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Abstract 
Twelve blocks of Cross Laminated Timber (CLT) were built, tested and simulated. Three 
types of blocks with different laminate directions in the middle/second layers were used: 
0/30/0, 0/45/0 and 0/90/0. Simulations with three-dimensional quadratic orthotropic linear 
elastic finite elements were conducted. The goal was to compare tested in-plane shear 
stiffnesses for CLT blocks made from Norway Spruce (Picea abies) boards of C24 quality 
with a finite element (FEM) simulated block stiffness. Three-layer CLT were studied with 
block dimensions of 600 x 600 x 45 mm. The first and last layer laminate directions were 
assumed to be 0○. The middle layer laminate directions were 30○, 45○ and 90○. A 1 mm gap 
was assumed between the side edges. The glued contact surfaces were assumed to be 
perfectly glued with rigid glue in the simulations. In the practically tested blocks a PVAc D2 
classified glue was used. All blocks were simulated and tested in the same loading 
arrangement as the practical test set-up. The blocks were compressed in the diagonal 
direction. Blocks of 0/30/0 and 0/45/0 were compressed twice, once over each diagonal. The 
0/90/0 blocks were compressed over one diagonal. A total of 19 practical compression tests 
was performed; in all cases, the displacements were measured in the force- and orthogonal 
direction. The stiffest loading case, measured in the force direction, was the loading 
arrangement 0/45/0-A. The weakest loading case, measured in the force direction, was the 
loading arrangement 0/30/0-B. The same result could be concluded from the FEM 
simulations. The calculated stiffness in the loading direction was between 1.21 – 1.87 times 
larger than the measured stiffness. The models pressed in the “weakest” direction gave the 
largest difference between the simulated and measured stiffness.  
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1 Introduction 

1.1 Background	
Timber constructions have increased recently mainly because of their use in multi-storey 
buildings. A problem that occurs when the technology used for one- and two-storey houses is 
used for higher buildings, is the magnification of previous small and acceptable movements. 
This can create discomfort for the buildings’ occupants. (Reynolds et al. 2016) 

Two advantages of CLT are the homogenised mechanical and physical properties, which 
make it suitable to be used for instance as shear walls. CLT is a rather recent and innovative 
engineered wood product with properties that can be improved and that still requires research. 
Such research needs to quantify some of the materials’ properties. The benefits of using wood 
in buildings and constructions are far from being maximised (Saavedra Flores et al. 2015). 
Finding stiffer wall designs made of CLT could solve this problem. 

In an earlier project during the Master’s program in Wood Technology, an interesting result 
was discovered. The goal of the project was to compare the in-plane shear stiffness in cross-
laminated timber in blocks with different laminate directions. A range from 15 - 90° of the 
second-layer laminate direction was changed and simulated in finite element software. The 
load was applied as a surface traction on the blocks’ side edges. This created a theoretically 
“true” shear test. Such a test is shown in Figure 1. 
 

 
Figure 1. A deformed square with applied shear forces illustrated by black arrows. The red dashed arrows show the 
direction of the squares’ deformation.  

The red dashed arrows illustrate the direction of the deformation of the square. The square 
will expand in the resultant force direction and compress in the orthogonal direction. This is 
an important behaviour, which occurs when the square is sheared. The stiffness was then 
measured as the angle of the deformation. 
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Figure 2 shows the result of the project.  

 
Figure 2. Result from the project where the resulting stiffness Gtrans changed by the angle of the laminate direction in 
layer X. Gtrans value is the ratio of the modulus of shear in the block and the modulus of shear Gmean (EN 338:2016) for 
clear wood. Blue/diamond and red/square curves are the result for a five-layer block. Green/triangular line is the 
result for a three-layer block.  

The three-layer blocks had the dimensions of 1.2 x 1.2 x 0.075 m. The Gtrans value is the ratio 
of the modulus of shear in the block to that of clear wood, Gmean (EN 338:2016). This means 
that, if the Gtrans value is higher than 1, the block’s construction has increased the total 
stiffness compared to clear wood. One result from the project was that a three-layers CLT 
block of 0/30/0 degrees would be stiffer than a 0/45/0 degrees block. The colour pattern for 
the displacement in the X-direction was equal in all construction arrangements. Figure 3 
shows the X-displacement for a 0/45/0 block. Figure 4 is the same, but with a 0 contour level 
interval. 

 
Figure 3. (Left) Displacement in the X-direction during a shear test in a 0/45/0 CLT block created in the earlier 
project. The result is scaled by a factor of 3000. (Right) Loading arrangement according to Figure 2. [m] 
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Figure 4. (Left) Displacement in the X-direction during a shear test with a 0 contour level interval in a 0/45/0 CLT 
block created in the earlier project. The result is scaled by a factor of 3000. (Right) Loading arrangement according to 
Figure 2. [m]  

Both Figures 3 and Figure 4 are rotated such the colour patterns represent the true image of an 
X-displacement in a clean shear test. This is comparable to the loading arrangement used in 
this dissertation. 

This earlier project only used a finite element program and did not feature any validation 
experiments. A main goal with this Master’s thesis was therefore to confirm the finite element 
simulations with real measured data from experiments, to be able to claim that the previously 
presented result is true. The loading case used in the project is difficult or even impossible to 
recreate in real experiments. The problem lies in how to attach the force to a block without 
locking the possibility of moving in at least the X- and Y-directions in the plane. If bending 
occurs, it is no longer a pure shear test. 

There exists a method in the European standard of how to determine the shear strength 
parallel to the grain. This testing method only tests the shear strength in one direction. In the 
test, two metal plates are glued to the test pieces. The steel plates should be tapered at one 
end. The angle between the test piece and the loading direction is 14°. (EN 
408:2010+A1:2012) 

Figure 5 shows a sketch of the loading arrangement. 

 
Figure 5. Loading arrangement according to EN 408:2010+A1:2012. The darker areas illustrate glued metal plates. 
Larger arrows show the force directions; the smaller arrow shows the test pieces’ grain direction.  
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Similar loading arrangements have been carried out with CLT (Wallner 2004, Jöbstl et al. 
2008, Hirschmann 2011). The other experiments shown in Figure 6 were performed to 
measure the in-plane shear strength and stiffness in three- and five-layer CLT blocks (Bosl 
2002, Traetta et al. 2006). 
 

 
1. Loading arrangement by (Bosl 2002) 2. Loading arrangement by (Traetta et al. 

2006) 
Figure 6. Two different loading arrangements used to determine the in-plane shear strength and stiffness. Red/large 
arrows illustrate the loading direction and black/small arrows illustrate the reaction forces.  

The resultant force is similar between these two loading arrangements. It is aimed in the same 
direction in both cases 1 and 2.  

In Bosl’s experiment, a metal beam frame shaped like a square was used. The frame had four 
joints, one in each corner. This allowed the frame to deform in a similar way as in an in-plane 
shear test. The test frame was mounted vertically to prevent it from locking. One corner was 
fixed to the ground and the diagonal corner was mounted to a hydraulic piston. The piston 
pulled the frame upward instead of compressing the sample. The deformation was measured 
on both sides of the CLT block with four sensors, two on each side and one in each diagonal 
direction. In the experiment, both 90/0/90/0/90 and 90/0/45/0/90 were tested. A total of 10 
five-layer CLT blocks were tested, four blocks of 90/0/90/0/90 and six blocks of 
90/0/45/0/90. All blocks had the same dimensions of 1.2 x 1.2 x 0.085 m. Each layer had a 
thickness of 17 mm. Two of the 90/0/45/0/90 blocks were compressed with the middle layer 
of 45° in the vertical direction. The other four blocks were compressed with the middle layer 
of 45° in the horizontal direction. The result was presented in a force versus displacement 
curve, where the displacement was measured by the pistons’ displacement. The result was 
divided into three groups: one for 90/0/90/0/90 and one for each compressing direction for 
90/0/45/0/90. The study showed that the stiffness was highest in 90/0/45/0/90 with the middle 
layers lamination direction pointing in the horizontal direction. The weakest blocks were the 
90/0/90/0/90 direction. The stiffest block in the 90/0/90/0/90 case was 1.25 times stiffer than 
the weakest 90/0/90/0/90 block. On average, the stiffest block in each loading case was 
between 1.25 – 1.35 times stiffer than the weakest block in the same loading case. (Bosl 
2002) 

