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Abstract 

Cross-laminated timber (CLT) is a building component used in walls, floors, 

roofs, or beams in a building. The advantages of using CLT as a building 

component are, among others, its high load-carrying capability and the 

possibility of pre-fabrication. The in-plane shear properties of a CLT panel are 

the in-plane shear modulus and in-plane shear load carrying capacity. This thesis 

is solely about the in-plane shear modulus and is intended to increase the 

understanding about the in-plane shear modulus of CLT panels. The in-plane 

shear modulus is important and there is a need to better understand and 

estimate its value. The objective of this work was to contribute to the need of 

finding a suitable test method to measure the in-plane shear modulus of CLT 

panels and to find factors affecting the in-plane shear modulus.  

Three different methods: the picture frame test, the diagonal compression 

test and the diaphragm shear test, were used in practice and compared to a 

theoretical test method, the pure shear test. The three methods were 

compared by conducting experimental tests and by simulating the methods 

using finite element (FE). Based on the FE simulations, an equation to calculate 

the shear modulus was created for each test method.  

Results from the FE analyses showed that the picture frame test gave results 

similar to the theoretical pure shear test models. The reason for this result was 

that the picture frame test is a biaxial testing method. The diagonal compression 

test and the diaphragm shear test are uniaxial test method. It was also 

concluded that the picture frame test has a pure shear state in the measured 

region. The mean error for the in-plane shear modulus equations was 

estimated, by comparing results from practical testing and FE simulations, to be 

-2.5%, +12.6% and +11.8% for the picture frame test, diagonal compression test 

and diaphragm shear test, respectively. The diagonal compression test was the 

preferred method to use with respect to its simplicity.  

The factors having an impact on the in-plane shear modulus were found by 

comparing multiple FE simulations. The results showed that it is possible to 
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increase the in-plane shear modulus by: increasing the odd numbered layers 

width-to-thickness ratio; decreasing the odd layers thickness ratio of the CLT 

panels thickness; increasing the number of layers; reducing the gaps between 

boards; and using alternative main laminate directions. 
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Sammanfattning 

Korslimmat trä (KL-trä) är en byggnadskomponent som används för väggar, 

golv tak eller balkar i en byggnad. Positiva egenskaper hos KL-trä är bl.a. hög 

lastbärningskapacitet och möjlighet till prefabrikation. Skjuvmodulen i planet 

och lastbärighetsförmågan i planet är båda viktiga skjuvegenskaper. Den här 

avhandlingen handlar om KL-träs skjuvmodul i planet. Avsikten med arbetet är 

att öka kunskapen om hur man kan mäta, beräkna och påverka skjuvmodulen. 

Målet är att jämföra metoder för att mäta skjuvmodulen och att hitta vilka 

faktorer som påverkar den.  

Tre olika metoder: picture frame test, diagonal kompressionstest och 

diafragmaskjuvtest har testats i experimentella försök och resultaten har 

jämförts med den teoretiska provmetoden rent skjuvtest. Jämförelser har gjorts 

med experimentella resultat och finita element (FE) simuleringar. En ekvation 

för att beräkna skjuvmodulen i planet togs fram för varje provmetod. 

Picture frame testerna gav liknande resultat som de rena skjuvtesten. 

Orsaken till detta resultat var att picture frame testen är en tvåaxlig 

provningsmetod. De diagonala kompressionstesten och diafragmaskjuvtesten 

är en enaxlig provningsmetod. En slutsats blev att ren skjuvning råder i 

mätzonen för picture frame testerna. Medelfelet för skjuvmodulen i planet 

uppskattades genom FE simuleringar och praktisk provning till -2,5% för picture 

frame testen, +12,6% för diagonala kompressionstesten och +11,8% 

diafragmaskjuvtesten. På grund av de diagonala kompressionstestens enkelhet, 

ansågs den vara den mest användbara metoden.  

Med hjälp av FE simuleringar kunde faktorer som påverkar skjuvmodulen i 

planet hittas. Resultaten visade att det är möjligt att öka skjuvmodulen i planet 

genom att, individuellt eller tillsammans, ändra följande: öka de udda skiktens 

bredd-tjockleksförhållande; minska de udda lagrens tjockleksförhållande i 

jämförelse med den totala paneltjockleken; öka antalet lager; minska storleken 

på gapet mellan brädorna; använda alternativa huvudriktningar. 
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Notation 

Greek 

αd Adjustment factor diaphragm shear test 
αdc Adjustment factor diagonal compression test 
γ In-plane shear angle 
γxy In-plane shear strain 
γxz Transverse shear strain 
γyz ” 
Δ Displacement in both active and passive direction 
Δactive Displacement in active direction 
Δpassive Displacement in passive direction 
εx In-plane strain 
εy ” 
κx Curvature 
κxy ” 
κy ” 
τ Shear stress 

 

Latin 

D11 Element of the global stiffness matrix [Nm] 
D12 ” 
D22 ” 
D33 ” 
D44 Element of the global stiffness matrix [N/m] 
D55 ” 
D66 ” 
D67 ” 
D77 ” 
D88 ” 
dy Deformation in y-direction 
El Longitudinal modulus of elasticity 
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Er Radial modulus of elasticity 
Et Tangential modulus of elasticity 
Fs Force applied during pure shear 
Fd Force increment during diaphragm shear test 
Fdc Force increment during diagonal compression test 
Fp Force increment during picture frame test 
G In-plane shear modulus (CLT panel only) 
Glr In-plane shear modulus 
Glr,i In-plane shear modulus for layer i 

