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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



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 tra (KL-tra) ar en byggnadskomponent som anvands for vaggar,
golv tak eller balkar i en byggnad. Positiva egenskaper hos KL-tra ar bl.a. hog
lastbarningskapacitet och mdjlighet till prefabrikation. Skjuvmodulen i planet
och lastbarighetsformagan i planet dr bada viktiga skjuvegenskaper. Den hér
avhandlingen handlar om KL-trds skjuvmodul i planet. Avsikten med arbetet ar
att 6ka kunskapen om hur man kan mata, berdkna och paverka skjuvmodulen.
Malet &r att jamféra metoder for att mata skjuvmodulen och att hitta vilka
faktorer som paverkar den.

Tre olika metoder: picture frame test, diagonal kompressionstest och
diafragmaskjuvtest har testats i experimentella férsok och resultaten har
jamforts med den teoretiska provmetoden rent skjuvtest. Jamforelser har gjorts
med experimentella resultat och finita element (FE) simuleringar. En ekvation
for att berdakna skjuvmodulen i planet togs fram for varje provmetod.

Picture frame testerna gav liknande resultat som de rena skjuvtesten.
Orsaken till detta resultat var att picture frame testen &r en tvaaxlig
provningsmetod. De diagonala kompressionstesten och diafragmaskjuvtesten
ar en enaxlig provningsmetod. En slutsats blev att ren skjuvning rader i
matzonen for picture frame testerna. Medelfelet for skjuvmodulen i planet
uppskattades genom FE simuleringar och praktisk provning till -2,5% for picture
frame testen, +12,6% for diagonala kompressionstesten och +11,8%
diafragmaskjuvtesten. Pa grund av de diagonala kompressionstestens enkelhet,
ansags den vara den mest anvdandbara metoden.

Med hjalp av FE simuleringar kunde faktorer som paverkar skjuvmodulen i
planet hittas. Resultaten visade att det ar mojligt att 6ka skjuvmodulen i planet
genom att, individuellt eller tillsammans, dndra foljande: 6ka de udda skiktens
bredd-tjockleksforhallande; minska de udda lagrens tjockleksforhallande i
jamforelse med den totala paneltjockleken; 6ka antalet lager; minska storleken
pa gapet mellan brdadorna; anvanda alternativa huvudriktningar.
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o4 Adjustment factor diaphragm shear test
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Vxz Transverse shear strain
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T Shear stress
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D12 "
DZZ "
D33 "
Dys Element of the global stiffness matrix [N/m]
Dss "
Des "
De7 "
D77 "
Dgs "
dy Deformation in y-direction
Ei Longitudinal modulus of elasticity
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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.

Wind direction
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Fig. 1 Shearing of a building by a wind load



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 panelis 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.



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:

e To test three different methods for measuring the in-plane shear
modulus.

e 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.

e 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.






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. D;; are elements of the global
stiffness matrix (unit Nm) for Dyz, D12, D22 and D33; unit N/m for Dys, Dss, Degs,
Ds7, D77 and Dgs. The expression of the Dj; elements in the matrix is a weighted



summation of the material parameters for each layer. Also the thickness and
main laminate direction are considered in this summation. k33, k44, k55, and ks

are the scale factors for different elements of the global stiffness matrix.
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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 My, = My, and Ny, = N, [Paper I]



Fig. 3 Transverse shear strains Yy, and vy, are shown in (a) and (b), respectively.
The curvatures kx, Ky and kxy are shown in (c), (d) and (f), respectively. The in-
plane strain €, and €, and shear strain yyy, are shown in (e). R and Ry are the
bending radius [Paper ]



In this thesis, the primary interest was in the ksg x Dgg factor presented in Eq.
(2). This loading case is illustrated in Fig. 3e. In Eq. (1), Dss is equal to the sum of
ti x Gi-; of each layer with thickness, t;, and shear modulus, Gir;. The ksg factor is
used to compensate for the non-edge glued layers during in-plane loading. Thus,
using kss = 1 corresponds to an edge glued CLT panel. This means that a non-
edge glued layer is represented by edge glued layer reduced by kgs. In the
general case, different layers can have different values of Gi-;. 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 G;- can be calculated as

it X Gy

GlT X 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 Gi- by the mean value of Gi.; denoted G (see Eq. (3)).