In the second loading arrangement shown in Figure 6 four three-layer 0/90/0 CLT blocks of 
dimensions: 0.56 x 0.56 x 0.12 m were pressed. The two outer layers had a thickness of 30 
mm. The material quality was C24. A gap of 5 mm was used between the side edges in all 
three layers. Each board had the dimensions of 0.56 m in length and 0.075 m in width. All 
boards were glued with a press pressure of 0.3 MPa. The used loading case was also 
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simulated in FEM models with C3D27 elements. The measured shear stiffness was 1.009 
times higher than the simulated shear stiffness. (Traetta et al. 2006) 

A similar study to the loading arrangement presented here showed that each failure in a shear-
bending test could be singled out (Andreolli et al. 2012). A diagonal compression test was 
carried out on four three-layer and six five-layer CLT blocks. The blocks were divided into 
four groups. Group 1 was four three-layer CLT blocks with glued side edges. Group 2 was 
three five-layer CLT blocks with glued side edges and shrinkage cracks. Group 3 was three 
five-layer CLT blocks with cuts and without glued side edges. Group 4 was three 5-layers 
CLT blocs without glued side edges. In all the blocks, at least 90% of the boards were 
classified to strength class C24. The remaining boards were classified up to strength class 
C16. The blocks were square-shaped with a side length of 1.0 m and a varying thickness from 
90-144 mm. Groups 1 and 3 had the same board thickness of 30 mm and 27 mm, respectively, 
in all layers. Groups 2 and 4 had the same board thickness of 21 mm in the second and the 
fourth layers. The first, third and fifth layer in groups 2 and 4 had a thickness of 29 mm and 
34 mm, respectively. The blocks were loaded until rupture and experimental mean values of 
the elastic shear modulus were calculated. Groups 1, 2, 3, and 4 had the elastic block shear of 
730 MPa, 536 MPa, 545 MPa and 549 MPa, respectively. It was shown that glued side edges 
did not have a major affect on failure if there were shrinkage cracks in the boards. The 
external layers failed in shear parallel to the grain, explaining the much higher calculated 
elastic shear value in Group 1. This allowed the block to take a larger load before rupture. A 
shear torsion failure occurred first when the glued connection between the edges was missing. 
(Andreolli et al. 2014) 

The simplified loading arrangement used by Andreolli was also used here. A drawback with 
this test set-up is that it is not a clean shear test set-up.  

1.2 Ethical		
Wood is a natural resource and a positive environmentally friendly product. Much work has 
been undertaken to reduce waste when cutting and planing the boards to the correct 
dimensions. No other products were used in the blocksthan wood and PVAc glue. The used 
glue was classified with: LEED, Svanen, Basta, SundaHus and Byggvarubedömningen 
(Cascol Trälim Indoor 3301, 3304: 2016-08-22). No results from the practical testing or 
simulations were left out of the report. All results were measured and handled to reduce the 
affect from external influences. All simulations were performed as similarly as possible to the 
different loading cases.  

1.3 Vision/mission	
The goal of this thesis was to confirm the in-plane shear graph discovered earlier by 
comparing FEM simulated block stiffnesses with real measured block stiffnesses from an in-
plane shear-like loading arrangement. 
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2 Theory 

2.1 Wood	and	shear	
Wood is an orthotropic material. Trees are divided into two groups: gymnosperms and 
angiosperms, also known as softwood and hardwood. Softwoods are generally needle-leaved 
and hardwoods are broadleaf. Another difference between the two wood types are their 
component cells. Softwoods have only two cell types with relatively little variation in the 
structure within the cell types. Hardwood cell types, on the other hand, have greater structural 
complexity and more cell types. In the middle of the three is the pith. In both softwood and 
hardwood, the trunk can be divided into two zones. The first zone around the pith is known as 
the heartwood. The second zone, known as sapwood, is between the heartwood and the inner 
bark. New wood cells are produced in the vascular cambium between the innerbark and the 
sapwood. The collections of produced cells over a discrete time interval are known as growth 
rings. The first formed annual rings, closest to the pith, are called juvenile wood. Juvenile 
wood is the first 5-20 annual rings and is correlated to longitudinal drastic shrinkage of the 
cells during drying. This leads to the boards having a tendency to cup, warp and check. 
Reaction wood is similar to juvenile wood. Reaction wood is formed when a twig, branch or 
the trunk is angled 1° or 2° more than the vertical axis. Reaction wood is formed in all trees 
independent of age. In softwood, the reaction wood is formed on the underside of the leaning 
organ. It is called compression wood. In hardwood, the reaction wood is formed on the top 
side of the leaning organ. It is called tension wood. In tension wood, the fibres fail to build a 
proper secondary wall. In compression wood, the tracheids are shorter, with misshaped cells 
with a large micro fibril angle and high lignin content (Timell 1986). (Wood Handbook 2010) 

To describe elastic behaviour in wood, twelve constants are needed: three moduli of elasticity 
E, three moduli of rigidity G and six Poisson’s ratios µ.  
The moduli of elasticity EL, ER, and ET are the elastic modulus in the longitudinal, radial and 
tangential directions, respectively, shown in Figure 7. 
 

 
Figure 7. Main directions in orthotropic wood.  

Elasticity is produced by a low stress, which gives a completely recoverable deformation after 
the load is removed. If larger stresses occur the deformation will be plastic or will reach 
failure. If wood is loaded in the axial direction, a deformation perpendicular to the axial 
direction is proportional to deformation parallel to the direction of the load. The Poisson’s 
ratio is the ratio of the transverse strain to axial strain. The six Poisson’s ratios are: µLR, µRL, 
µLT, µTL, µRT, and µTR. The first subscript letter denotes the direction of the applied stress; the 
second, the direction of the lateral deformation.  
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Poisson’s ratio and the modulus of elasticity are related by the following expression: 
 

𝜇!"
𝐸!

=
𝜇!"
𝐸!
,         𝑖 ≠ 𝑗,          𝑖, 𝑗 = 𝐿,𝑅,𝑇 (Eq 1.) 

 
The shear modulus states the resistance to deflection caused by shear stresses. The three 
moduli of shear are: GLR, GLT and GRT. The weakest shear direction is rolling shear.  
The rolling shear direction is shown as the RT and TR directions in Figure 8. (Wood 
Handbook 2010) 
 

 
Figure 8. Different shear directions in wood: L=longitudinal, R=radial and T=tangential directions.  

Few rolling shear test values exist but, in some limited tests, the average rolling shear values 
were between 18-28% of the shear values parallel-to-grain direction. Properties like torsion, 
toughness, fracture toughness, creep, creep rupture and fatigue strength can be measured in 
wood. Creep is a deformation phenomenon that occurs over time. If wood is loaded into an 
elastic deformation and the load is maintained, a small deformation will occur. Deformation 
based on a long-term load is called creep deformation. The load does not need to be large for 
the phenomena to start. It can occur for relatively small loads and exist over a period of years. 
Changes in temperature and humidity can cause the creep to increase. When the wood is 
unloaded, about one-half of the creep deformation may be recovered. Fatigue is progressive 
damage caused by cyclic loading. A fatigue failure can result if sufficiently high and 
repetitious loading stresses are used. (Wood Handbook 2010) 
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2.2 Cross-laminated	timber	
Cross-laminated timber (CLT) is a plate-like engineered timber product. It is normally built of 
an uneven number of layers. Each layer is built of wooden boards lying parallel. A three-layer 
CLT block can be seen in Figure 9.  
 

 
Figure 9. Three-layer CLT block: 0/90/0 or 90/0/90.  

Each layer is normally crosswise laid with a 90° rotation. An adhesive bonding is used to 
keep the layers fixed to each other. All blocks are pressed with a glue-press. Due to the 
flexibility in constructing the blocks, large walls and floor elements can be produced. Beams 
built of CLT have some advantages compared to glulam beams and solid timber. A major 
advantage is the high tensile strength perpendicular to the beam axis. This advantage makes 
the beam less susceptible to cracks (Flaig & Blaß 2013). Norway spruce (Picea abies) is the 
main species, but also Scots pine (Pinus sylvestris) and European larch (Larix decidua) are 
used. An agreement is set to use the layer thickness of 20, 30 or 40 mm. Rolling shear needs 
to be especially considered if the minimum width of each board is lower than four times the 
thickness of that board. To improve the rolling shear resistance or bending stiffness, the CLT 
blocks can be mixed with hardwood species like birch or ash. In general, CLT blocks are built 
with reduced gaps. Edge bonding has advantages in terms of airtightness, airborne sound and 
fire. The typical glue used in CLT blocks is e.g. melamine-formaldehyde (MF) and 
melamine-urea-formaldehyde (MUF) according to EN 301. (Brandner 2013) 

CLT blocks are named after each layer’s laminate direction. A block named 0/90/0 has the 
laminate direction of 0° in the first layer, 90° in the second layer, and 0° in the final layer.  