�̅�lr,i Mean in-plane shear modulus for a CLT panel (material) 
Glt Bending shear modulus 
Grt ” 
G* Material independent (relative) shear modulus 
k33 Unitless adjustment factor 
k44 ” 
k55 ” 
k88 ” 
L Side length of the measuring zone 
Ld Length of CLT diaphragm 
Leff Effective side length (reduction due to holes and cut-outs) 
Lm Length between measuring points 
Ls Support length in diagonal compression test 
Lt Side length of the CLT panel during diagonal compression and 

picture frame test 
Mx Bending moment [Nm/m] 
Mxy Twisting moment [Nm/m] 
My Bending moment [Nm/m] 
Nx In-plane force [N/m] 
Nxy In-plane shear force [N/m] 
Ny In-plane force [N/m] 
Vxz Transverse shear force [N/m] 
Vyz ” 
w Width of the boards independent of layer 
we Width of the boards in the even-numbered layers 
wo Width of the boards in the odd-numbered layers 
Rx Curvature radius 
Ry ” 
t Thickness of the CLT panel 
te Thickness of the boards in the even-numbered layers 
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ti Thickness of layer i  
to Thickness of the boards in the odd-numbered layers 
u Gap width between the boards 
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1. Introduction 

Using timber for multi-storey buildings has specific challenges when it comes 

to design. These challenges need to be handled so that the benefits of using 

timber in tall buildings can be maximised [1]. Cross-laminated timber is a 

building component mainly used for walls, roofs, floors or for beams. A common 

acronym for cross-laminated timber is CLT and this name will be used 

throughout this thesis. CLT is a rather recent and innovative engineered wood 

product that is useful in timber buildings in general, and especially in tall 

buildings. CLT was developed in the early 1990s to create a market for 

sideboards from the sawmill industry [2,3]. It is a favourable building 

component mainly due to its load-carrying properties and the possibility of pre-

fabrication [2].  

The in-plane shear properties of CLT panels are important properties during 

designing of tall buildings and these properties are one of the reasons why a tall 

wooden building designed with CLT walls can withstand e.g. wind loads. An in-

plane deformation of a tall building, due to a wind load, is illustrated in Fig. 1. 

 

Fig. 1 Shearing of a building by a wind load 
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The walls parallel to the wind direction are subjected to shearing forces. In 

small traditional stud-wall structures, shear forces are resisted by using panels 

(e.g. plywood, fibreboard, etc.) screwed or nailed to the stud-wall structure. In 

larger beam structures, bracings are used to take the shearing forces. These 

bracings are usually a strap or rod made of metal and mounted in an angle. In a 

building, all or some of the walls are designed to withstand the shearing forces. 

These walls are denoted as shear walls. CLT, which is a panel, can be used as 

shear walls.  

The in-plane shear properties of a CLT panel are the in-plane shear 

stiffness/modulus and the in-plane shear load carrying capacity. This thesis is 

solely about the in-plane shear stiffness/modulus. The in-plane shear load of a 

CLT panel is illustrated in Fig. 3e.  

The in-plane shear stiffness/modulus is a property used when describing a 

CLT panel as a solid three-dimensional or two-dimensional continuum material. 

The in-plane shear modulus/stiffness is called in-plane in order to distinguish it 

from the out-of-plane shear modulus, also denoted as the bending shear 

modulus. For a material, this property is denoted as the (in-plane) shear 

modulus, while in the case of a structure, it can be denoted as the in-plane shear 

stiffness. In this thesis, this property will be denoted as the in-plane shear 

modulus because the CLT is seen as a material rather than a structure.  

1.1. Background 

When designing a tall wooden building, the challenge is to design it to be 

sufficiently stiff. Even small and, according to the building codes, acceptable 

movements of the building may create discomfort for the occupants [4]. A 

higher stiffness of the building can be achieved by using a building material with 

a high in-plane shear modulus. One solution can be to use a CLT structure where 

a high in-plane shear modulus of the CLT panels can be exploited. This also 

requires stiff connectors between the building parts. However, at present, the 

understanding of the in-plane shear modulus of CLT panels is insufficient.  
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1.2. Research objective 

The objective of the work presented in this thesis is to contribute to the need 

to find suitable methods to measure the in-plane shear modulus of CLT panels, 

and also to find the factors that affect the in-plane shear modulus. The content 

of the work is related to finite element simulations of the in-plane shear 

modulus of CLT panels and also to experimental tests and finite element 

simulations of the analysed methods.  

The objectives of this work are: 

• To test three different methods for measuring the in-plane shear 

modulus.  

• To analyse the three tested methods by simulating them in the finite 

element software Abaqus [5] and to create an equation to calculate the 

in-plane shear modulus of the tested CLT panels for each method. 

• To compare the three methods to the theoretical pure shear test. 

1.3. Outline 

The thesis consists of an introductory part which gives an overview of CLT 

panels, finite element simulations of CLT panels, the in-plane shear modulus and 

the experimental methods. That part is followed by six appended papers. The 

introduction gives a general background to the subject and the research 

objectives. The following parts discuss CLT panels as a material and how to 

model them in finite element simulations. Afterwards follows a section 

describing each analysed experimental method and a summary of the important 

results.  