G* = Glr/élr,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.

39



40



References

(1]

(2]

(3]

(4]

(5]
(6]

(7]

(8]

(9l

Saavedra Flores El, Dayyani |, Ajaj RM, Castro-Triguero R, DiazDelaO FA,
Das R, Gonzalez Soto P (2014) Analysis of cross-laminated timber by
computational homogenisation and experimental validation.
Composite Structures 121:386-387.
https://doi.org/10.1016/j.compstruct.2014.11.042

Brandner R (2013) Production and Technology of Cross-Laminated
Timber (CLT): a state-of-the-art report. In: Focus Solid Timber Solutions
— European Conference on Cross Laminated Timber (CLT) (COST Action
FP1002), Graz, Austria, 21-22 May.

Brandner R, Flatscher G, Ringhofer A, Schickhofer G, Thiel A (2016) Cross
laminated timber (CLT) overview and development. European Journal
of Wood and Wood Products 74(3):331-351.
https://doi.org/10.1007/s00107-015-0999-5

Reynolds T, Casagrande D, Tomasi R (2016) Comparison of multi-storey
cross-laminated timber and timber frame buildings by in situ modal
analysis. Construction and Building materials 102:1009-1017.
https://doi.org/10.1016/j.conbuildmat.2015.09.056

Simulia Abaqus 6.14-4, Abaqus/CAE User’s Guide

Dlubal software GmbH (2016) RF-Laminate Design of Laminate Surfaces
Program Description, version September

SIS (2016) Swedish Standard SS-EN 338:2016 Structural timber —
Strength classes. Swedish Institute for Standards, Stockholm.

SIS (2004) Swedish Standard SS-EN 1995-2:2004 Eurocode 5: Design of
timber structures — Part 2: Bridges. Swedish Institute for Standards,
Stockholm.

Dujic B, Klobcar S, Zarnic R (2007) Influence of Openings on Shear
Capacity of Wooden Walls. In: Proceedings of International Council for
Research and Innovation in Building and Construction, working
commission W18 — Timber structures (CIB-W18/40-15-6), Bled, 28-31
August.

41



[10]Andreolli M, Rigamonti MA, Tomasi R (2014) Diagonal Compression Test
on Cross Laminated Timber Panels. In: Proceedings of the 13th World
Conference on Timber Engineering (WCTE 2014), Quebec, 10-14
August.

[11]Frocht MM (1931) Recent advances in photoelasticity and an
investigation of the stress distribution in square blocks subjected to
diagonal compression. Transactions ASME 55:135-153.

[12]SIS (2012) Swedish Standard SS-EN 408:2010+A1:2012 Timber
structures — Structural timber and glued laminated timber —
Determination of some physical and mechanical properties. Swedish
Institute for Standards, Stockholm.

[13]Brandner R, Dietsch P, Droscher J, Schulte-Wrede M, Kreuzinger H,
Sieder M (2017) Cross laminated timber (CLT) diaphragms under shear:
Test configuration, properties and design. Construction and Building
Materials 147:312-327.
https://doi.org/10.1016/j.conbuildmat.2017.04.153

[14]Bjornfot A, Boggian F, Steinsvik Nygard A, Tomasi R (2017)
Strengthening of traditional buildings with slim panels of cross-
laminated timber (CLT). In: Proceedings of the 4th International
Conference on Structural Health Assessment of Timber Structures
(SHATIS'17), Istanbul, 20-22 September.

[15]Vecchio FJ & Collins MP (1986) The Modified Compression-Field Theory
for Reinforced Concrete Elements Subjected to Shear. ACI Structural
Journal 83(2):219-231.

[16]Bosl R (2002) Zum Nachweis des Trag- und Verformungsverhaltens von
Wandscheiben aus Brettlagenholz. Military University Munich, Munich.
(in German)

[17]Traetta G, Bogensperger T, Moosbrugger T, Schickhofer G (2006)
Verformungsverhalten von Brettsperrholzplatten unter
Schubbeanspruchung in der Ebene. In 5. GraHFT'06, Tagungsband,
Brettsperrholz — Ein Blick auf Forschung und Entwicklung. p. H1-H16. (in
German)

42



[18]Bogensperger T, Moosbrugger T, and Schickhofer G (2007) New Test
Configuration for CLT-Wall-Elements under Shear Load. In: Proceedings
of International Council for Research and Innovation in Building and
Construction, working commission W18 — Timber structures (CIB-
W18/40-21-2), Bled, 28-31 August.