2.3 Finite	element	method	
The finite element method (FEM) is a numerical method for solving engineering and 
mathematical physical problems. FEM is used in areas such as structural analysis, heat 
transfer, fluid flow, mass transport and electromagnetic potential. For problems when 
analytical mathematical solutions cannot be obtained, for example in cases with complicated 
loadings, geometrics and material properties, a numerical solution given by FEM could be 
acceptable. A finite element solution gives approximate values of the unknowns in the 
continuum at a discrete number of points. In the calculation, the larger body is split into a 
system of smaller blocks or units i.e. finite elements. Every interconnected finite element is 
linked to every other element by common/shared interfaces. By formulating equations for 
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each finite element and by combining the equations, a solution is obtained for the complete 
body. By using known material data for the structure, each node’s behaviour can be calculated 
by using the properties of every other element in the structure. (Logan 5th edition) 

A structural problem could be to determine the displacement at each node and stresses within 
each element. In a non-structural problem, the unknowns may be temperatures or fluids due to 
thermal or fluid changes. For many structures, it can be difficult to determine the 
deformations using conventional methods. Two different approaches can be used in a 
structural engineering problem. The first is called the force, or flexibility, method. It uses the 
internal forces as unknowns of the problem. The second method is called the displacement, or 
stiffness, method. In this case, the displacement of the nodes is seen as an unknown. Both 
methods result in different unknowns and also different matrices. The most widely used 
method is the displacement, or stiffness, method. (Logan 5th edition) 
In general, structural analysis can be explained in seven steps. The second to seventh steps are 
carried out with the aid of computing software.  
The first step is to discretise and select the element type. Discretisation of the model is to 
divide the body into a system of finite elements. The size and number of elements is chosen 
by an engineering judgement. The element should be small and sufficient to give a usable 
result, but sufficiently large to reduce the computational time. The element size can vary 
across the body. Smaller elements can be used in a region of interest. Larger elements can be 
used in areas of constant result. The element type should be chosen to act as closely to the 
actual physical behaviour as possible. The most common three-dimensional elements are 
tetrahedral and hexahedral elements.  
In the second step, a displacement function is chosen. This displacement function is already 
defined within each element type. It is expressed in terms of the nodal unknowns. The 
function is used in all elements from the same element type.  
In the third step, the strain/displacement and stress/strain relationship is defined. The 
equations are necessary to obtain the equations for each finite element.  
In the fourth step, the element stiffness matrix and equations are derived. In the fifth step, all 
element equations are assembled to obtain the global matrix and insert the boundary 
conditions. The final equation/matrix is shown in Equation (2), where {F} is the vector of 
global node force, [K] is the global stiffness matrix and {d} is the vector of global degrees of 
freedom and boundary conditions.  
 

𝐹 = 𝐾 𝑑  (Eq. 2) 
 
The global stiffness matrix [K] is singular. This means that its determinant is equal to zero. 
This condition forces the use of boundary conditions. If no boundary conditions are used, the 
equation will be unsolvable.  
In the sixth step, the unknown degrees of freedom are solved in Equation 2.  
In the seventh and final step, the element strain, stresses, moments or shear forces can be 
calculated using of the displacement from the previous step.  
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2.3.1 Element	types	
In a three-dimensional mesh, different element types can be used, such as tetrahedral, 
triangular prisms and hexahedra. A hexahedral element can be seen in Figure 10. 
 

 
Figure 10. Hexahedra element with numbered nodes. 

A C3D20R block is a 20-node quadratic hexahedral brick with reduced integration.  
The reduced integration saves calculation time. It uses lower-order integrations to form the 
element stiffness. A C3D20 element has 27 integrations points, while a C3D20R only has 
eight. This leads to the C3D20 element assembly being roughly 3.5 times more costly than 
C3D20R in calculation time. All C3D20/C3D20R elements adjacent to a slave surface in a 
contact pair will automatically be converted into C3D27/C3D27R elements. Elements can 
also be chosen in first or second order. The strain operator in a first-order element provides 
constant volumetric strain throughout the element. A second-order element gives higher 
accuracy than the first-order. The second-order elements can capture stress concentrations 
more effectively and model curved surfaces easier with fewer elements. In general, second-
order elements with reduced integration give a more accurate result than a fully integrated 
second-order element.  

Hourglassing is a phenomenon, that can be a problem in a first-order element with reduced 
integration. When there is only one integration point, there a risk for the element to distort, so 
the calculated strain in the point would be zero. This leads to uncontrolled distortion of the 
mesh. A second-order element does not have the same difficulty with hourglassing. Even a 
fully integrated element does not hourglass, but may have locking behaviour. First-order 
elements are recommended when large strains or very high strain gradients are expected in the 
result. In all other cases, when the solution is expected to be smooth, second-order elements 
with reduced integration are recommended. (Anonymous Simulia Abaqus 6.14-4, Abaqus 
Analysis User’s Guide) 

2.3.2 Structured	and	Swept	mesh	pattern	
The structured meshing technique transforms the mesh of squares and cubes onto the 
geometry of the object. A structured mesh technique can be used to simple three- and two-
dimensional regions with hex or hex-dominated elements. To mesh a three-dimensional 
region successfully, the following characteristics are required: 

• No holes, isolated edges/faces/vertices are allowed in the region. 
• Arcs should be limited to 90° or less.  
• The faces of the region must be allowed to be meshed using a two-dimensional 

structured meshing technique.  
• Exactly three edges must meet at each vertex. 
• The region must be bounded by at least four sides. 
• The angle between the sides should be as close to 90° as possible.  
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A swept mesh is used to mesh complex solid and surface regions. First a two-dimensional 
mesh is created on the source side and then copied one element layer at a time until it reaches 
the target side. The most complex side should always be chosen as the source side. The 
copying layer follows an edge called the sweep path. It can be a straight line, circle or a 
spline. On three-dimensional solids, the source and target sides are always faces, and the 
swept path an edge. Depending on the type of edge, the sweep mesh has different names. If 
the sweep path is a spline or a straight edge, it is called an extruded swept mesh. A circular 
sweep edge path is called a revolved swept mesh. A swept mesh technique cannot be used if 
the target side contains more than one face. (Anonymous Simulia Abaqus 6.14-4 
Abaqus/CAE User’s Guide.) 

Some examples of structured and extruded swept meshes are given in Figure 11.  
 

  
a) Structured mesh pattern.  b) Extruded swept mesh pattern 

  

  
c) Structured mesh pattern on same board showed in 
picture b, bottom. 

d) Structured mesh pattern on same board showed in 
picture b, top. 

Figure 11. Structured and extruded swept mesh pattern on two different types of parts. 1 cm global mesh seed size 
was used in all cases.  

The structured mesh pattern can be used on some parts with a complex geometry via the use 
of partition tools.  
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2.3.3 Master/Slave	surface	
To define a contact between two surfaces, a master and a slave surface must be defined. The 
basic guidelines are (Anonymous Simulia Abaqus 6.14-4, Abaqus Analysis User’s Guide): 

• The largest surface should be the master surface. 
• If both surfaces have the same size, the surface on the stiffer body should be the 

master surface.  
• If both surfaces have comparable stiffness and size, the surface with the coarser mesh 

should be the master surface.  
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3 Materials and Method 
Five different loading cases were used. The blocks constructed as 0/45/0 and 0/30/0 were 
tested in a stiffer vertical (A) direction and a weaker horizontal (B) direction. The 0/90/0 
blocks were tested in one direction. All loading cases are shown and named in Figure 12. An 
orange arrow illustrates the compressing direction.  
 

0/90/0 0/45/0 - A 0/30/0 - A 

   
  

0/45/0 - B 0/30/0 - B 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 12. Names of the different models; the compressing direction used is illustrated with an orange arrow.  