A summary of the appended papers is also presented to give a fast overview 

of the content. Finally, the thesis ends with the conclusions, future work, and 

the main contributions the appended papers have made in the studied field.  
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2. Cross-laminated timber 

Cross-laminated timber (CLT) is a plate-like structure normally built-up by 

crosswise directed wooden boards in layers. CLT is built-up by several layers, 

typically an odd number. The layers are numbered 1, 2, 3, 4, …, where layers 1, 

3, … are denoted the odd-numbered layers and layers 2, 4, … are denoted the 

even-numbered layers. It is most common to use three, five, seven or nine 

layers, although CLT panels with an even number of layers also exist. Each layer 

has a main fibre direction which corresponds to the fibre direction of the 

individual boards. This is denoted the main laminate direction of the layer. The 

main laminate directions in a CLT panel are usually illustrated by numbers 

separated by a dash or a slash symbol for each layer. As an example, for a 

traditional crosswise arranged 5-layer panel this becomes 0°/90°/0°/90°/0°. The 

material and properties of the chosen wooden boards, and the number of layers 

will determine the properties of the final CLT panel.  

CLT panels can be built by adding gaps between the parallel boards, or 

with/without glued side edges. In the case of glued side edges, the parallel 

boards in a layer are glued side-by-side. The layers are always glued to each 

other. This thesis focuses on the shear modulus of non-edge glued CLT panels.  

CLT panels, viewed as a two-dimensional continuum material, may be 

modelled with Mindlin‒Reissner plate theory. These models are fast and yield 

practical outputs. However, if the CLT panels are not edge glued, the 

simplifications used within two-dimensional methods yield results that may 

differ from three-dimensional calculations. Some programs offer the possibility 

of changing the values in the stiffness matrix, compensating for non-edge glued 

CLT panels. Eq. (1) shows the stiffness properties for a crosswise arranged CLT 

panel consisting of several layers [6]. In the case of a CLT panel with non-

traditional crosswise main laminate directions (other than 0° and 90°), some 

elements in Eq. (1) take values other than zero. Dij are elements of the global 

stiffness matrix (unit Nm) for D11, D12, D22 and D33; unit N/m for D44, D55, D66, 

D67, D77 and D88. The expression of the Dij elements in the matrix is a weighted 
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summation of the material parameters for each layer. Also the thickness and 

main laminate direction are considered in this summation. k33, k44, k55, and k88 

are the scale factors for different elements of the global stiffness matrix.  

{
 
 
 
 

 
 
 
 
𝑀𝑥

𝑀𝑦

𝑀𝑥𝑦

𝑉𝑥𝑧
𝑉𝑦𝑧
𝑁𝑥
𝑁𝑦
𝑁𝑥𝑦}

 
 
 
 

 
 
 
 

=

[
 
 
 
 
 
 
 
 
𝐷11 𝐷12 0 0 0 0 0 0

𝐷22 0 0 0 0 0 0

𝑘33𝐷33 0 0 0 0 0

𝑘44𝐷44 0 0 0 0

𝑘55𝐷55 0 0 0

𝑆𝑦𝑚. 𝐷66 𝐷67 0

𝐷77 0

𝑘88𝐷88]
 
 
 
 
 
 
 
 

{
 
 
 

 
 
 
𝜅𝑥
𝜅𝑦
𝜅𝑥𝑦
𝛾𝑥𝑧
𝛾𝑦𝑧
𝜀𝑥
𝜀𝑦
𝛾𝑥𝑦}

 
 
 

 
 
 

 (1) 

The direction of the forces and moments on a CLT panel expressed in 

Mindlin‒Reissner plate theory is illustrated in Fig. 2. The resulting strains, 

curvatures and bending radius are shown in Fig. 3. 

 

Fig. 2 Direction of forces and moments used in the Mindlin‒Reissner plate theory 
where Myx = Mxy and Nyx = Nxy [Paper I]  
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Fig. 3 Transverse shear strains γxz and γyz are shown in (a) and (b), respectively. 
The curvatures κx, κy and κxy are shown in (c), (d) and (f), respectively. The in-
plane strain εx and εy and shear strain γxy are shown in (e). Rx and Ry are the 
bending radius [Paper I]  
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In this thesis, the primary interest was in the k88 × D88 factor presented in Eq. 

(1). This loading case is illustrated in Fig. 3e. In Eq. (1), D88 is equal to the sum of 

ti × Glr,i of each layer with thickness, ti, and shear modulus, Glr,i,. The k88 factor is 

used to compensate for the non-edge glued layers during in-plane loading. Thus, 

using k88 = 1 corresponds to an edge glued CLT panel. This means that a non-

edge glued layer is represented by edge glued layer reduced by k88. In the 

general case, different layers can have different values of Glr,i,. This makes it 

reasonable to illustrate the material data based on each layer. For a non-edge 

glued CLT panel, the “global” in-plane shear modulus Glr can be calculated as 

 

𝐺𝑙𝑟 =
∑ 𝑡𝑖 × 𝐺𝑙𝑟,𝑖
𝑖
1

𝑡
× 𝑘88 (2) 

 

More common is the in-plane shear modulus presented in a material 

independent value, denoted the relative in-plane shear modulus, G*. G* is 

calculated by dividing Glr by the mean value of Glr,i denoted �̅�lr,i (see Eq. (3)).  