[19]Li L, Zhao Y, Vuong H, Chen Y, Yang J, Duan Y (2014) In-plane shear
investigation of biaxial carbon non-crimp fabrics with experimental test
and finite element modeling. Materials and Design 63:757-765.
https://doi.org/10.1016/j.matdes.2014.07.007

[20]Kreuzinger H, Sieder M (2013) Einfaches Prufverfahren zur Bewertung
der Schubfestigkeit von Kreuzlagenholz/Brettsperrholz. Bautechnik
90(5):314-316. https://doi.org/10.1002/bate.201300024 (in German)

[21]Silly G (2014) Schubfestigkeit der BSP-Scheibe — numerische
Untersuchung einer Priifkonfiguration. Research Report, holz.bau
forschungs gmbh, Graz University of Technology, Graz. (in German)

[22]Moosbrugger T, Guggenberger W, Bogensperger T (2006) Cross-
Laminated Timber Wall Segments under homogeneous Shear — with
and without Openings. In: Proceedings of the 9th World Conference on
Timber Engineering (WCTE 2006), Portland, 6-10 August.

43



44



Paper |

Impact of board width on in-plane shear stiffness
of cross-laminated timber

Jonas Turesson, Sven Berg and Mats Ekevad

Engineering Structures, (2019) 196:109249

45



46



Engineering Structures 196 (2019) 109249

Contents lists available at ScienceDirect

| ENGINEERING
| STRUCTURES

Engineering Structures

journal homepage: www.elsevier.com/locate/engstruct

Impact of board width on in-plane shear stiffness of cross-laminated timber

‘Check for
Updatos

Jonas Turesson’, Sven Berg, Mats Ekevad

Luled University of Technology, Division of Wood Technology, SE-931 87 Skellefted, Sweden

ARTICLE INFO ABSTRACT

Keywords: Board width-to-thickness ratios in dge-glued cross d timber (CLT) panels influence the in-plane
cLT shear stiffness of the panel. The objective is to show the impact of board width-to-thickness ratios for 3- and 5-
In-planc shear modulus layer CLT panels. Shear stiffnesses were calculated using finite element analysis and are shown as reduction
In-plane shear stiffness factors relative to the shear stiffnesses of edge-glued CLT panels. Board width-to-thickness ratios were in-
g‘:z:::i:;g:elh"d dependently varied for outer and inner layers. Results show that the reduction factor lies in the interval of 0.6 to

0.9 for most width-to-thickness ratios. Results show also that using boards with low width-to-thickness ratios

CLT layer thickness
CLT shear modulus
Board gap

give low reduction factors. The calculated result differed by 2.9% compared to existing experimental data.

1. Introduction

By using timber for multi-storey buildings instead of using concrete
or steel materials means that specific challenges in design and con-
struction need to be handled. There are advantages of using timber for
such applications, and benefits of using timber in buildings are far from
being maximized [1]. One challenge using timber for buildings instead
of concrete and steel is to design a sufficiently stiff structure. Even small
and acceptable movements of the building according to building codes
can create discomfort for the occupants [2]. A way of designing a stiff
timber building is to use Cross laminated timber (CLT) panels for walls
and floors and to exploit the high in-plane stiffness of a plate material
compared to a frame structure. This also requires stiff connectors be-
tween the building parts.

CLT is a rather recent and innovative engineered wood product
useful in timber buildings in general, and especially in tall buildings.
CLT is produced as large panels made up of an odd or even number of
cross-wise directed layers of glued boards. Normally CLT has an odd
number of layers producing a symmetrical layup of layers. The CLT
panels can be produced with, or without, glued board side edges in each
layer, and with a different number of layers and layer thicknesses.
Whether CLT is made up from edge-glued or non-edge-glued layers has
a large impact especially on the in-plane shear stiffness [3]. By com-
bining different board dimensions in different layers, a more efficient
and stiffer CLT panel may be possible to create, which is more adapted
for the specific use.

