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Abstract Determining the mechanical properties of

cross-laminated timber (CLT) panels is an important

issue. A property that is particularly important for

CLT used as shear walls in buildings is the in-plane

shear modulus. In this study, a method to determine

the in-plane shear modulus of 3- and 5-layer CLT

panels was developed based on picture frame tests and

a correction factor evaluated from finite element

simulations. The picture frame test is a biaxial test

where a panel is simultaneously compressed and

tensioned. Two different testing methods are simu-

lated by finite elements: theoretical pure shear models

as a reference cases and picture frame models to

simulate the picture frame test setup. An equation for

calculating the shear modulus from the measured

shear stiffnesses in the picture frame tests is developed

by comparisons between tests and finite element

simulations of the CLT panels. The results show that

pure shear conditions are achieved in the central

region of the panels. No influence from the size of the

tested panels is observed in the finite element

simulations.

Keywords In-plane shear stiffness � Picture frame

method � CLT � Shear modulus � Finite elements

1 Introduction

Cross laminated timber (CLT) panels are normally

used in the building industry [1] for walls and flooring.

The popularity of CLT has increased due to its

prefabrication potential, relatively high strength to

weight ratio and reputation as an environmentally

friendly building material. CLT is a plate-like material

built up from boards in a crosswise arrangement in a

number of layers. The number of layers is odd or even

and at least three. The board material, the number and

arrangement of layers and the layer thicknesses define

the properties of CLT panels [2]. Since CLT is being a

relatively new construction material, many of its

properties are currently under investigation [3]. The

in-plane shear properties of CLT panels may limit the

possibility of constructing tall wooden buildings [4],

rendering the investigation of the in-plane shear

properties of CLT panels highly important.

The picture frame test (sometimes denoted as the

direct shear test) is a biaxial test commonly used for

determining the shear properties of textiles [5] but is
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used here for CLT panels. Earlier tests [6, 7] of textiles

have reported issues of reproducing picture frame

results due to difficulties in properly aligning the

textile fibres with the frame. A reason for this was the

problem of fixing the textile in the frame [7]. A size

effect was observed for textiles, namely that the

resulting values of shear stiffness for a textile

depended on the specimen size [7]. This may,

according to [7], be a textile related problem caused

by the increased friction between the threads due to the

increased textile area. For CLT, this frictional effect is

not an issue since the deformation between boards and

layers is mechanically different from the motion

between threads in textiles.

Another testing method to simulate shear is the

diagonal compression test. This method has been used

for testing of non-isotropic materials such as wood and

masonry walls, see [8] and [9]. The underlying

problem with this test method is the nonhomogeneous

stress state in the test sample, [10].

Numerous previous studies [11–15] have presented

experimental results for CLT using the picture frame

test. The main differences between the experimental

setups were the transfer of load from the frame to the

CLT panel: [11] used friction, [12] and [13] used glue

while [14] and [15] used bolts. A motivation for using

picture frame tests is that, according to [3], gross shear

tests may be more appropriate than single node tests.

However, using gross shear tests in favour of single

node tests introduces potential difficulties, such as

how to transfer the load to the CLT panel and how to

assure a pure shear condition in the whole of the tested

panel. There is no evidence that a CLT panel will

perform in a similar way to a textile fabric in a picture

frame test and none of the previous studies have

investigated whether a CLT panel in a picture frame

test is subjected to a pure shear condition. In addition,

it has not been analysed whether a size effect for CLT

exists for the picture frame test setup, e.g., using finite

element (FE) simulations. A size effect would mean

that the shear modulus obtained from a test would

depend on the size of the tested CLT panel and this

would be a serious shortcoming of the test method.

The purpose of this study is to confirm the

applicability of the picture frame test for CLT by

investigating whether a pure shear condition is

achieved in the measured region. In addition, also to

find the potential occurrence of a size effect. Finally,

an equation is presented for the calculation of the shear

modulus based on a picture frame test for CLT. The

equation is based on FE simulations on a pure shear

case and a picture frame case, and is believed to give

more reliable values for the shear modulus compared

to [14].

2 Materials and methods

2.1 Picture frame test

The test material and picture frame test setup were the

same as in the study by Turesson et al. [15]. Fourteen

3-layer and eleven 5-layer panels were tested (Fig. 1).