 

𝐺∗ = 𝐺𝑙𝑟/�̅�𝑙𝑟,𝑖  (3) 
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3. Finite element analysis and experimental methods 

3.1. Finite element analysis 

Finite element (FE) analyses of the CLT panels were conducted in the 

commercial software Abaqus [5]. The CLT panels investigated in this thesis were 

modelled in three-dimensional to better represent reality. The CLT panels were 

modelled by arranging individual boards in a similar manner as in reality. The 

gaps between the side edges could be controlled by arranging the boards side-

by-side. Since the material data was applied to single boards, no reduction of 

the in-plane shear modulus (Glr,i) for the layers was needed to be able to 

represent a non-edge glued layer. 

An orthotropic linear elastic material model for wood was used in all FE 

models. A material-independent approach was used. This means that the 

material data in the simulation was based on the material ratios presented in 

the standard SS-EN 338 [7] (see Table 1). These material properties were 

assigned to each board. By that, the main laminate direction of the layer 

becomes the fibre direction (longitudinal modulus of elasticity, El) of the boards. 

By defining El, the radial, Er, and tangential, Et, modulus of elasticity and the 

shear modulus Glr, Glt and Grt could be calculated. The elastic modulus Et and Glt 

were set to Er and Glr, respectively. Based on the standard SS-EN 1995-2:2004 

[8], the Poisson’s ratios were set to zero in all FE simulations.  

 

Table 1 Material-independent properties used in the FE analysis. Fibre direction 
is denoted l, radial r and tangential t 

Er/El Glr/El Grt/Glr 

0.0336 0.0627 0.10 
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The wood classification C24 [7] was used as standard in the simulations. Due 

to the predefined material ratios (see Table 1), all simulations were made linear, 

which yields scalable results. Hence, the results were scaled to the 

corresponding El modulus measured in each case.  

The contact condition used to represent glue was created by restricting the 

separation (in the surface normal direction) and sliding (in the surface tangential 

direction) of the boards. For cases of non-edge glued models, only penetration 

between the side edges surfaces was prohibited, and sliding was allowed. To 

better represent non-edge glued CLT panels, no friction coefficient was used 

between the sliding surfaces.  

C3D20R cuboid (brick) elements were used for all models. In some models, 

other elements were used in combination with C3D20R elements. For example, 

in the picture frame test models, C3D15 wedge elements were used for the pins. 

The global mesh size was in normal cases set to 0.01 m. A larger global mesh 

was used for the computational heavy models. In this way, the largest models 

had over four million variables. One of the largest models is shown in Fig. 4. This 

figure is illustrating a 15 m long CLT wall after deformation by a surface traction 

force applied on the top edge.  

 

Fig. 4 One of the largest CLT panel models simulated [Paper V]  
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3.2. Experimental methods 

The in-plane shear modulus of CLT panels can be measured by several 

methods. In this part, three experimental methods (diagonal compression test, 

picture frame test and diaphragm shear test) and one theoretical method (pure 

shear test) are presented.  

3.2.1. Pure shear test 

The pure shear test was used in Papers I, III, IV and VI as a theoretical 

shearing method of a CLT panel, and only performed using FE simulations. The 

pure shear test is a basic way to define the in-plane shear modulus of a material. 

The number of pure shear test FE models used in Papers I, III, IV and VI was 177, 

8, 10 and 2, respectively. The in-plane shear modulus is usually defined as the 

shear stress, τ, divided by the resulting shear angle, γ. An illustration of the 

loading arrangement used is shown in Fig. 5. The shearing was made by 

restricting the movements of the corners denoted 1 and 4 and by surface 

traction forces, Fs, applied on the side edges of the CLT panel. The corner 

denoted 1 was restricted in the x, y and z-directions. The corner denoted 4 was 

restricted in the x and z-directions. G was calculated according to Eq. (4) and (5) 

by the measured displacement in the y-direction, dy, at the corner denoted 3. 

By assuming small deformations, the γ and τ could be defined according to Eq. 

(4) where L and t are the size and thickness of the CLT panel, respectively.  

 

𝜏 =
𝐹𝑠
𝐿𝑡
, sin(𝛾) ≈ 𝛾 =

𝑑𝑦

𝐿
 (4) 

𝐺 =
𝜏

𝛾
=
𝐹𝑠
𝑡𝑑𝑦

 (5) 
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Fig. 5 Loading arrangement of the pure shear test with the shear force, Fs, and 
the measured displacement, dy [Paper IV]  

To be able to compare the pure shear test to the diagonal compression test 

and the diaphragm shear test, a generalisation of the deformations of the pure 

shear test was done, see Fig. 6. It shows the same deformation of the CLT panel 

as shown in Fig. 5 but with a 45° rotated reference system. The outer shape of 

the CLT panel in Fig. 6 was excluded because only the central region was 

investigated. A pure shear behaviour in this central region is desirable in an 

experimental method.  

 

Fig. 6 Central region with side length L for a CLT panel during (solid line) and 
after (dashed line) shearing [Paper II]  
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3.2.2. Diagonal compression test 

The diagonal compression test is a method where the CLT panel is 

compressed in the direction of one diagonal, denoted the active direction. The 

other diagonal, denoted the passive direction, is left without deformation 

control. This was the easiest method to perform compared to all the methods 

used in this thesis. Another benefit of this method is that it is size-independent. 

This means that the test rig has no limit regarding the size of the tested CLT 

panel.  

The diagonal compression test was used earlier on CLT panels by Dujic et al. 