Reasons for using non-edge-glued layers are mainly simplicity of
production and reduced costs. The in-plane shear stiffness for edge-
glued CLT is the same as the shear modulus of solid wood [3], meaning
for Norway spruce (Picea abies) it is of the order of about 700 MPa. For
non-edge-glued CLT, which is treated in this paper, the in-plane shear
stiffness is lower than for edge-glued CLT [3]. The shear stiffness for
such non-edge-glued CLT can be described with a reduction factor,
which reduces the shear stiffness relative to the shear modulus for solid
wood.

Earlier studies based on finite element (FE) studies and analytical
equations [4,5] have been conducted on the value of the reduction
factor for non-edge-glued CLT panels. However, in these cases, an
idealized representative volume element was analysed and not a full
scale CLT panel. Another FE study was done on larger CLT panels where
it was concluded that the shear stiffness increased circa 3% when two
additional layers was added to a 3-layer panel [6].

No combinations of different board dimensions in different layers
can be analysed with the reported methods ([4-6]). Studies in [4-8]
were focused on measuring the modulus of shear for samples with
specific dimensions but results for CLT panels with arbitrary combi-
nations of different board widths and thicknesses have not been re-
ported. However, by comparing the results from conducted studies it is
seen that there is an influence of board width-to-thickness ratio on the
modulus of shear, but there is a lack of results showing this influence in
detail and quantitatively especially for combinations of board dimen-
sions.
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The objective of this paper is to show the impact of board width-to-
thickness ratio on the in-plane shear stiffness of 3- and 5-layer non-
edge-glued CLT panels. Of main interest is the width-to-thickness ratio
impact on 3-layer panels. To visualize the effect of additional layers, 5-
layer panels were also analysed. Results are achieved using FE analysis
and are shown as a reduction factor for the shear modulus of wood. FE
analysis is used due to its ease of achieving a shear condition which may
be difficult in practical testing. Comparisons with existing experimental
data are shown. The idea is that with knowledge of the value of the
reduction factor based on the used board dimensions, non-edge-glued
CLT panels with predictable shear stiffnesses can be designed and
constructed.

2. Materials and methods
2.1. Reduction factor for shear stiffness

Wood was assumed orthotropic, with three principal material di-
rections: longitudinal, radial and tangential direction relative to a
Cartesian coordinate system along the tree and log axis. For modelling
elastic mechanical behaviour at constant moisture and temperature
condition for such a material there are nine independent material
parameters needed, three elastic moduli, three shear moduli and three
Poisson’s ratios. For wood, for practical reasons, two of the elastic
moduli, in the radial and tangential directions (cross-fibre directions),
and two of the shear moduli were assumed to be equal. This was partly
due to the similar behaviour in radial and tangential directions and
partly because radial and tangential directions are not possible to dis-
tinguish between in boards used in practice. Poisson’s ratios may be
specified as values taken from experiments but it was set to zero in this
study due to three reasons: lack of reliable data, giving negligible er-
rors, and being advised in both the Eurocode and the Swedish standard
for design of timber structures [9]. The above reasoning, which was
adopted in this paper, resulted in the need of four independent material
parameters: elastic modulus in fibre direction (E)), elastic modulus in
radial direction (E,), shear modulus (G;.) and shear modulus (G,). The
elastic modulus in tangential direction (E,) and the shear modulus (G)
was equal to E, and Gy, respectively. The used material properties are
presented in Table 1.

Data was obtained as mean values from the Swedish Standard for
structural timber of strength class C24 [10]. Of special importance is
that one of the three shear moduli, G,,, is significantly lower than the
other two shear moduli [11].

Deformation of plates is traditionally treated with the Kirchhoff-
Love plate theory or Mindlin-Reissner plate theory, [12]. The latter
more advanced theory includes the effect of shear deformation in
bending. In-plane deformation, which was in focus in this study, is the
same for both theories and is not coupled to bending deformation.
However, for clarity and completeness, both out-of-plane and in-plane
deformations are included in the equation shown below. Variables M,
and M, are bending moments, M,, is twisting moment, V,; and V,, are
transverse shear forces, N, and N, are in-plane forces and N, is the in-

Table 1
Material properties used in the simulations. Index 1 denotes fibre direction, r
denotes radial and t tangential direction.