In general, the models named A have the middle layer laminate direction in the vertical 
direction; the models named B have the middle layer laminate direction in the horizontal 
direction. 
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3.1 Testing	of	CLT	blocks	
The practical testing was carried out by constructing four blocks of each type: 0/30/0, 0/45/0 
and 0/90/0. The blocks were constructed with a margin of 10 cm on the length and width. 
Before the pressing started, the blocks were cut to the correct dimensions.  

3.1.1 Constructing	CLT	blocks	
The construction phase started with spruce boards (Picea abies) of dimensions: length 4.5 m, 
width 0.195 m, and thickness of 0.045 m. All boards were classified as C24 quality from the 
manufacturer. The boards where split to obtain a thickness of 15 mm and a length of 1.5 m. 
Figure 13 shows the split pattern for two boards of the same length and thickness but different 
widths: 75.0 mm and 45.5 mm.  
 

Figure 13. (Left) Split pattern for the boards of dimensions 75 x 15 mm. (Right) Split pattern for the boards of 
dimensions 45.5 x15 mm. The parts coloured grey illustrate waste.  

To reduce the board dimensions, a symmetry axis was calculated for the angled layers. This 
resulted in only 16 different board dimensions being needed to create all three different block 
types. All 16 dimensions of the boards can be seen in Appendix A. Figure 14 shows the 
symmetry axis in both a 45° and a 30° block. The boards in the 45° layer can be mirrored in 
the diagonal axis. In the 30° layer, the boards were rotated around the block’s centre. The 
symmetry axis used in the 0° and 90° layers is not presented. 
 

 
Figure 14. Used symmetry in the CLT blocks. The symmetry axis is illustrated by the dashed red line. The angle 
explains the laminate direction of the layer.  

After all the pieces were cut and planed, a 1 mm distance was stapled to some side edges. 
These side edges were chosen after their position in the layer. A stapled side edge should face 
a non-stapled side edge, and a layer should start and end without stapled side edges. This 
created a gap of 1 mm between each board. The gaps were created only to be sure of there 
being no contact between the side edges. A frame was built to keep the boards in the block 
fixed during gluing. The frame was 4 mm longer and wider than the CLT blocks. Larger 
dimensions were chosen to make it easier to put in the boards and take out the glued block. To 
prevent the frame from affecting the pressing, the height of the frame was chosen to be 38 
mm.  
  

Symmetry 

Angle: 45°  

Rotated  
symmetry 

Angle: 30° 
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The distance piece, frame and 1 mm gap can all be seen in Figure 15.  
 

 
Figure 15. (Left) 1 mm distance piece stapled onto the side edge of the board. (Right) Second layer in a 45° CLT block 
laying in the gluing frame with 1 mm gap between each board.  

PVAc D2 classified glue was used. This is fast drying glue with an open time of 10 minutes. 
It was recommended to have an amount of glue between 60–200 g/m2. The pressing time 
should be between 2–4 minutes with a pressure between 0.1–1.0 MPa. (Cascol Trälim Indoor 
3301, 3304) 
A paint roller was used to obtain an even and controlled amount of glue on the boards. Before 
the gluing started, a small-scale test was manufactured to see how much glue a roll with the 
roller would give. A wood piece was weighed and covered with glue. As a result, a layer of 
100 g/m2 of glue covered the surface. 
The three types of built CLT blocks are illustrated in Figure 16. The only difference between 
them was the second/middle layer main laminate direction.  
 

 
Figure 16. Illustration of all laminate directions of the CLT blocks after the gluing process.  

The gluing was undertaken in three steps. Before everything started, all three layers were 
sorted out and placed on the floor in the same way as it would be in the frame. One empty 
frame and the second frame with a dummy-block were always in the press. A non-glued 
dummy-block was used to obtain an even balance in the machine during the pressing. The 
first step was to place the first 0° layer into the empty frame. In the second step, glue was put 
to one side of the second and third layers. To prevent glue from being pressed down in the 1 
mm gap by the roller, all boards were glued individually. When the boards in the second and 
third layers were rolled with glue, the third step started. This involved placing both layers, 
one board at a time, in the frame with the glued side down.  
 

0/90/0 0/45/0 0/30/0 



 19 

The pressing started when all three layers were placed into the frame. The used glue-press can 
be seen in Figure 17. 
 

 
Figure 17. Used glue-press with two frames, one where the blocks were glued, and the other with the dummy-block. 

Only one block at a time was constructed and pressed. In the final step, two blocks were 
pressed simultaneously. This was to keep the balance in the machine and to obtain the 
dummy-block glued. All blocks were pressed for 12 minutes at a pressure of 0.3 MPa. After 
the gluing process, the CLT blocks were cut to remove all the distance pieces and to obtain 
the correct dimensions of height 600 mm, width 600 mm, and thickness 45 mm. To fit to the 
radius in the L-square shaped support, 20 mm of the corner was cut away. The shaded area in 
Figure 18 illustrates the removed parts of the blocks.  
 

 
Figure 18. CLT blocks were cut to remove the distance pieces and to obtain smooth side edges. The corners were cut 
off to fit to the radius in the L-square shaped support. The removed parts are illustrated by the shaded area. The final 
dimensions were: height 600 mm, width 600 mm, and thickness of 45 mm. [mm] 
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3.1.2 Measuring	the	in-plane	stiffness	of	CLT	blocks	
All blocks were loaded/compressed in the diagonal direction. A setup of the testing is 
illustrated in Figure 19.  
 

 
Figure 19. Illustration of loading case with the force F applied by a piston. Two displacement sensors were mounted in 
the diagonal direction. The sensor measured the displacement both in extension and contraction between the two 
points. [mm] 

The abutment had a thickness of 15 mm and length of 110 mm in contact with the CLT block. 
Two displacements were measured simultaneously: that parallel to the force direction, and the 
displacement orthogonal to the force direction. The displacement sensor could record both 
extensions and contractions between the two measured points. All measured points were 
positioned 150 mm from the cut corner in the diagonal direction. This was to reduce the risk 
of data being affected by the crushed wood closest to the support. To keep the block at the 
right height before the compressing started, a support was placed underneath the block. This 
support was maintained during the pressing for all blocks except during the first test. The 
support stopped the block from buckling downward.  

Both sensors were screwed to the block and aluminium profiles were used to construct a stiff 
connection between the two measured points. In one of the profiles, a small hole was cut to let 
the other diagonal aluminium profile pass through. Figure 20 shows the loading set-up and the 
sensors mounted to a CLT block.  
 

 
Figure 20. (Left) Setup for the testing. (Right) CLT block with screwed displacement sensors. Aluminium profiles 
were used to construct a stiff connection between the two measured points.  

The measuring sensors had a sensitivity of 0.02 mm. Between the piston and the support, a 
sensor was mounted to record the force. The feeding rate of the piston was 1 mm/min. 
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A total of 20 tests were carried out. The first block to be pressed was a 0/30/0 block numbered 
6 in loading arrangement B, the weakest direction. This was done twice to confirm whether 
the glue lines in the block would hold. Afterwards, the remaining blocks were tested. 0/90/0 
blocks were tested only over one diagonal. Both 0/45/0 and 0/30/0 were tested over both 
diagonals. Only the first block was destroyed during the testing. The test stopped when it 
started to crack or when a displacement of 1-2 mm was measured in the force direction. Both 
the compressing force direction and the decreasing diagonal length were seen as the positive 
direction. The stiffness of each block was calculated as the gradient in the linear part of the 
force versus the displacement curve. A stiffness value was calculated in the force direction for 
all blocks, and only in the diagonal direction for loading arrangement 0/90/0.  

3.2 Finite	element	calculation	
A total of 13 finite element models were constructed and simulated. Five models were created 
to illustrate the five constructed types of CLT blocks used in the experiment. These five block 
types can be seen in Figure 12. Eight models were created to see how different types of 
deviations affected the stiffness in the block. The deviations were board width, non-exact 
laminate directions, gap size and small varying angles in the layer.  