[9] and Andreolli et al. [10]. During diagonal compression, a nonuniform 

deformation of the tested CLT panel occurs. Thus, a nonuniform shear stress, τ, 

is created. In the study by Dujic et al. a uniform shear stress was assumed 

anyway and, in the case of Andreolli et al., a non-uniform shear stress was 

considered [8,9]. The equation used by Andreolli et al. [10] was derived from 

the work of Frocht, who created an equation to estimate the nonuniform shear 

stresses in a diagonally compressed isotropic plastic sample [11]. In Papers III 

and V, equations to calculate the in-plane shear modulus were created based 

on FE modelling. Both these equations corresponded better to the expected 

result based on the pure shear test. The equation created in Paper III was limited 

due to the size of the tested CLT panels. This issue was solved in Paper V, where 

a size-independent equation was presented. The new equation originated from 

the standard SS-EN 408 [12]. This equation was also used by Brandner et al. [13] 

during the diaphragm shear test.  

A load increment, Fdc, was applied on the top of the tested CLT panel, and 

the displacements, denoted Δ in the active and passive direction, were 

measured, as illustrated in Figs. 6-7. G was calculated according to Eq. (6). The 

distance between the measuring points was denoted Lm and the total size of the 

CLT panel Lt. An adjustment factor, αdc, was used to adjust for the nonuniform 

shear stress. This factor was dependent on the main laminate direction of the 

mid layer.  

 

𝐺 = 𝛼𝑑𝑐
𝐿𝑚

2√2𝑡𝐿𝑡

𝐹𝑑𝑐
|∆𝑎𝑐𝑡𝑖𝑣𝑒| + |∆𝑝𝑎𝑠𝑠𝑖𝑣𝑒|

   (6) 
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Fig. 7a-c show CLT panels with different main laminate directions. The 

method used in practice can be seen in Fig. 8.  

 

 

Fig. 7 3-layer CLT panels with a main laminate direction of the middle layer of 
90° (a), 45° (b) and 30° (c) during diagonal compression test. Grey scale shows 
the main laminate directions [Paper V]  

 

 

Fig. 8 Diagonal compression test [Paper II]  

In Paper V, the αdc factor was calculated to 2.52 for the CLT panels with the 

main laminate direction of the mid layer equal to 90°. In the case of 30° and 45°, 

the αdc factor was calculated to 7.15 and 6.56, respectively. By using Eq. (6) and 

a αdc = 2.52, a mean error based on FE analysis and the experimental test was 

calculated to 6.6% and 18.4%, respectively [Papers I, II, III, V, VI]. The large error 
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in the experimental test was due to the edge glued CLT panels used in the study 

presented in Paper V. In Papers III, V and VI, the number of diagonal 

compression test FE models was 12, 15 and 2, respectively. The number of CLT 

panels tested in the diagonal compression test in Papers II, V and VI was 30, 21 

and 9, respectively. 

In the cases of testing CLT panels containing alternative main laminate 

directions, both diagonals were tested individually. This means that the CLT 

panels were tested twice, one time for each diagonal. Please refer to Paper V 

for more information.  

A load versus displacement plot from an experimental test can be seen in 

Fig. 9. It shows that the active and passive deformations were not equal and 

that the displacement in the active direction was higher. This means that the 

CLT panel tested during the diagonal compression test does not deform equally 

in the active and passive directions.  

 

Fig. 9 Load versus displacement curves in the active and passive directions for 
5-layer CLT panels during the diagonal compression test [Paper VI] 
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3.2.3. Picture frame test 

In Paper II and IV, the picture frame test (also denoted as the direct shear 

test) was evaluated. It is a biaxial method because a compression and tensioning 

force is applied simultaneously to the CLT panel. The method is illustrated in Fig. 

10. It has earlier been used by Björnfot et al. [14], who based this idea of load 

transferring bolts on an earlier test method used for reinforced concrete [15]. 

Other authors have used methods like the picture frame test but with different 

load transferring methods: Bosl [16] used friction, Traetta et al. [17] and 

Bogensperger et al. [18] used glue, and Björnfot et al. [14] used bolts. The 

picture frame test method is also used to measure the in-plane properties of 

fabrics [19]. 

 

Fig. 10 Picture frame test in practice (a) and in illustration (b) [mm] [Paper II]  

In the picture frame test, the CLT panel was mounted between two frames 

created by four L-shaped beams, as shown in Fig. 11. The two frames were 

connected to each other by pins and load-transferring bolts and dowels. Due to 

the frame, the CLT panels cannot have an arbitrary size and must be pre-

machined by a CNC to get an accurate fit in the picture frame set-up.  
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Fig. 11 Exploded view of the picture frame with denoted parts [Paper II]  

An FE model of the picture frame test is illustrated in Fig. 12. In Paper IV, this 

model was used to evaluate if a pure shear state could be attained using the 

picture frame test. In Paper IV, 10 FE models of the picture frame test were 

investigated and in Paper II 25 CLT panels were tested using the picture frame 

tests. 

 

Fig. 12 Picture frame with mounted CLT panel (a) and empty frame (b) [Paper 
IV]  
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By forcing the CLT panel to follow the deformation of the frame, a 

deformation state similar to the pure shear test was achieved [Paper IV]. Based 

on the deformation in Fig. 6, an equation to calculate the in-plane shear 

modulus was created. Δ in this case was the mean value of the Δactive and Δpassive 

deformations. By using the cosine rule (Eq. (7)), and assuming small 

deformations, cos(90-γ) = sin(γ) ≈ γ and Δ2 ≈ 0, the shear angle could be 

calculated by Eq. (8). 

