first reference 
stage. The full-field contour plot strain representation, with the 
corresponding continuous legend, was three-sigma-scaled for the first 
represented contour plot and that range was used for scaling all contour 
plots. The subset size used for the material analysis was 19 × 19 pixels at a 
step size of 16 pixels. All DIC data presented here were based on the same 
correlation parameters except for the last contour plot, which was based 
on a subset size of 9 × 9 pixels with a step size of 7 pixels and used for 
differentiating between smaller details. One pixel corresponds to 
approximately 0.2 mm. Further DIC method details regarding the 
correlation are provided in Paper V. 



There are various techniques to assemble multi-layer wooden panels into 
prefabricated, load-bearing construction elements. The solid-wooden 
layer assembly techniques identified and considered in the earliest stages 
of this research work were adhesive laminating, nailing, stapling, 
screwing, stress laminating, doweling, dovetailing, and wood welding. 
Based on reviews of published work and 27 manufacturing solid wood 
panel companies, it can be stated that CLT offers some advantages over 
these other techniques currently in use to build panels for residential 
construction. However, there are some ecological concerns regarding the 
use of adhesive, which has promoted the development of different purely 
wooden panel layer-assembly techniques (Paper I).  

Even with that concern, CLT offers advantages. It is cost-effective, not 
patented, offers freedom of choice regarding the visible quality of surfaces, 
provides the possibility of using timbers of different grades in the same 
panel, provides competitive mechanical performance, and is the most 
well-established assembly technique currently on the industrial market. 
Further details are provided in Paper I. 

The results from Paper I provided guidance for the subsequent research 
described in Paper II. In that work, the operational capabilities of CLT 
were further evaluated by building panels with different layer orientations. 
The mechanical properties of the resulting CLT panels constructed with 
layers angled in an alternative configuration were measured. The 
combined testing results showed that the two types of panel behave 
differently under both in- and out-of-plane loading. For CLT ±45°, the in-
plane stiffness of the panel is higher than its out-of-plane stiffness; the 
opposite was found for CLT 90°. This indicates that the material does not 
exhibit linear behaviour during load increase (Table 1).  



The results reported in Paper III showed that there are differences in the 
failure modes under out-of-plane loading for each type of specimen. CLT 
90° failed via rolling shear in the transverse layers more frequently than 
did CLT ±45°. Paper IV highlights why CLT with alternating layers at ±45° 
angles is of importance: this CLT type contributes to the possible use of a 
wooden panel approach in more load cases and has the potential to create 
more design freedom in construction, as described in Section 1.2 of this 
work (cf. Fig. 1). 

Table 1. In- and out-of-plane stiffness and strength properties of CLT ±45° vs. 
CLT 90° for 40 five-layered panels, each with three 0° longitudinal layers and 
two alternative transverse layers at ±45° or 90° 

Change in Percentage Units of 
Properties from CLT 90° 

to CLT ±45°  

In-plane Out-of-plane  
Stiffness 

(Ec) 
Strength 

(fc) 
Stiffness 

(Em) 
Strength 

(fm) 
(%) 

Average 30 15 15 35 
Standard Deviation (SD) -19 -68 -53 -15 

Coefficient of Variation (COV), %  -37 -72 -59 -37 
Confidence Interval (CI) -19 -68 -53 -15 

5th percentile 42 33 24 48 
 

Bending  
Out-of-Plane Characteristic 

Properties  

CLT 90° Panels CLT ±45° Panels 
Stiffness 
(Em,0,90) 

Strength 
(fm,0,90) 

Stiffness 
(Em,0,± 45) 

Strength 
(fm,0,± 45) 

(MPa) 
Average 8243.0 35.2 9517.2 47.5 

Standard Deviation (SD) 440.1 3.4 207.7 2.9 
Coefficient of Variation (COV), %  5.3 9.7 2.2 6.1 

Confidence Interval (CI) 331.8 2.6 156.6 2.3 
5th percentile 7357.2 28.3 9087.4 41.8 

 

Compression  
In-Plane Characteristic  

Properties  

CLT 90° Panels CLT ±45° Panels 
Stiffness 
(Ec,0,90) 

Strength 
(fc,0,90) 

Stiffness 
(Ec,0,±45) 

Strength 
(fc,0,±45) 

(MPa) 
Average 5533.0 26.3 7167.2 30.2 

Standard Deviation (SD) 584.7 2.5 474.5 0.8 
Coefficient of Variation (COV), %  10.6 9.5 6.6 2.6 

Confidence Interval (CI) 440.9 1.9 357.8 0.6 
5th percentile 4393.2 21.4 6230.4 28.5 



