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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 

𝐺̅lr,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 𝐺̅lr,i (see Eq. (3)).  

 

𝐺∗ = 𝐺𝑙𝑟/𝐺̅𝑙𝑟,𝑖  (3) 
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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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