All panels were manufactured by a commercial CLT

producer. CLT panels were constructed by multiple

boards arranged side-by-side. Layers were crosswise

directed, meaning that the main fibre direction was 0�,
90� and 0� for the 3-layer panels and 0�, 90�, 0�, 90�
and 0� for the 5-layer panels. The board widths and

thicknesses were 180 and 29 mm for the 3-layer

panels and 156 and 20 mm for the 5-layer panels,

respectively. The boards were glued on the flat sides

(no edge gluing) with polyurethane glue. The

Fig. 1 Picture frame test setup with a CLT panel mounted and

s1 and s2 displacement transducers in the vertical and horizontal

directions, respectively. Loading is upwards at the top corner.

Fixation is at the lower corner
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dimensions of the CLT panels were 600 9 600 9 87

and 600 9 600 9 100 mm for the 3- and 5-layer

panels, respectively. The average modulus of elastic-

ity, El, for the boards was measured to be 10,714 and

10,863 MPa for the 3- and 5-layer panels, respec-

tively. The moisture content was measured on cut-out

clear wood samples to 8.6% and 7.4% for the 3- and

5-layer panels, respectively.

The picture frame was held at the bottom corner pin

and the force was applied as tension in the upper

corner pin, as shown in Fig. 1. The average shear

stiffness values obtained from the measurements of

deformations in the central region (Fig. 1) on sides 1

(s1, vertical direction) and 2 (s2, horizontal direction)

were �ks1s2 = 181.9 and 232.9 kN/mm for the 3- and

5-layer panels, respectively. Please refer to Turesson

et al. [15] for more details on the test procedure.

2.2 FE simulations

FE simulations were conducted with three-dimen-

sional models in the FE software Abaqus 6.14 [16].

Two different testing methods were simulated. One

simulated test method was of a CLT panel mounted in

the steel picture frame (Fig. 2) and the other simulated

test method was the CLT panel loaded in pure shear

(Fig. 5). Contact between individual board surfaces

was simulated using contact conditions. For flat side

surfaces, slip between two surfaces in contact was

prohibited and the surfaces were not allowed to

penetrate or separate from each other. An adjustment

zone of 1 mm was used to set the initial contact

between the contact surfaces. For adjacent side edges,

both conditions of no contact (no edge gluing) and

conditions of contact (edge gluing) were used. In cases

of edge gluing, the same contact conditions as

presented for flat side surfaces were used. No contact

conditions were applied in cases of no edge gluing.

Edge gluing was applied between boards for reference

comparisons between the picture frame and the pure

shear cases. Second-order cuboid FEs (denoted

C3D20R) were used with a global mesh size of

7.5 mm.

Both orthotropic and isotropic material properties

were used in the FE simulations. Models with

orthotropic material properties were used to represent

wood and the models with isotropic material proper-

ties were used for comparisons between the picture

frame and the pure shear FE simulations. The models

with isotropic material properties had an elastic

modulus of 300 MPa, a shear modulus of 120 MPa

and a Poisson’s ratio of 0.25. The orthotropic material

properties were setup according to SS-EN 338:2016

[17] (Table 1). The modulus of elasticity in the fibre

direction, El, was set to the values described in

Sect. 2.1. The Poisson’s ratios were set to zero, partly

because of a lack of reliable data and partly because

they were assumed to have a negligible effect on the

results. Furthermore, the Swedish standard Eurocode 5

advises the use of a Poisson’s ratio of zero [18], as

assumed in [19] and [20]. The moduli of elasticity in

the radial, Er, and tangential, Et, directions were set as

equal, as were the shear moduli in the fibre-radial, Glr,

(a) (b)

Dowels

Pin

Loading device

Steel frame 
member

Fig. 2 Frontside of a

3-layer CLT panel with

partitions mounted in the

picture frame (a) and
backside of an empty picture

frame with visible dowels

and corner pins (b)
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and fibre-tangential, Glt, planes. The rolling shear

modulus is denoted as Grt.

2.2.1 FE simulation of picture frame test

The steel shear frame and the attached CLT plate were

modelled as half models with a symmetry condition in

the thickness direction, see Fig. 2. Four steel frame

members with attached dowels transferred the load to

the mounted CLT panel. Each steel framemember was

modelled with attached load-transferring dowels and

two holes, one hole in each end. A rigid pin was

mounted in these holes. The force was applied

vertically upwards on the top pin via a loading device,

as shown in Fig. 2b. The bottom pin was fixed. All

parts of the picture frame, except the rigid top pin,

were assigned steel material properties with a modulus

of elasticity of 200 GPa and a Poisson’s ratio of 0.25.