DIC analysis determined the contribution of the transverse layers to the 
properties of the resulting CLT. Wood’s orthotropic properties combined 
with a cross-layered arrangement resulted in distinct deformation 
behaviour. In terms of mechanical properties, a CLT panel can be 
considered as a multilayer, exceedingly shear-compliant laminated 
composite with distinct anisotropic layers and heterogeneous wooden 
features. The ratio of shear resistance in the fibre orientation of the 
lengthwise layers to that of the transverse layers induces conditions that 
promote higher shear deformation. The shear strain distribution was 
different across the thickness and length of the panel. The lower shear 
resistance of the transverse layers resulted in discontinuities in shear 
strain distribution at the cross-section of layers (Fig. 7).  



 

 

 

Fig. 7. Shear strain (εxy) distribution in five-layered CLT 90° panels based on DIC. (A, J) 
Two specimens from the same gross panel, allowing comparison of different features, e.g. by 
two bending tests. (A) Wood texture and (C) corresponding mechanics. (B) A knot in the 
longitudinal centre layer had no negative impact on the shear. (D, E, F, G, H) A knot in a 
transverse layer reduced the negative impact of shear. (O) A knot in the tension area has the 
largest overall negative impact, (I, K, Q) whereas a knot in the compression area has less 
impact. (N) Deviated fibre in the tension area has more impact than (L, U) in the central 
longitudinal layer. (P) Cracking between the outermost longitudinal annual rings. (R) A 
smaller correlation mesh was used to analyse more local mechanics. (T) Lamellae were not 
narrow-side bonded; thus, sliding separation occurred, (V) which waned at the lamella edge. 
(S) A larger distance between annual growth rings decreases shear resistance 



Differences in mechanics were determined based on shear strain values; 
the represented value εxy indicates the shear strain at the stage before 
failure for all CLT 90° specimens as an average (Fig. 8). Shear strain 
magnitude changed along the test specimen’s length, layer by layer. Its 
absolute values were largest at the outer supports and smallest between 
the inner supports’ locations, as shown by the slope. The shear strain at 
the diagram intercepts were, on average, five times higher in the 
transverse 90° layers compared with the average value for the longitudinal 
0° layers. CLT ±45° panels withstand a load with less shear strain 
occurring in the transverse layers. 

Fig. 8. Shear strain (εxy) based on all CLT 90° specimens. All layers as average 
stage before failure. Each data point represents the mean of all CLT 90° panels 
tested in four-point bending. Group one (×) consists of the bottom layers in 
bending. Layers two ( ) and four ( ) are transverse layers; the remaining layers 
are longitudinal. (P) Arrows marked P indicate the loading supports’ width  



The largest change in the magnitude of shear strain was observed in the 
area below the loading supports. The load spread occurred toward the 
panel thickness at an angle away from the supports. The slope of the shear 
strain indicates that load spreading to the sub-strata was primarily toward 
the outer supports and centred between the two inner supports (Fig. 8P). 

No adhesive was applied to the narrow sides of lamellae. The resulting lack 
of adhesive bonding in this area led to the appearance of discontinuities, 
indicating sliding separation between lamellae (Fig. 7T). Bonding the 
narrow sides of lamellae as well as the wide sides would contribute to a 
stiffer panel.  

The highest shear strain concentrations were determined in the transverse 
90° layers of conventional CLT occurring as rolling shear between the 
annual growth rings of individual lamellae. Rolling shear appeared mainly 
in the area of growth ring earlywood. The weakness of this area contributes 
to a decrease in CLT stiffness when shear occurs, which can ultimately 
contribute to panel failure. The location of failure was confirmed by 
investigating visual cracks in the specimens. 

The presence of shear planes between different annual ring layers in 
individual lamellae highlights the effect of the selection of sawn timber 
according to annual ring orientation in the cross-section of the sawn 
timber on stiffness. Industrial CLT production typically cuts lamellae as 
sideboards with horizontal annual ring orientations; plain sawn. This 
results in relatively weaker lamellae and affects the stiffness of the final 
panel product. This is not only the case for the fibre orientation but also 
the growth ring cross-section of each lamella (Fig. 7). 

A larger average distance between annual growth rings was found in 
lamellae in areas within the transverse layers that were subject to the 
largest amounts of shear strain (Fig. 7S). These areas with higher shear 
strain were primarily on the sapwood side, where the annual rings were 
flatter. This effect can be seen for lamellae contained in transverse layers 
of CLT (Fig. 7). 