3.2.1 Models	of	constructed	CLT	blocks	
Five different models were created. All the dimensions and positions of boards were made 
according to practical testing. The blocks were made exactly as shown in Figure 12. The 
models were constructed by use of the symmetry in the thickness direction. Only 1.5 of the 
blocks’ thickness was constructed. At the beginning two boards with dimensions of length 1.2 
m, width 0.075 m, and different thickness of 15 mm and 7.5 mm were constructed. The 
thicker board was used for the first layer and the thinner board to represent one half of the 
second layer. Eight 15 mm-thick boards were placed beside each other. A 1 mm gap was then 
added between each board. This was then called layer one. On top of layer one, a second layer 
were added made of the thinner boards. It was added in the same way as the first layer, but the 
complete layer was rotated by 90°, 45° or 30°. After that, the model was cut to obtain the 
width and height of 600 mm. An isosceles triangle with two sides of length 20 mm was cut of 
in all four corners. The complete construction is illustrated in Figure 21. 
 

0/90/0 0/45/0 0/30/0 

   
Figure 21. Three CLT blocks with a rotated second layer in 90°, 45° and 30° laminate direction. The angled layers are 
cut to make the standing 0° layers visible.  

Then, a local Cartesian coordinate system was set to each board. These local coordinate 
systems were used to assign the material directions to the boards.  
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The used material data are presented in Table 1. All values are mean values for C24 wood. 
The shear value in the RT direction was calculated according to Eurocode 5 (Anonymous 
1995). 
Table 1. Mean material data for Norway Spruce (Picea abies) of quality C24. (Anonymous 1995, EN 338:2016) 

 

 
The contact property between the two layers was seen as a tied connection. By controlling the 
surfaces’ relative movement in the normal and tangential directions, a tied connection was 
created. To stop the surfaces sliding over each other, they were seen as rough. In the normal 
direction, a hard surface condition was set to stop the two surfaces from penetrating. 
Separation after contact was not allowed between the two surfaces. The master surface was 
always chosen to be the 0° layer. No connection was set between the side edges.  

A symmetry plane was set to stop the model, included with supports, from moving in the Z-
direction. The under support was locked from movement in both the X- and Y-directions, and 
the upper moving support was only locked in the X-direction.  

Figure 22 shows where the load was attached to the model. A load of 100 kN was used in the 
simulations of 0/90/0, 0/45/0-A and 0/45/0-B. For 0/30/0-A and 0/30/0-B a load of 50 kN was 
used.  
 

 
Figure 22. Simulated models measurement points and applied load. Red/large arrow illustrates the force direction. 
Black/small arrow illustrates the reaction force. The four white crosses illustrate the measurement points on the 
block. All yellow coordinate systems show the local coordinate systems for each board.  

Direction Value [MPa] 
Radial[R] 370 
Tangential [T] 370 
Longitudinal [L] 11 000 
Shear [RT] 103.5 
Shear (Gshear) [LT] 690 
Shear (Gshear)[LR] 690 
All Poissons ratios 0 [Unit less] 
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The load was attached to a reference point placed on top of the model. A coupling connection 
between the reference point and the upper surface of the support was created to constrain the 
displacement in the Y-direction, in order to follow the reference point. When the simulation 
started, the reference point was adjusted to lie on the surface. 

The same global mesh seed was used throughout all the models. At first, a mesh study was 
carried out on each model type. The changing variable was mesh size and the fixed value was 
the displacement of the upper support. The mesh size was sufficient for the force needed to 
give a displacement of 3 mm that did not change by more than 5%. After the mesh study, a 
mesh size of 1 cm was chosen for all the models. A curve from the mesh study can be seen in  
Figure 23. It shows that a mesh size of 10 mm was sufficient in the 0/90/0 loading 
arrangement. All other curves from the mesh study are presented in Appendix B. 
 

 
Figure 23. Result from the mesh study for the model named 0/90/0. The blue dots shows the mesh size 100, 75, 50, 25 
and 5 mm. The red/larger dot shows the 10 mm mesh size. Variables are equal to the degrees of freedom.  

All 0° and 90° layers were meshed with a structured mesh technique. The angled layers were 
meshed with an extruded swept mesh technique. All meshes were made with quadratic 
C3D20R elements.  

The displacement in the X and Y-directions was measured in four nodes on the outer surface 
of the first layer. To measure the displacement at the same position as in the experiments, a 
distance of 15 cm was measured orthogonal from the cut corner. To make this node fixed and 
independent of mesh size, a partition sketch of rectangles was drawn on the surface of the 
board. The partition sketch was then extruded through the board. To calculate the distance 
between the nodes after the block had been compressed, a template was created in MS Excel. 
At the start, all four nodes gave a starting position in the coordinate system. A length lstart of 
520 mm was calculated between two nodes. The displacement in the X and Y-directions was 
used to calculate the new positions in the same coordinate system. Between the new positions, 
a new length lafter was calculated. Then, the difference between lafter and lstart would be the 
displacement difference between the two nodes. All measured nodes are shown in Figure 22. 

The stiffness was calculated as the gradient of the force versus displacement curve. The 
stiffness was only calculated in loading arrangements where the practical result was linear.  
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3.2.2 Models	used	in	the	deviation	study	
Eight models were created to see how small deviations of factors such as contact area, 
variation of board angles and gap between the boards affects the result. All the models are 
explained in Table 2.  
 
Table 2. Eight models used to examine the effect of deviations in the tested blocks. The changes are compared to a 
standard 0/90/0 block.  

Model: Change in the model compared to a standard 0/90/0 bloc: 
1 Increase board width: +0.25mm (total 75.25cm) 
2 Increase board width: +0.375mm (total 75.375cm) 
3 Increase board width: +0.5mm (total 75.5cm) 
4 1° rotated cut of the bloc 
5 2° rotated cut of the bloc 
6 ±1° rotation of each board by random. 
7 Model 6 with decreased gap width.  
8 Reduced gap between boards to 0.5mm 
 
In Figure 24, models 5 and 6 are illustrated.  
 
 

  
A). Model 5. b) Model 6. 

Figure 24. Illustration of two simulated models used to investigate the effect of deviations on the in-plane shear 
stiffness. 

Three models were created with increased board width. The gap size was equally reduced 
with the increase of the width. The goal with these three models was to see how a larger 
contact area in each connection point affected the stiffness of the boards. Two models were 
created exact as the standard 0/90/0 block; but instead of being cut with original orthogonal 
corners to the laminate direction, the square was rotated by 1° and 2° before the cut. Model 6 
was created with varying rotation of ±1°. There was no system behind the variation: some 
boards were rotated 0°, others -1° and the remainders by +1°. A second model was created 
from model 6, but with a reduced gap of 0.1-0.3 mm. The last model was a standard 0/90/0 
model with a reduced gap width of 0.5 mm. All models were created so that the mid-point of 
each layer was kept equal to the standard 0/90/0 block i.e. all rotations were carried out 
around the same point. All eight models had the same element size and mesh settings as the 
standard 0/90/0 block. The displacement, load and material settings were the same as in 
previous simulations. The stiffness was calculated as the gradient of the force versus 
displacement curve. The result was calculated to a relative change in stiffness in both the 
force direction and orthogonal direction compared to a standard 0/90/0 block. 
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3.3 Material	testing	
Two material tests were performed. One was to determine the moisture content in the wood, 
and a four-point bending test determined the modulus of elasticity. 

3.3.1 Measuring	moisture	content	and	density	
The moisture content was measured with an electrical wood moisture meter before the gluing 
process started. Six small clear wood pieces were taken from the waste of the CLT blocks. 
These pieces were measured with a calliper and then oven dried at 103°C for 24 h. A 
summary table of the dimensions and the weight before drying is given in Table 3. 

Table 3. Dimensions and weight before drying. 

Sample Length [mm] Width [mm] Thickness [mm] mbeforeD [g] 
1 102.50 10.02 9.43 4.0 
2 100.20 44.19 6.75 11.53 
3 101.94 18.10 12.31 8.9 
4 101.28 10.08 9.64 4.0 
5 100.70 12.18 18.14 8.76 
6 101.06 17.95 12.35 8.57 
 
After drying, the dimensions and weight were measured again. Equation (3) was used to 
calculate the moisture content (MC) in the dried wood pieces.  
 