Contact conditions between the components of the

picture frame were created by restricting the surfaces

from penetrating and separating during the FE simu-

lations. Movement between contact surfaces was

controlled by a friction coefficient of 0.01. This

contact condition was applied (Fig. 2) between the

dowels of the steel frame members and the holes of the

CLT panel, between the corner pins and the steel

frame members and between the top corner pin and the

loading device. The contacts between the steel frame

members and the outer layer surfaces of the CLT

panels were neglected.

The geometry of the CLT panels is illustrated in

Fig. 3. A cut-out of 60 9 60 mm was made in each

corner for the corner pins. Displacements were

measured at the ‘‘9’’-marks in Fig. 3. CLT panels

for the 3- and 5-layer models were created with two

types of lay-ups based on board positions, a symmet-

rical or a non-symmetrical lay-up, as shown in Fig. 3.

An overview of all CLT picture frame FE simula-

tions with orthotropic and isotropic material properties

is presented in Table 2. The FE simulations were

divided into symmetrical (Sy) and non-symmetrical

(Ns) board lay-ups with either isotropic (Iso) or

orthotropic (Ort) material properties. For the tested

CLT panels, there was no control of the board

positions within each layer. Only ten of sixteen

possible combinations were considered relevant and

used in the analysis.

2.2.2 Evaluation of shear modulus from picture frame

tests and FE simulations

The size of the CLT panel was L 9 L with

L = 600 mm. The size of the measured central region

was predetermined to be a 9 a where a = 0.4L, as

shown in Fig. 4. The in-plane shear modulus, G, for

the picture frame tests and FE simulations was

calculated as the shear stress s divided by the shear

strain c. The shear strain was defined by using the

cosine rule for describing the shear angle c created in

the central region (square a 9 a) due to a length

increase/decrease D of the displacement transducer,

with an initial length d, as shown in Fig. 4.

ðd � DÞ2 ¼ 2a2ð1� cosð90� cÞÞ; d ¼
ffiffiffi

2
p

a ð1Þ

For small deformations sin(c)& c and D2&0 we

obtain

c ¼
ffiffiffi

2
p

D
a

ð2Þ

To remove the effects due to holes and cut-outs, a size

of a fictious (smaller) panel Leff 9 Leff, without holes

and cut-outs was defined. The force F was distributed

on this smaller panel in order to calculate the shear

stress as

s ¼ F
ffiffiffi

2
p

Leff tclt
; ð3Þ

where tclt is the total thickness of the panel and Leff is

defined from

a ¼ rLeff ð4Þ

This means that if there was no effect of holes and cut-

outs, then Leff was equal to L and the constant r should

be equal to 0.4 (note that this was the case in [14] and

[15]). If there was an effect of holes and cut-outs, then

r would be [ 0.4 and Leff would be \ L. From

Eqs. (2)–(4) the shear modulus G became

Table 1 Orthotropic material properties for wood used in the

FE simulations

El (MPa) Er/El Glr/El Grt/Glr

From test 0.0336 0.0627 0.10

Index l denotes fibre direction, r denotes radial direction and

t denotes tangential direction. Grt is the rolling shear modulus
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G ¼ s
c
¼ F

D
� r

2tclt
¼ k � r

2tclt
ð5Þ

where k is the shear stiffness value taken from the

slope of the load displacement F–D curves. The value

of the constant r was unknown at first but later

evaluated based on the results from several FE

simulations and comparisons between calculated

G values with Eq. (5) and calculated in-plane shear

modulus, Gp, from the pure shear FE simulations. The

least squares method (LSM) was used to find the

optimum value for r and a coefficient of determina-

tion, R2, from several comparisons.

Fig. 3 Symmetrical board lay-up (a) and non-symmetrical board lay-up (b) for the 3-layer panel in the picture frame FE simulation.