As shown in Fig. 7N, changes in fibre slope in the longitudinal layers have 
a negative influence on panels when they occur in the tension zone but 
cause fewer problems when they occur in the shear zone (Fig.7L, U). 
Shearing occurs more readily in flatter, straight-fibred layers, and 
propagates through regular straight-fibre rows more easily than it does 
along fibre with wave-like pattern disturbances. 

Knots are the most frequently considered heterogeneous wood features 
that influence material mechanics; knots are considered to influence 
timber performance in structural applications (Kollmann 1968). The 
influence of knots and other heterogeneous features in CLT can be seen in 
Fig. 7; e.g. the effect of a knot in the longitudinal layer located in the 
tension region (Fig. 7O). 

Based on these results, it seems appropriate to increase the use of lower-
grade timber, specifically timber with more knots, in the production of 
CLT. This should be implemented in areas of the panel where shear is the 
dimensioning factor; more details can be found in Paper V. Its broader 
implementation would require alterations in the European standard for 
CLT, EN 16351 (2015), and the American standard for performance-rated 
CLT, NA product standard PRG 320 (ANSI 2018). 

Current timber grading guidelines are largely based on the presence of 
knots and related features. Specifying different grading criteria for wood 
used in the transverse layers of CLT panels will allow the use of timber 
downgraded due to the presence of knots. This will increase the value-yield 
for lower-quality timber not currently considered appropriate for 
structural applications. 

Such new criteria could still include other classical criteria, such as 
avoiding cutting defects and larger shape distortions. The CLT standard, 
EN 16351 (CEN 2015) calls for the use of timber graded according to the 
graded structural timber standard EN 14081 (CEN 2016). EN 14081 refers 
to two methods for strength-grading of timber used in structural 
applications: visual and machine grading. Heterogeneous features, e.g. 
knots, are described as factors that contribute to reduced timber strength, 
and thus their presence can reduce its grade. 

  



Based on the results from a temporarily modified industrial CLT 
production line, it is stated that CLT ±45° can be produced in industry 
using the same material volume required to produce the same amount of 
conventional CLT 90°. A vital factor in this work was the ability to adjust 
the production-line cross-cut saw to cut the required lengths of lamellae at 
45° for the transverse layers before assembling them into panels. The 
order used in the production of adhesive-based CLT ±45° differs from that 
used for the established wooden doweled system (Fig. 3). To highlight a 
major difference, in the dowelled system the ends of the 45° transverse 
layer lamellae are cut by a CNC in the final step of assembly at the final 
panel edge trimming-end cutting, leading to higher material usage.  

  



In summary, the proposed production procedure shown in Fig. 9, about 
which further details can be found in Paper IV, is as follows: 

(A) Finger-jointing lamellae into a continuous, long lamella 
contributes to simplicity in the continuous process flow. Such 
finger-jointing can be used for untrimmed lengthwise lamellae 
that have different falling lengths from the sawmill. Finger joints 
can be flatwise or edgewise. Flatwise finger joints visible on the 
narrow face has the advantage that no fingers are visible on the 
plane surface of the CLT. Therefore, it provides a higher visible 
surface quality and a panel that is more air-tight (Brandner 2013). 

(B) Surface preparation by planing the longitudinal sides through a 
jointer. Planning provides a flatter surface, reduces surface 
oxidation, and activates the wood surface for better bonding 
(Brandner 2013). 

(C) Cross-cutting of lamella at 45°. To use the same amount of 
material in the 45°-configuration as in the conventional 90°-
configuration, the lamellae should be continuously cross-cut at 
45° before assembly into a rectangular panel. At this step, cutting 
the lamellae at an angle other than 45° would also have been 
possible. 

(D) Bonding the narrow sides. This offers an alternative solution to 
the handling of the 45° lamellae; cross-cutting the layer length at 
90° with the 45°-angled lamellae placed side-by-side. This is 
based on the same idea as the continuous 45° cross-cutting of 
individual lamellae going into the line. 

(E) On-line curing, lamellae placed side-by-side at an angle of 45°. 
(F) Cross-cutting the 45° layer at 90° has the advantage that no 

individual shorter 45° lamella has to be transported on the 
production conveyer belt, obviating the need for a supporting 
frame. 

(G) Assemble the layers by stacking them on top of each other, layer 
after layer, and if necessary, flip the layer depending on its final + 
or –45° layer orientation. 

(H) Application of adhesive by a curtain on the flat surfaces by moving 
back and forward over the layer surfaces. 

(I) Press by applying hydraulic pressure to all six sides and conclude 
with CNC sizing.  