𝑀𝐶 =
𝑚!"#$%" −𝑚!"#$%

𝑚!"#$%
       [%] 

 

(Eq. 3) 

3.3.2 Measuring	the	modulus	of	elasticity	–	four-point	bending	
The modulus of elasticity was measured in a four-point bending test. The test was performed 
after EN 408 standard (EN 408:2010+A1:2012). A total of 19 samples was tested. All pieces 
were pressed to rupture or until the machine stopped. The results were then compiled into a 
force versus displacement plot. To calculate the moment of inertia (I) and the modulus of 
elasticity (MOE), equation (4) and (5) were used (EN 408:2010+A1:2012). 
 

𝐼 =
𝑤𝑖𝑑𝑡ℎ ∗ 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠!

12       [𝑚𝑚!] 
(Eq. 4) 

 
 

𝑀𝑂𝐸 =
𝑎 ∗ 𝑙! ∗ 𝐹! − 𝐹!
16 ∗ 𝐼 ∗ 𝑊! −𝑊!

      [𝑀𝑃𝑎] 
(Eq. 5) 

 
In all cases, the same lengths of a and l were used, 60 and 180 mm, respectively. The value of 
force Fx and associated displacement Wx was measured from the plotted force versus 
displacement curve.  
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All dimensions of the 19 samples can be seen in Table 4. The length of all the samples was 
201 mm.  
 
Table 4. Dimensions of samples used in four-point bending. All samples had a length of 201mm. The test was 
performed after EN 408 (EN 408:2010+A1:2012).  

Sample Width 
[mm] 

Thickness 
[mm] 

1 9.77 9.28 
2 10.15 9.45 
3 9.59 10.03 
4 8.95 9.29 
5 9.84 9.50 
6 9.74 10.15 
7 8.87 9.87 
8 9.65 9.94 
9 9.60 9.20 

10 9.80 9.72 
11 9.55 9.79 
12 9.14 9.58 
13 9.72 10.04 
14 9.70 9.86 
15 9.65 9.83 
16 9.46 9.95 
17 9.89 10.16 
18 9.88 10.15 
19 9.57 9.77 
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4 Results 

4.1 Material	testing	
The new sample sizes, weight, moisture content and density are presented in Table 5. All 
samples decreased in weight and changed in size. The moisture content compared to the 
values measured with the electrical wood moisture meter was in the same range. The 
electrical wood moisture meter showed a moisture content between 10 -12.5%.  

Table 5. Dimensions, weight, moisture content (MC) and density after drying.  

Sample Length 
[mm] 

Width 
[mm] 

Thickness 
[mm] 

mafterD 
[g] 

MC 
[%] 

Density 
[kg/m3] 

1 102.30 9.64 9.15 3.63 10.2 402.3 
2 100.10 43.26 6.27 10.47 10.1 385.6 
3 101.6 17.705 12.035 8.01 11.1 370.0 
4 100.9 9.27 9.705 3.62 10.5 398.8 
5 100.3 17.53 11.7 7.89 11.0 383.5 
6 100.9 17.245 11.995 7.74 10.7 370.8 
Average     10.6 385.2 
STD     0.37 12.4 
CV [%]     3.5 3.2 
 
The results from the four-point bending can be seen in Table 6.  
 
Table 6. Results from the four-point bending test. 

Sample: I [mm4] F1 [N] F2 [N] W1 [mm] W2 [mm] MOE [MPa] 
1 649.61 90 195 1 2 19 639 
2 713.81 95 190 “ “ 16 170 
3 804.76 95 210 “ “ 17 362 
4 597.02 55 110 “ “ 11 193 
5 703.05 70 160 “ “ 15 554 
6 848.31 85 180 “ “ 13 607 
7 710.71 60 125 “ “ 11 112 
8 789.78 75 160 “ “ 13 076 
9 622.95 75 150 “ “ 14 628 

10 749.59 80 170 “ “ 14 588 
11 746.35 65 135 “ “ 11 395 
12 668.26 65 130 “ “ 11 818 
13 818.53 95 185 “ “ 13 359 
14 773.28 80 175 “ “ 14 927 
15 762.68 75 160 “ “ 13 541 
16 774.99 90 180 “ “ 14 110 
17 863.09 90 175 “ “ 11 966 
18 860.94 110 215 “ “ 14 818 
19 743.34 80 165 “ “ 13 893 

Average 
     

14 040 
STD      2 128 
CV [%]      15.2 
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All load versus displacement curves from the four-point bending tests can be seen in 
Appendix C. In all cases the control points’ displacement was chosen to be 1 and 2 mm. The 
first three samples show that the MOE for some boards could be much higher than for the 
other boards. The average modulus of elasticity was equal to the modulus of elasticity in C40 
quality.  

4.2 Comparison	of	the	finite	element	calculation	and	test	
In Figure 25-29, the force versus displacement plots in the force direction from the practical 
testing and simulations can be seen. The curves of force versus displacement in the 
orthogonal direction can be seen for 0/90/0 and 0/30/0-B blocks in Figure 30 and Figure 31, 
respectively. All force versus displacement curves included the curves in the orthogonal 
direction for 0/45/0-A, 0/45/0-B and 0/30/0-A are shown in Appendix D. The force applied 
was sufficient to make the force versus displacement curves in the force direction become 
linear. The force was also sufficient to obtain linear force versus displacement curves in the 
orthogonal direction for loading case 0/90/0. All simulated models had between 760000-
1020000 variables.  
 

 
Figure 25. Force versus displacement curve for 0/90/0 loading case in the force direction. 

 

 
Figure 26. Force versus displacement curve for 0/45/0-A loading case in the force direction. 
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Figure 27. Force versus displacement curve for 0/45/0-B loading case in the force direction. 

 

 
Figure 28. Force versus displacement curve for 0/30/0-A loading case in the force direction. 

 

 
Figure 29. Force versus displacement curve for 0/30/0-B loading case in the force direction. 
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Only the curves in the 0/90/0 blocks, seen in Figure 30, became linear in the orthogonal 
direction. All other blocks force versus displacement curves looked similar to those seen in 
Figure 31. In these cases, the measured results were non-linear compared to the simulated 
results.  
 

 
Figure 30. Force versus displacement curve for 0/90/0 loading case in the orthogonal direction. 

 

 
Figure 31. Force versus displacement curve for 0/30/0-B loading case in the orthogonal direction. 

The stiffest tested loading arrangement was 0/45/0-A, followed by 0/90/0, 0/30/0-A, 0/45/0-B 
and 0/30/0-B. The stiffest simulated loading arrangement was 0/45/0-A, followed by 0/90/0, 
0/30/0-A, 0/45/0-B and finally 0/30/0-B.  
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In both loading arrangements 0/30/0-A and 0/30/0-B, the displacement in the force direction 
and orthogonal direction was positive in both the simulated and also the practical tested 
blocks. This can be seen in Figure 29 and Figure 31 for loading case 0/30/0-B. The same can 
be seen Appendix D for loading case 0/30/0-A. A picture showing the displacement in the X-
direction for the loading case 0/30/0-B is given by Figure 32. The colours make it easier to 
see the direction of displacement in the regions where the measuring points are positioned. 
Figure 33-36 show the displacement in the X-direction for loading arrangements 0/30/0-A, 
0/45/0-A, 0/45/0-B and 0/90/0. 
 

 
Figure 32. Deformation plot for loading case 0/30/0-B in the X-direction. The white crosses illustrate the measuring 
points in the orthogonal and force directions. The deformation is scaled by a factor of 10. [m] 
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Figure 33. A deformation plot for loading case 0/30/0-A in the X-direction. The white crosses illustrate the measuring 
points in the orthogonal and force directions. The deformation is scaled by a factor of 10. [m] 

 

 
Figure 34. A deformation plot for loading case 0/45/0-A in the X-direction. The white crosses illustrate the measuring 
points in the orthogonal and force directions. The deformation is scaled by a factor of 10. [m] 
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Figure 35. A deformation plot for loading case 0/45/0-B in the X-direction. The white crosses illustrate the measuring 
points in the orthogonal and force directions. The deformation is scaled by a factor of 10. [m] 

 

 
Figure 36. A deformation plot for loading case 0/90/0 in the X-direction. The white crosses illustrate the measuring 
points in the orthogonal and force directions. The deformation is scaled by a factor of 10. [m] 

The 0/90/0 simulated block seen in Figure 36 was the most similar to Figure 4’s colour 
pattern, which illustrates the true X-displacement in a sheared block.  
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In Table 7, the stiffness of each tested block is compared to the simulated result.  
 