The 9 marks denotes the points where the displacements were measured (mm)

Table 2 3- and 5-layer FE simulations of picture frame tests

Model 3-layer ‘‘3’’

5-layer ‘‘5’’

Edge-glued

‘‘Eg’’

Symmetrical board

lay-up ‘‘Sy’’

Non-symmetrical

board lay-up ‘‘Ns’’

Isotropic

material ‘‘Iso’’

Orthotropic

material ‘‘Ort’’

3SyOrt 9 9

3NsOrt 9 9

5SyOrt 9 9

5NsOrt 9 9

3EgSyOrt 9 9 9

5EgSyOrt 9 9 9

3SyIso 9 9

5SyIso 9 9

3EgSyIso 9 9 9

5EgSyIso 9 9 9
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2.2.3 FE simulation of pure shear models

FE simulation models were created with the same

board and outer dimensions as the panels in the picture

frame tests and FE simulations, i.e., 600 9 600 mm.

There were no holes and cut-outs in the models. Both

symmetrical and non-symmetrical board lay-ups were

used for both the 3- and 5-layer panels. See Table 2 for

more information about the models. The CLT models

were loaded with surface traction shear forces Fs on

the four side edges of the panel (Fig. 5). The panels

were kept in position by locking the movement of the

first corner in the x and y directions, and the x direction

for the fourth corner. A symmetry plane in the middle

was used in the z direction (thickness direction of the

panel) to reduce the calculation time and to prevent

movement.

The pure shear modulus Gp was calculated as

Gp ¼
s
u
¼ Fs

tcltdy
ð6Þ

where tclt is the total thickness of the panel and dy is the

displacement in the y direction.

3 Result and discussion

Examples of results from the FE simulations of picture

frame tests and pure shear models are shown in Fig. 6.

Deformations near edges were influenced by individ-

ual board edges.

The results from the two simulated methods are

presented in Table 3. The shear modulus Gp [Eq. (6)]

from pure shear FE simulations is shown in the first

column of Table 3 for ten combinations of symmetric

and nonsymmetric, edge glued and non-edge glued,

isotropic and orthotropic materials and 3 and 5 layer

panel variants. Only ten of sixteen possible combina-

tions (see Table 2) were considered relevant and used,

as shown in Table 3. The second column shows shear

stiffnesses k from picture frame FE simulations and

the third column shows the corresponding shear

modulus G [Eq. (5)] calculated with r = 0.475. This

Fig. 4 CLT panel of size L 9 L in picture test (a). Fictitious
CLT panel of size Leff 9 Leff (b). The dash-dotted line

represents the deformed shape of the central region of the panel

after shearing. The plus symbols show the positions for

measured displacements of the central region before shearing

Fig. 5 Loading arrangement for the pure shear 3-layer model

with a non-symmetrical board lay-up. Fs is the shear force and dy
the measured displacement in y direction at corner number three
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r value was determined by using LSM to fit values of

G to values of Gp in the best possible way for the ten

combinations shown in Table 3. This LSM resulted in

r = 0.475 with a R2 value of 0.99, which means an

efficient side length, Leff, of 505.3 mm. Interestingly,

this Leff is approximately equal to the side length

L minus the lengths of the two corner cut-outs, as

shown in Fig. 4.

The corrected version of Eq. (5) for the shear

modulus G became

G ¼ k � 0:475

2tclt
ð7Þ

The edge glued and isotropic models, 3EgSyIso and

5EgSyIso in Table 3 resulted in a Gp of 119.7 MPa,

which was as expected based on the isotropic material

data with a shear modulus of 120 MPa. This showed

that there was a pure shear state in the pure shear FE

simulations, as also confirmed visually in Fig. 6. The

results for the orthotropic models (3EgSyOrt and

5EgSyOrt in Table 3) were as expected equal to the

value of the shear modulus in fibre-radial Glr (and

fibre-tangential Glt) directions. There was no differ-

ence in Gp between the symmetrical and non-sym-

metrical board lay-up models (3SyOrt versus 3NsOrt

and 5SyOrt versus 5NsOrt).

The mean error of the least square fit was 1.7%. The

largest error of - 13.0% was for the non-symmetrical

model 3NsOrt. This large error occurred because the

pure shear model was not sensitive to symmetrical or

Fig. 6 FE simulation results with magnified deformation. Colours show the relative magnitude of deformation in y direction.