Fig. 9. Proposed method for industrial production of alternatively angled 
layered CLT 



There are various techniques to assemble multi-layer wooden panels into 
prefabricated, load-bearing construction elements. Combining different 
layer assembly strategies allows industry to take advantage of their 
different mechanics. Considering wood quality features—as determined by 
full-field measurement and analysis approaches—should make it possible 
to achieve a stiffer panel at higher value-yield. 

Comparison of results from testing two CLT configurations showed that 
CLT with a ±45° layer arrangement possesses mechanical properties 
which can contribute to a panel approach appropriate for more structural 
applications than conventional 90°-configured CLT. This provides an 
alternative approach to increase the use of wood-based construction 
materials.  

Its potential is especially apparent when comparing shearing 
performance, as assessed by full-field DIC measurement and analysis. 
These analyses indicate that a considerable part of the stiffness in 
conventional CLT is reduced by the transverse layers’ lower shear 
resistance vs. the longitudinal layers. Full-field analysis showed that the 
impact from heterogeneous features, such as knots and fibre disturbances, 
criteria used to grade structural timber, could be measured and analysed 
separately to determine the mechanics of cross-layered panels from a 
systems perspective. 

It is concluded that engineering characteristics of CLT related to shear are 
not negatively influenced by the presence of knotty timber in the 
transverse core layers because these layers are part of a cross-layered 
system. Knots reinforce the interaction between layers and reduce the 
propagation of shear fraction along the layers.  

This observation brings into question the lower limit in the grading criteria 
within the European CLT standard EN 16351 (2015) and the American 
standard for performance-rated CLT, NA product standard PRG 320 



(ANSI 2018). Unique grading criteria should be specified for timber used 
in CLT that does not lower the grade of the timber based on knots. Such a 
change would increase the value-yield for CLT, as it would be possible to 
use materials that are otherwise not suitable for structural applications. 

The measurements analysed in this work suggest an optimized panel 
assembly strategy that can be generalized. If shear is dimensioning in an 
area, as was seen in the transverse or central longitudinal layers, the use 
of knotty timber can reduce the shear propagation. Knots in the 
compression zone in longitudinal layers have some negative impact, but 
knots have the largest negative impact in tension areas of longitudinal 
layers. Therefore, the use of knotty wood is appropriate and recommended 
for use in the transverse layers of CLT. 

For FEM of CLT, it is necessary to input material data with higher accuracy 
to be able to describe the mechanics of the wooden panel matrix with 
distinct wood features more accurately. This has led to demand to more 
precisely measure material properties to correct for current models’ 
deviations from experimental data. Data from the DIC analysis presented 
in this work highlights the importance of adjusting the perspective of 
current timber grading criteria. They should be changed; in particular, 
standards’ handling of shear resistance perpendicular to the fibre 
direction should be reviewed. 

This review should take place before targeting a specific current 
established grade for FEM, as the current standards do not provide the 
necessary grading classes. This refers not only to increasing the use of 
lower grades of timber for increased value-yield, but also to examining 
other grade classes to help provide more useful models. DIC analysis has 
showed that heterogeneous features of timber have a considerable 
influence on shear resistance and suggest that current simplifications can 
lead to the opposite results from what was intended. For example, instead 
of decreasing shear resistance, knots, which reduce timber grade, can 
increase the shear resistance of CLT. 

Modulus of elasticity (E) and shear modulus (G) are common material 
parameters in solid material modelling, but they are not always treated as 
independent material variables because of the assumed simplicity of their 
contributions. The weakness of these assumptions is made clear by the 
deviation of modelling from experimental results due to the complex 
mechanics of CLT panels.  



There are different established methods of estimation, e.g. G from E; 
standard EN 384 (2016) proposes using the mean shear modulus via the 
estimate Gmean = E0,mean / 16. This estimate, based on the current grading 
classes, can be problematic when applied to CLT, as is currently common. 
Summarizing this, it can be stated that several of the natural features of 
wood appear to differ, or in some cases even affect the mechanics of timber 
in the opposite manner to the intuitive and accepted manner when the 
timber being assessed is contained within a CLT panel. 

Further studies should focus on providing clearer advice for simplified 
calculations of CLT's material properties, and on the use of full-field data 
instead of a limited number of simplified linear values as input data for 
FEM. This not only applies to the level of detail in material aspects, since 
full-field measurement approaches can provide fundamental insights on 
mechanics from both global and local perspectives. These insights will 
calibrate “known knowns”, and also distinguish “unknown unknowns”, 
structural parameters that are still unknown related to mechanics. A 
further focus on CLT should be from both a broader structural perspective 
and a detailed local material feature perspective, positively or negatively 
correlated to the mechanics. 