 

(𝐿𝑚 − ∆)
2 = 𝐿2 + 𝐿2 − 2𝐿2cos (90 − 𝛾) (7) 

 

𝛾 =
√2∆

𝐿
 (8) 

 

The shear stress for the picture frame test was defined as 

 

𝜏 =
𝐹𝑝

√2𝐿𝑡𝑡
 (9) 

 

From Fig. 10, it could be seen that L shown in Fig. 6 is equal to 0.4Lt, but due 

to the impact of holes and cut-outs, 0.475 was suggested [Paper IV]. This 

resulted in an efficient side length, Leff, of 505.3 mm. This length almost 

corresponded to L minus the two cut-out corners. The equation to calculate the 

in-plane shear modulus is presented in Eq. (10) [Paper IV]. 

 

𝐺 =
𝜏

𝛾
=
0.475

𝑡

𝐹𝑝

|∆𝑎𝑐𝑡𝑖𝑣𝑒| + |∆𝑝𝑎𝑠𝑠𝑖𝑣𝑒|
 (10) 

 

Based on FE analysis and the practical test, the mean error of Eq. (10) was 

estimated to 4.5% and -9.4%, respectively [Papers II, IV].  

A load versus displacement plot from an experimental picture frame test is 

shown in Fig. 13. In this test, no large difference could be seen between the 

active and passive directions. Hence, compared to the diagonal compression 

test and diaphragm shear test, this deformation corresponds better to a pure 

shear state.  
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Fig. 13 Load versus displacement curves in the active and passive directions for 
5-layer CLT panels during the picture frame test [Paper II]  
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3.2.4. Diaphragm shear test 

The diaphragm shear test was the newest test method of those presented in 

this thesis. The theory behind the method was first created by Kreuzinger et al. 

[20]. It was later tested in practice by Brandner et al. [13]. In this method, a 

rectangular CLT panel cut in an angle of 45° was used, as shown in Fig. 14. This 

means that the main laminate directions are not orthogonal and parallel to the 

outer edges of the CLT panel.  

In this test method, the CLT panel was sheared by a vertical compressing 

force, Fd, and the resulting deformations were measured in the central region 

of the CLT panel.  

 

Fig. 14 Diaphragm shear test with illustrated central region. Arrows show the 
main laminate directions of the odd (solid arrow) and even (dashed arrow) layers 
[Paper VI]  

Eq. (11) was used to calculate the in-plane shear modulus from a diaphragm 

shear test. It was earlier defined by Brandner et al. [13] and used in Paper VI. 

The active and passive deformations are measured for the load increment, Fd, 

and, according to Brandner et al. [13] and Silly [21], the adjustment factor, αd, 

was set to 1.0.  
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𝐺 = 𝛼𝑑
𝐿𝑚

2√2𝑡𝐿𝑡

𝐹𝑑

|∆𝑎𝑐𝑡𝑖𝑣𝑒| + |∆𝑝𝑎𝑠𝑠𝑖𝑣𝑒|
 (11) 

 

In Paper VI, two FE models was used to simulate the diaphragm shear test. 

In Paper VI, nine CLT panels were tested in the diaphragm shear test. The mean 

error using Eq. (11) and FE analysis was estimated to 3.2%, while the mean error 

for the experimental tests was estimated to 20.4% [Paper VI]. The large error 

measured in practice was due to non-uniform deformations of the CLT panels 

and it was also suspected that the side edges were partly glued. Fig. 15 shows a 

picture from a practical diaphragm shear test.  

 

 

Fig. 15 Diaphragm shear test with attached displacement transducers [Paper VI]  

A load versus displacement plot from a practical diaphragm shear test is 

shown in Fig. 16. The largest deformation of the central region was measured in 

the active direction. This situation resembles the diagonal compression test, 

where the passive direction does not deform equally to the active one. This 

similarity is because the diaphragm shear test is compressing the central region 

in a similar manner to the diagonal compression test.  
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Fig. 16 Load versus displacement curves in the active and passive directions for 
5-layer CLT panels during the diaphragm shear test [Paper VI]  
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4. Summary of important results 

4.1. Experimental methods 

By looking at how the central region of the CLT panels deforms during 

testing, the method most similar to the pure shear test was the picture frame 

test. This method was also the only biaxial test method analysed in this thesis, 

and it was the only experimentally tested method where a pure shear state, in 

the central region, could be seen. However, the picture frame test is not the 

easiest method to use due to its size limitation and sample preparations.  

A comparison between the deformation of a CLT panel using the diaphragm 

shear test, diagonal compression test and pure shear test is presented in Figs. 

17-18. In the diagonal compression test a wavy deformation pattern was seen. 

This effect was due to rotation of the CLT panel between the two supports. A 

similar rotation could also be seen for the diaphragm shear test. Why this 

rotation does not occur in the pure shear test simulation is because the panel is 

not compressed, but sheared.  