Picture frame FE simulation (a) and pure shear FE simulation (b)

Table 3 Comparison of pure shear FE simulations and picture

frame FE simulations

Model Gp (MPa) k (kN/mm) G (MPa)

3SyOrt 520.9 200.8 548.3 (5.3%)

3NsOrt 524.6 167.1 456.2 (- 13.0%)

5SyOrt 596.1 256.9 610.1 (2.4%)

5NsOrt 597.5 259.0 615.2 (2.9%)

3EgSyOrt 672.1 247.3 675.0 (0.4%)

5EgSyOrt 681.4 283.7 673.8 (- 1.1%)

3SyIso 96.8 38.1 103.9 (7.4%)

5SyIso 107.0 47.9 113.8 (6.3%)

3EgSyIso 119.7 45.2 123.5 (3.2%)

5EgSyIso 119.7 51.9 123.3 (3.0%)

Modulus of shear Gp from pure shear FE simulations. Shear

stiffness value k from the picture frame FE simulation.

Modulus of shear G from the picture frame FE simulations

calculated with Eq. (7). Increase of G relative to Gp within

parentheses. Model information is presented in Table 2
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non-symmetrical board lay-up but the picture frame

model was (see Gp and G for 3SyOrt and 3NsOrt in

Table 3). The reduction of shear stiffness having a

non-symmetrical board lay-up in the picture frame FE

simulation was almost 20% for the 3-layer panels. This

reduction was because the smallest board on one side

was only connected to steel frame members on one

side of the shear frame, not to two or three steel frame

members as other boards in the panel, see boards in

Fig. 3b. On that side, the result was that force

transmission from the picture frame to the CLT panel

was into the middle layer of the panel and not to the

two outer layers. This gave stress concentrations and

increased panel deformations and thus gave lower

shear stiffness.

Figure 6 shows that a state of pure shear deforma-

tion dominated for the most part of the panel areas

during the picture frame FE simulation. Only small

parts of the areas at the side edges and corners deviated

from a state of shear. This indicated that size effects

due to edge influence were small and thus that size of

the tested panels did not influence the results. This

conclusion was also supported by the results for the

edge glued isotropic models (3EgSyIso and 5EgSyIso)

that resulted in a shear modulus G = *120 MPa, as

expected from the isotropic input material data.

The largest differences between the pure shear FE

simulations and the picture frame FE simulations were

how the load was transferred to the panels. The forces

in the pure shear FE simulations were applied

uniformly on each side edge of the panels. This force

application method resulted in varying local displace-

ments for each layer of the panel. The force in the

picture frame FE simulations was not added uniformly

to each layer, instead each layer was subjected to equal

displacements (via the dowels). This resulted in an

uneven force distribution between the layers of the

CLT panels.

The results from practical picture frame tests on

3-layer and 5-layer panels are presented in Table 4.

The shear stiffness results are taken from [15].

Equation (7) was used to calculate the shear modulus

G shown in the third column. The corresponding FE

simulations gave * 9% higher values for G. The

reasons for discrepancies are the board lay-up, which

was not controlled, material data variations, gluing

quality variations and FE simulation model quality.

The shear modulus was 56.7 MPa higher for the

5-layer panels than the 3-layer panels. A similar

3-layer panel as the panel used in this study was earlier

tested in [21] and the result was a shear modulus of

470 MPa compared to the result here of 497 MPa. In

[21], the 3-layer panel had a board width of 160 mm

compared to the board width of 180 mm in this study.

4 Conclusions

A picture frame test method was studied and found to

be applicable for determination of the in-plane shear

modulus of CLT panels. With this method, a single

square CLT panel was mounted inside a shear frame.

The CLT panel in the picture frame was simultane-

ously compressed and stretched by the picture frame in

the horizontal and vertical diagonal directions, respec-

tively. A pure shear condition was concluded by

comparing the deformation pictures of a CLT panel

tested in picture frame test and during a pure shear

condition. The deformation pictures were created by

using finite element (FE) simulations. A calculation of

the in-plane shear modulus was conducted by mea-

suring the applied force on the picture frame, by

measuring the deformation in the middle (central

region) of the panel and by use of an equation. The

used equation was established based on FE simula-

tions where pure shear model results were compared to

picture frame FE simulations model results. The

equation was applied with test data for 3- and 5-layer

CLT panels and the in-plane shear modulus G was

calculated to be 497 and 553 MPa, respectively. No

influence from the size of tested panels was found.
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