Table 7. Stiffness of all tested and simulated blocks in the force direction. For the 0/90/0 blocks, the stiffness is also 
shown in the orthogonal direction. [kN/mm] 

Name: Model: Stiffness in 
force direction  Name: Model: Stiffness in 

force direction 
Bloc 2 0/45/0-A 62.69  Bloc 2 0/45/0-B 11.34 
Bloc 3 ¨ 72.50  Bloc 3 ¨ 8.34 
Bloc 4 ¨ 58.42  Bloc 4 ¨ 10.43 
Bloc 5 ¨ 52.96  Bloc 5 ¨ 10.71 
Average  61.64  Average  10.20 
STD  7.15  STD  1.13 
CV [%]  11.6  CV [%]  11.1 
FEM  74.91   FEM  19.06 
       
       

Name: Model: Stiffness in 
force direction  Name: Model: Stiffness in 

force direction 
Bloc 6 0/30/0-A -*  Bloc 6 0/30/0-B 8.12 
Bloc 7 ¨ 20.21  Bloc 7 ¨ 7.50 
Bloc 8 ¨ 32.38  Bloc 8 ¨ 7.65 
Bloc 9 ¨ 20.13  Bloc 9 ¨ 9.69 
Average  24.24  Average  8.24 
STD  5.76  STD  0.87 
CV [%]  23.8  CV [%]  10.6 
FEM  41.18   FEM  15.16 
       
       

Name: Model: Stiffness in 
force direction 

Stiffness in orthogonal 
direction**   

Bloc 1 0/90/0 34.86 -33.84   
Bloc 10 ¨ 27.40 -33.49   
Bloc 11 ¨ 26.75 -36.03   
Bloc 12 ¨ 25.84 -37.34   
Average  28.71 -35.18   
STD  3.59 1.58   
CV [%]  12.5 4.5   
FEM  42.25  -65.48    
*Bloc 6 was not tested in loading case 0/30/0-A.   
**Positive displacement.    
 
The greatest difference in stiffness between two blocks was between block 8 and 9 in loading 
case 0/30/0-A. Block 8 was 1.61 times stiffer than block 9 in the force direction. The lowest 
difference in stiffness was between block 9 and block 7 in loading case 0/30/0-B. Block 9 was 
1.29 times stiffer in the force direction than block 7. On average, the stiffest block was 1.40 
times stiffer than the weakest block in each loading case in the force direction.  
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The difference in stiffness is shown in Figure 37. 

 
Figure 37. Comparison between the measured block stiffness and the simulated block stiffness in the force direction 
for both loading arrangements, A and B.  
*Stiffness in the orthogonal direction for loading arrangement 0/90/0.  

The greatest difference in stiffness between the simulated result and the average block 
stiffness was in the case with 0/45/0-B blocks. The simulated block stiffness was 1.87 times 
higher than the tested blocks. The smallest difference was in the case of 0/45/0-A, where the 
simulated block stiffness was 1.21 times higher than the tested blocks. In all five cases, the 
simulated models were stiffer than the average block stiffness. In these cases, the simulated 
model was between 1.21–1.87 times stiffer than the average stiffness in the tested blocks. The 
relative stiffness change compared to an ordinary 0/90/0 block can be seen in Table 8.  
 
Table 8. Calculated relative stiffness change in a 0/90/0 block with different changes. All models were compared to the 
standard 0/90/0 block used in this study.  

Model: Change in model compared to a standard 0/90/0 bloc: Direction [%] 
Force: Orthogonal: 

1 Increase board width: +0.25mm (total 75.25cm) +1.1 +1.5 
2 Increase board width: +0.375mm (total 75.375cm) +1.7 +2.3 
3 Increase board width: +0.5mm (total 75.5cm) +2.1 +2.8 
4 1° rotated cut of the bloc +0.19 -0.19 
5 2° rotated cut of the bloc +0.36 -0.21 
6 ±1° randomly rotation of each board. -10.5 -12.3 
7 Model 6 with decreased gap width.  -7.1 -10.4 
8 Reduced gap between boards to 0.5mm +2.7 +3.5 
 
The greatest effect on the stiffness was the gap size between the boards. When the gap size 
between all boards was reduced to 0.5 mm, the stiffness increased by 2.7% in the force 
direction and 3.5% in the orthogonal direction. A rotated cut by 1° or 2° had the lowest affect 
on the stiffness. The stiffness increased more by reducing the gap size than by increasing the 
board width.  
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5 Discussion 
Wood is a material with a high variation of defects and quality within a single board. For the 
material used here, the material quality increased when the boards were divided into smaller 
pieces. During the split and cutting, the worst knot groups and defects were removed from the 
boards. In this way, the boards’ average quality increased.  

The four-point bending test resulted in high stiffness values compared to the boards’ stamped 
quality. One reason for this could be that boards with higher quality are sorted as a lower 
quality just because of the market demand. According to the simulations, the calculated 
stiffness of CLT for C24 boards is too high compared to the practical measured result. Also, 
during the four-point bending, the wood is deformed at all four supports. In this way, the 
loading case changes from a sort of low friction/frictionless to a kind of bounded loading 
case. If a four-point bending were performed in a FEM simulation, the result would be 
completely different, depending on how the supports interact with the clear wood sample.  

All the boards were cut and planed in the order they came in the larger board. This led to there 
being no mixing of the boards before the gluing. Therefore, a few blocks may have a higher 
concentration of higher quality boards than the other blocks. It could be seen in the material 
test that some wood pieces had a much higher modulus of elasticity than the others. All the 
boards were not planed at the same time: rather, they were planed in two groups. The first 
group was planed six days before the gluing process; while the second group was planed four 
days before the blocks were glued. According to some rules-of-thumb, the time between the 
planing and the gluing should be less than 24 hours to obtain an optimal glue line. In this 
case, it would not be possible to carry out the planing and also to cut all boards to the exact 
length in under 24 hours. One option could be to plane and glue a couple of blocks at the 
same time, instead of making everything in one batch. However, there was not enough time.  

One problem seen in the building process was the variation in angles, and also the small 
rotation in each layer. This arose because of the size in the gluing frame. A sharp punch was 
needed to get the block out from the gluing frame. This indicates that the boards had rotated, 
or that the gap between the boards became larger than 1 mm. The gap between the block and 
the frame should have been less than 4 mm to reduce this problem. However, with a reduced 
size, the block would probably get stuck in the frame. It would also increase the time to place 
each board in the frame. An alternative could be to make a tight frame and take it apart to get 
each block out. However, if a board were too long, it would not fit in the frame. Perhaps the 
changes would not have affected the result in a positive way. If the frame is too tight, the 
pressing quality will be affected in a negative way due to tensions in the boards created by the 
frame. Yet gluing would not have been possible without the built frame and glue-press. The 
result could have been worse if the blocks had been glued and pressed manually. Glue was 
spread equally on the surface, but it is difficult to assess how much of the surface was actually 
in contact with another board in the press. Small gaps could be seen between some boards. 
Block 6 was cut open to see whether the small gaps between the glued layers also existed in 
the block. Small gaps could be seen between some parts of the boards. The gaps were created 
by small variations in the board thickness and some skewness. To see whether glue was 
pressed out between the side edges, a glue line was inspected with a 10x scale lupe. It was not 
possible to see or conclude if glue had pressed out between the side edges.  
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The boards were not placed with respect to each board’s annual rings. This could affect the 
stiffness. The planer had too high press force on some of the slimmer boards. This led to the 
side edges becoming curved and therefore creating a larger contact surface. The problem was 
the effect of the gap. Some sawn boards had a bow. This made it impossible to keep the 1 mm 
gap between the boards.  

Another problem with the glue was the open time. It was too short to be sure of obtaining a 
good result. If a glue with a longer open time were used, perhaps there would not have been 
any concerns about the gluing process. The worst scenario was that the boards would not have 
been able to take any load. This did not happen; yet there was no reason to press the boards to 
rupture. The only simple reason for this was that stiffness was the target to measure. The first 
pressed block in loading case 0/30/0-B started to buckle downward. This phenomenon was 
then reduced by keeping the support under the block during the pressing. It is unclear whether 
the test set-up was made aligned. The pressing support could be tilted downward, therefore 
creating some buckling phenomena in the blocks. If the test set-up were redone, the procedure 
would have been different. At first, a pre-test should have been done on one block of each 
loading case. This would have been a good way to analyse the data, and then decide upon the 
desired load and displacement when testing the remaining blocks. It would also give an 
opportunity to make changes and adjustments to the test set-up. The variation of the testing 
method was not measured. One block should have been loaded and unloaded several times to 
be able to see the variation of the method. This could also have been carried out during the 
testing so the starting block would be pressed, for example, every fourth time.  