Based on FE analysis, the diaphragm shear test had the lowest estimated 

error, 3.2%. From practical measurements, however, the picture frame test had 

the lowest error, -9.4%. The diagonal compression test was judged to be most 

favourable among the methods to determine the in-plane shear modulus. This 

was because it was easy to perform and the error was not too large (6.6% by FE 

analysis).  
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Fig. 17 Deformation in x-direction for diaphragm shear test (a), diagonal 
compression test (b) and pure shear test (c). The presented deformation is relative 
to the maximum displacement [Paper VI]  

 

 

Fig. 18 Deformation in y-direction for diaphragm shear test (a), diagonal 
compression test (b) and pure shear test (c). The presented deformation is relative 
to the maximum displacement [Paper VI]  
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4.2. In-plane shear modulus 

In Paper I, an investigation of how the dimensions of the individual boards 

affect the in-plane shear modulus was done. It was estimated by performing FE 

simulations of CLT panels during the pure shear test. The results are shown in 

Fig. 19 and Fig. 20 for 3- and 5-layer CLT panels, respectively. Using these tables, 

k88 could be determined and the in-plane shear modulus for non-edge glued CLT 

panels could be calculated based on Eq. (2). The width and thickness of the 

boards were denoted wi and ti, respectively. Index i is for the even and odd 

layers denoted e and o, respectively. Areas with commonly used CLT material 

dimensions are illustrated in the figures by the dotted squares denoted PA.  

The board width-to-thickness ratios for the even- (we/te) and odd- (wo/to) 

numbered layers were used to obtain k88 from Fig. 19 and Fig. 20. Figs. 19-20 

show that the k88 value depends on the dimensions of the boards used to create 

the CLT panel. Hence, it is not recommended to use a general single value for 

k88 for all ratios of board widths-to-thicknesses. To simplify the use of Figs. 19-

20, a linear equation was produced, as Eq. (12) [Paper I].  

 

𝑘88 = 0.04 × 𝑤𝑜/𝑡𝑜 + 0.025(𝑛 − 3) + 0.5, 𝑛 = 3 𝑜𝑟 5 (12) 
 

This equation was valid in the range of wo/to = 3.0 to 7.0 and to/te ≥ 1.0. Figs. 

19-20 also show that k88 values higher than 0.85 are not practically possible for 

non-edge glued CLT panels.  

 



26 
 

 

Fig. 19 The reduction factor, k88, for 3-layer CLT panels. The black dotted square 
denoted PA shows the commonly used CLT material dimensions of wo/to and 
we/te [Paper I] 
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Fig. 20 The reduction factor, k88, for 5-layer CLT panels. The black dotted square 
denoted PA shows the commonly used CLT material dimensions of wo/to and 
we/te [Paper I]  

The impact of gaps between the boards on the in-plane shear modulus has 

earlier been described by Moosbrugger et. al [22] with the use of an analytical 

model, which was visualised and presented together with the results attained 

from the pure shear test FE simulations, shown in Fig. 21 [Paper I]. In Fig. 21, it 

can be seen that k88 decreases with an increasing gap width, u, and that the u/w 

ratio has a larger impact on k88 for lower w/t ratios. The 3- and 5-layer FE models 

had lower k88 values than the case of u = 0. This is probably due to the infinite 

number of layers used in the analytical model. At w/t ratios lower than 4, the 
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analytical model underestimated the k88 value. This is due to the twisting 

property assumed in the analytical model [Paper I].  

 

Fig. 21 The reduction factor, k88, for a non-edge glued CLT panel with a gap of 
size u (between boards). Equal board dimensions and an infinite number of layers 
are assumed in the analytical model [Paper I]  

The impact of alternating the main laminate directions in a 3-layer CLT panel 

on the in-plane shear modulus is shown in Fig. 22. By using other main laminate 

directions on the middle layer in a 3-layer CLT panel, an increase of the in-plane 

shear modulus can be achieved. The highest increase was for a main laminate 

direction of 45°. This occurs due to the bracing effect created by aligning the 

middle layer at 45°. At this angle, an increase by a factor of 2.6 was achieved 

(compared to the traditional 90° alignment). This effect was earlier estimated 

by Bosl to 2.0 [16]. The main reason for the difference between 2.6 and 2.0 is 

the difference in layer thicknesses. Bosl used 5-layer panels with only the middle 

layer (20% of the total thickness) arranged at 45° [16]. Fig. 22 is based on 3-layer 

CLT panels where the mid layer is arranged in the 45° direction (33% of the total 

thickness). 

In the case of a main laminate direction of 30°, an increase by a factor of 2.0 

was achieved, as shown in Fig. 22.  
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Fig. 22 Material-independent and dimensionless in-plane shear modulus, G*, and 
relative to 0°/90°/0° as a function of the main laminate direction in mid layer for 
a 3-layer CLT panel [Paper V]  

Based on Figs. 19-22, it was possible to increase the in-plane shear modulus 

by changing individually or in a group the following:  

• increase wo/to without changing the total thickness t 

• decrease to and keep wo, we and te constant  

• decrease ∑to/t  

• increase the number of layers (five instead of three)  

• reduce gaps between boards  

• change the main laminate directions (e.g. middle layer of 30° or 45° 

instead of traditional 90°). 
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5. Summary of appended papers 

5.1. Paper I 

An FE study was performed to calculate the in-plane shear modulus for a CLT 

panel tested in a pure shear test. Unitless dimensions were used to ensure that 

the result became independent of board dimensions. Mixed dimensions of the 

board were used in the odd- and even-numbered layers. The studied board 

width-to-thickness ratios were in the range from 1.6 to 102.4. Both 3- and 5-

layer CLT panels were analysed to investigate the effect of adding additional 

layers to a CLT panel. The study resulted in eight charts where the in-plane shear 

modulus, in relation to the boards’ shear properties, was shown. The charts 

were shown for 3- and 5-layer CLT panels with thickness ratios for the odd- and 

even-numbered layers from 0.5 to 2.0.  