Evaluate and describe methods to predict the full-field mechanics of CLT 
in the aspect of its multidimensional material features and behaviour. This 
will involve evaluation of non-conventional methods for indirect hyper-
spectral measurements of stresses in CLT. 

Can engineering constants used for CLT, such as shear modulus, and the 
influence of these constants on stiffness be properly identified by 
modelling them through a finite element multi-sensor approach? 

Can non-destructive methods such as multivariate analysis and/or neural 
networks, combined with hyper-spectral imaging of the material 
properties, density images from computer tomography, and DIC 
combined with the virtual fields method taken together provide 
information that improves the understanding of fundamental and higher 
spatial resolution and facilitate more accurate FEM performance? 
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Figure 1: Conventional assembly layup of cross-laminated 
timber (CLT 90°) 



Figure 2: Thoma Holz100 uses wooden dowels to assemble 
boards in orientations of ±45° [9] 

Figure 3: Alternating transverse layers of a CLT panel layup 
in a ±45° configuration 
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Figure 4: Industrial production line used for manufacturing 
conventional CLT 90° and modified CLT ±45° panels 

Figure 5: Experimental four-point bending test of CLT panels 
with an alternating layer configuration 



Figure 6: Experimental compression test of CLT panels 
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Table 1: Four-point bending test for CLT with 90° and ±45° 
alternating transverse layers 

Values in parentheses are sample coefficient of variation 
(COV) 



Figure 7: Comparison of the average four-point bending 
values and their standard deviations (SD) for MOE global, 
MOE local, and MOR for both 90° and ±45° alternating CLT 

Figure 8: Bending failure due to tension in the lowest outer 
layer 

Figure 9: Failure caused by initial rolling shear near to 
bondlines appeared as shear stress transverse to the grain 

Figure 10: Failure due to longitudinal shear occurred as shear 
stress parallel to the grain 

Figure 11: Failure due to a combination of longitudinal shear 
and initial rolling shear near to the bondlines 



Table 2: Compression test for CLT with 90° and ±45° 
alternating transverse layers 

 Values in parentheses are sample coefficient of variation 
(COV) 

Figure 12: Comparison of the average compression values and 
their standard deviations (SD) for the two types of CLT 

Figure 13: Compression sample, crushing and splitting failure 
in CLT 90°, sample top and side view 



Figure 14: Failure due to crushing in CLT 90°, top and side 
view 

Figure 15: Shearing failure in CLT ±45°, top and side view  
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Figure 1: Conventional 0° / 90° five-layered CLT panel 



Figure 2: Modified 0° / ±45°-alternating CLT panel 
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Figure 3: Setup for DIC analysis based on four-point bending 
tests 

εxy

Figure 4: DIC was applied to determine shear strain (ε ) 
distribution in five-layered CLT 90° panels. (A, J) Two 
specimens from the same gross panel, allow comparison of 
different features, e.g., by examining the same lamella with two 
bending tests. (A) The natural wood texture and (C) 
corresponding mechanics. (B) A knot in the longitudinal centre 
layer had no negative impact on the shear strain. (D, E, F, G, 
H) A knot in a transverse layer reduced the negative impact of 
shear. (O) A knot in the tension area has the largest overall 
negative impact, (I, K, Q) whereas a knot in the compression 
area has less impact. (N) Deviated fibre in the tension area has 
more impact than (L, V) fibre deviation in the central 
longitudinal layer. (P) At the bottom side of the CLT surface, 
some strain concentration occurs due to cracking of the 
surface between the outermost longitudinal annual rings. (R) A 
smaller correlation mesh was used to analyse more local 
mechanics of the (U) related natural specimen texture. (T) All 
lamellae were not narrow side-bonded, allowing sliding 
separation to occur. (W) Wane at lamella edge. (S) A larger 
distance between annual growth rings has a negative impact; 
shearing follows the annual growth ring curvature of lamellae 
in the transverse layers and is most pronounced toward the 
sapwood side 



ε

Figure 5: (A) Shear strain (ε ) based on all CLT 90° 
specimens. All layers are represented as average stage before 
failure. Each data point represents the mean of all CLT 90° 
panels tested in four-point bending. Layers one ( ) consists of 
the bottom layers in bending. Layers two ( ) and four ( ) are 
transverse layers; the remaining layers are longitudinal. 
Arrows marked P indicate the loading supports’ width. (B) ε  
for all CLT ±45°. The difference in strain between transverse 
and longitudinal layers was smaller for CLT ±45°; thus, CLT 
±45° offers increased shear resistance vs. CLT 90° 
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