The simulated result was reached in two versions. First, with a finite sliding algorithm; and 
secondly with a small sliding algorithm. In general, the finite sliding models were weaker 
than the models with a small sliding condition. Only the finite models were chosen to be 
compared to the practical measured result. The small sliding models were not chosen because 
they increased the stiffness in all loading cases. This had made the difference between 
measured and calculated stiffness in all loading cases become larger. The stiffness with small 
sliding was between 1.01–1.10 times larger than the equal model with finite sliding, 
depending on the loading case. The smallest and largest differences were for the loading cases 
0/45/0-A and 0/45/0-B, respectively. Higher stiffnesses would also have been simulated if the 
contact condition between the support and the block had been seen as rough, where separation 
is not allowed. All changes in the deviation study did not give a major impact to 
increase/decrease the simulated stiffness. The mesh size was good enough.  

The best-adapted model for a shear test was the 0/90/0 model. It was closest to showing a 
similar behaviour as a true in-plane shear test. It seems that the other models rotated in the 
supports, so the shear test became more of a bending test.  

In some blocks in the tests, there was a contact between the side edges. This would increase 
the stiffness by a large factor. This is probably the factor with the largest affect on the result. 
By looking at the result and comparing the average block stiffness with the simulated 
stiffness, it seems that the loading arrangement with highest affect on the glue lines has the 
largest difference. The easiest and best-adapted model was in the loading arrangement 0/45/0-
A. In that case, there is (more or less) only compression of the standing 45° layer. It seems 
that the chosen glue could be the factor that adds elasticity to the blocks. The most interesting 
result from this study was the measured deformation in the 0/30/0 blocks, which also was 
confirmed or seen as plausible in the simulations. Also, all the difficulties seen when trying 
and planning this project and the result were similar to those arising in other studies. In the 
doctoral thesis made of Bosl the stiffness in the blocks also differed by a factor of 1.35 
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between the weakest and strongest (Bosl 2002). In this study, the factor was only slightly 
higher. To compare the result with earlier studies is not easy. The result of the stiffest block 
cannot be compared with earlier studies. In a previous result, the deformation is not separated 
according to directions/diagonals. It is shown as the total deformation of the complete block. 

6 Conclusions 
There are probably many sources of the difference between the measured result and the 
simulated values. However, FEM analysis is a good tool to analyse real loading arrangements. 
The used method to measure the deformation worked very well and has also been used by 
other workers. It was interesting that some phenomena seen in the practical testing could also 
be seen in the FEM models. The project started out with the hope of answering some 
questions about the 0/30/0 block, but has now ended with even more questions. One thought 
is how the stiffness would be affected if knots are positioned between two boards, in an 
adjacent layer. Would this have the same effects as the contact between the side edges? An 
other interesting project would be to construct CLT with a core of OSB or plywood.  

6.1 Suggestions	for	future	tests	
• Measure displacement on both sides of the block. 
• Press at least some blocks up to rupture. 
• Load cycling before test load. 
• Measure the deformation at more points. 
• Use a larger/smaller contact surface between the support and the block. 
• Try other boundary conditions for FEM simulations. 
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Appendices 

A. Appendix:	Cutting	list.	
All board dimensions are given in Table A1. Each dimension is shown in total for all models. 
A description of the used lengths and angles can be seen in Figure A1. 
 
Table A1. Summary table with all dimensions of the used boards to build the cross-laminated blocks used in the 
experiment. All measurements and the board named “special” can be seen in Figure A1. 

 
 
 

 

 
a). An explaining picture to the values showed 
in Table A1. 

b). The board named “special” in Table A1. 

Figure A1. Description of the dimensions and the dimensions of the board named “special” in Table A1 
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B. Appendix:	Mesh	study	
In Figure B1-B5, all force versus variables curves for each model are presented. The variables 
are equal to the degrees of freedom in the simulated model.  

 
Figure B1. Force versus variables curve for the 0/90/0 model. The blue dots show different mesh size: 100, 75, 50, 25, 
10 and 5 mm. 

 
Figure B2. Force versus variables curve for the 0/45/0-A model. The blue dots show different mesh size: 100, 75, 50, 
25, 10 and 5 mm. 

 

 
Figure B3. Force versus variables curve for the 0/45/0-B model. The blue dots show different mesh size: 100, 75, 50, 
25, 10 and 5 mm. 
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Figure B4. Force versus variables curve for the 0/30/0-A model. The blue dots show different mesh size: 100, 75, 50, 
25, 10 and 5 mm. 

 

 
Figure B5. Force versus variables curve for the 0/30/0-B model. The blue dots show different mesh size: 100, 75, 50, 
25, 10 and 5 mm. 
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C. Appendix:	Four-point	bending	force	versus	displacement	curves.	
All the force versus displacement curves from the four-point bending tests are given in 
Figures C1-C19. 
 

 
Figure C1. Force versus displacement curve for sample 1 in four-point bending. 

 

 
Figure C2. Force versus displacement curve for sample 2 in four-point bending. 
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Figure C3. Force versus displacement curve for sample 3 in four-point bending. 

 

 
Figure C4. Force versus displacement curve for sample 4 in four-point bending. 
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Figure C5. Force versus displacement curve for sample 5 in four-point bending. 

 

 
Figure C6. Force versus displacement curve for sample 6 in four-point bending. 
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Figure C7. Force versus displacement curve for sample 7 in four-point bending. 

 

 
Figure C8. Force versus displacement curve for sample 8 in four-point bending. 
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Figure C9. Force versus displacement curve for sample 9 in four-point bending. 

 

 
Figure C10. Force versus displacement curve for sample 10 in four-point bending. 
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Figure C11. Force versus displacement curve for sample 11 in four-point bending. 

 

 
Figure C12. Force versus displacement curve for sample 12 in four-point bending. 
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Figure C13. Force versus displacement curve for sample 13 in four-point bending. 

 

 
Figure C14. Force versus displacement curve for sample 14 in four-point bending. 
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Figure C15. Force versus displacement curve for sample 15 in four-point bending. 

 

 
Figure C16. Force versus displacement curve for sample 16 in four-point bending. 
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Figure C17. Force versus displacement curve for sample 17 in four-point bending. 

 

 
Figure C18. Force versus displacement curve for sample 18 in four-point bending. 
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Figure C19. Force versus displacement curve for sample 19 in four-point bending. 
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D. Appendix:	All	curves	
All force versus displacement curves for 0/45/0-A and B can be seen in Figure D2, Figure D3, 
Figure D6 and Figure D7. All force versus displacement curves for 0/30/0-A and B can be 
seen in Figure D4, Figure D5, Figure D8 and Figure D9. The force versus displacement 
curves for 0/90/0 are shown in Figure D1 and Figure D10. The plots are divided into 
measuring direction: force direction and orthogonal direction. The former is measured 
displacement in the force direction. The latter, on the other hand, is measured displacement 
orthogonal to the force direction.  
 
Force-direction: 
 

 
Figure D1. Force versus displacement curve for 0/90/0 loading case in the force direction. 

 

 
Figure D2. Force versus displacement curve for 0/45/0-A loading case in the force direction. 
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Figure D3. Force versus displacement curve for 0/45/0-B loading case in the force direction. 

 
Figure D4. Force versus displacement curve for 0/30/0-A loading case in the force direction. 

 

 
Figure D5. Force versus displacement curve for 0/30/0-B loading case in the force direction. 
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Orthogonal direction: 

 
Figure D6. Force versus displacement curve for 0/45/0-A loading case in the orthogonal direction. 

 

 
Figure D7. Force versus displacement curve for 0/45/0-B loading case in the orthogonal direction. 

 

 
Figure D8. Force versus displacement curve for 0/30/0-A loading case in the orthogonal direction. 
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Figure D9. Force versus displacement curve for 0/30/0-B loading case in the orthogonal direction. 

 

 
Figure D10. Force versus displacement curve for 0/90/0 loading case in the orthogonal direction. 
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