Relation to thesis: The paper gave the fundamental results to which all other 

test and FE simulation results in Papers II–VI were compared. 

5.2. Paper II 

In this study, the diagonal compression test was compared to the picture 

frame test by using only experimental test results. Both test methods were 

explained in details and equations were established and used to determine the 

in-plane shear modulus for the tested CLT panels. In total, 14 and 11 3- and 5-

layer panels, respectively, were analysed using both test methods. Some 

additional CLT panels were used as a reference case.  

Relation to thesis: The paper described the picture frame test method and 

used it in practice.  
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5.3. Paper III 

The third paper was a continuation of the experimental test performed in 

Paper II. This paper focused on how to establish an equation to determine the 

in-plane shear modulus based on diagonal compression test results. Multiple FE 

models were created and analysed. In this study, the coefficient determined by 

Frocht [11] was excluded and a new coefficient was estimated based on the FE 

simulations and introduced to the equation. 

Relation to thesis: The paper was a part of the development of the equation 

to calculate the in-plane shear modulus from diagonal compression test results.  

5.4. Paper IV 

This paper was a continuation of Paper II. The focus was on the picture frame 

test method. The method was analysed using FE models to investigate if a pure 

shear state was reached during the tests and how to estimate a reduction factor 

due to the holes and cut-out in the CLT panel. The article concluded that a pure 

shear state could be assumed in the measured area. The equation was also 

adjusted due to the reduction of the CLT panel caused by holes and cut-outs. 

Relation to thesis: The paper determined the in-plane shear modulus 

equation to be used during a picture frame test.  

5.5. Paper V 

Paper V was a continuation of Paper III. In Paper III, the equation used to 

calculate the in-plane shear modulus was size dependent. Thus, a size-

independent equation was established in this paper to make the diagonal 

compression test more useful. The new equation was based on FE models and 

the standard SS-EN 408 [12]. By the approach in this paper, CLT panels with 

alternative main laminate directions such as 30° and 45° could be handled.  

Relation to thesis: The paper determined the in-plane shear modulus 

equation to be used during a diagonal compression test and the effect of using 

alternative main laminate directions.  
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5.6. Paper VI 

In the final paper, the diagonal compression test was compared to the 

diaphragm shear test both in practice and by using FE analysis. In this study, 

nine CLT panels were tested in both the diaphragm shear test and the diagonal 

compression test. The equation used for evaluating the results from the 

diaphragm shear test was developed by Brandner et al. [13] based on 

calculation by Kreuzinger et al. [20]. In this study, the equation from Paper V 

was used to calculate the in-plane shear modulus for the diagonally compressed 

CLT panels. In the FE analysis, both test methods had small error compared to 

the theoretical value. The diagonal compression test gave a more reliable result 

in practice. Comparing the two methods, a large difference in the measured 

results was seen. A reason for this may be the partly edge glued boards or non-

uniform deformation of the CLT panels.  

Relation to thesis: The paper illustrated the deformation differences 

between the diaphragm shear test and the diagonal compression test.  
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6. Conclusions 

The in-plane shear modulus is a material property in cross-laminated timber 

(CLT) panels. It is an important property during designing of tall wooden 

buildings. The thesis increases the understanding about the in-plane shear 

modulus and shows suitable experimental methods to estimate its value.  

Three different experimental methods: the picture frame test, the diagonal 

compression test and the diaphragm shear test, were used to investigate the in-

plane shear modulus of CLT. The methods were analysed and compared to the 

pure shear test using both experimental data and finite element results. The 

main conclusions are: 

• The diaphragm shear test had the lowest error (3.2%) of the three 

methods when it comes to determining the in-plane shear modulus.  

• The picture frame test had an error of -9.4%.  

• The most preferred test method was the diagonal compression test. 

It was an easy method to use, and the error estimated from finite 

element analysis was 6.6%.  

Based on pure shear test finite element simulations, the in-plane shear 

modulus of CLT panels can be increased by one or several of the following 

changes:  

• increase the odd numbered layers width-to-thickness ratio 

• decrease the ratio of the odd layers thicknesses and the CLT panel 

thickness  

• increase the number of layers  

• reduce gaps between boards  

• use alternative main laminate directions. 
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7. Main contribution 

The main contribution of this thesis to the field of study is the charts from 

which the in-plane shear modulus, based on board dimensions, can be 

estimated. From these charts, it is possible to conclude how a change of board 

dimensions would influence the in-plane shear modulus. Other contributions 

are the description and experience of the three reported practical methods and 

the estimated errors of each method. Also the descriptions and reported 

experiences of the finite element simulations and the derivation of the method 

of calculations of the in-plane shear modulus based on test results are further 

contributions to the field.  
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8. Suggestions for future work 

More practical testing is needed in order to refine the equation to calculate 

the in-plane shear modulus from the diagonal compression test. Tests using 

larger CLT panels, preferably CLT panels with a side length of at least 1.2m or 

more, should be studied in order to reduce the effect of errors arising from tests 

on too small CLT panels. More practical testing is needed for CLT panels 

constructed using alternative main laminate directions in order to also look at 

effects on other elastic moduli than the shear modulus. A study using CLT panels 

with more than five layers would be valuable.  
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