E; (MPa) Ei/Ed Gy/Ey Gr/Grr

11000. 0.0336 0.0627 0.10
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Fig. 1. Direction of forces and moments in Eq. (1) where My, = M,,. and

MmNy

plane shear force. Forces are expressed as force per length unit (length
in in-plane direction of the panel) and moments are expressed as mo-
ments per length unit. See Fig. 1 for an illustration.

These forces (unit N/m) and moments (unit Nm/m) give deforma-
tions showed in Fig. 2. Variables k,, k, and x,, are curvatures (unit
m "), Yxz and yy, are transverse shear strains and &, and &, are in-plane
strains and v,y is in-plane shear strain. R, and R, are the bending radius
(unit m).

Eq. (1) defines Mindlin-Reissner plate theory notations for a CLT
plate consisting of several layers of boards [13]. Dy are elements of the
global stiffness matrix (unit Nm) for D; 4, D12, D22 and D33; unit N/m for
D4, Dss, Dgs, D7, D77 and Dgs. Elements Dj; in D-matrix are expressions
involving a weighted summation of material parameters for each layer
with respect to the thickness and fibre direction in each layer.

M, Dy D O 0 0 0 0 0 X
M, Dy 0 0 0 0 o0 0 Ky
M, ksDyu O 0 0 0 0 ||xe
Vie kaDw O 0 0 0 Vi
Vi [T kssDss 0 0 0 Nz
Ny Sym. Dgs Dg; 0 Ex
N, Dy 0 &
Ny kesDgs | o

@

Since layers in CLT can be edge-glued or non-edge-glued, k-factors
k33, kqa, kss and kgg are used for adjusting the values of the stiffness
elements in the matrix to the specific situation for the board edges at
hand. The k-factors are dimensionless values between 0 and 1 and for
an edge-glued CLT all k-factors are set to 1. For non-edge-glued CLT the
k-factors are all individually set to values lower than 1 due to the effect
of freedom of movement between individual board edges.

The specific interest in this paper is kgg which is multiplied with Dgg
in Eq. (1). Dgg is equal to the )} 1;G;,; (layer thickness and shear mod-
ulus in layer i) and the multiplying factor kgg compensates for the
lowering effect of using non-edge-glued layers. Thus, using kgs = 1
correlates to an edge-glued CLT. The same methodology can be inter-
preted in a three-dimensional case where kgg can reduce the Gy, for an
edge-glued CLT panel to simulate a non-edge-glued CLT panel. In
general, kgg times G, is then the effective in-plane shear stiffness of a
CLT panel.
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Fig. 2. Transverse shear strains vy, and vy, are seen in (a) and (b), respectively. The curvatures ky, ky and ky, are seen in (c), (d) and (f), respectively. The in-plane

strain e, and ¢, and shear strain vy, are shown in (e). Ry and Ry are the bending radius.

2.2. Panel description and ratio calculation

Two types of CLT panels, namely 3-layer and 5-layer, were analysed
using three-dimensional models in the FE software Abaqus 6.14 [14].
The CLT panels had a fixed width and length of 1.28 x 1.28 m, re-
spectively. A consecutive numbering of layers from 1 to n was used
where n was the total number of layers. Odd layers were layer 1 and 3
for 3-layer CLT and 1, 3 and 5 for 5-layer CLT. Even layers were layer 2
for 3-layer CLT and layer 2 and 4 for 5-layer CLT. All models were
created with layer fibre angles 0°-90°-0° and 0°-90-0"-90°-0° for 3- and
5-layer CLT panels, respectively. 0° is the fibre direction of the odd
numbered layers. 90° is the fibre direction of the even numbered layers.
For each studied type of CLT, 3-layer or 5-layer, three ratios were in-
dependent input ratios namely, w,/t,, w./t, and t,/t,, in which the
subscripts o and e indicate the odd and even layers, respectively (see
Fig. 3); wis the board width and ¢ is the board thickness. A fourth ratio
S, was determined from the other three and shows the ratio of sum of
board thicknesses directed in 0° direction relative to the total thickness
of the CLT panel, see Eq. (2).

St
Tte+ Xt @)

Wo/lo, Welte, to/te and S, =

o

—
te

to

. M . O

We

Fig. 3. 3- and 5-layer CLT panels. The subscripts o and e indicate the odd and
even layers, respectively; w is the board width and t is the board thickness.



J. Turesson, et al.

t /t, =12.50/25 = 0.5

Engineering Structures 196 (2019) 109249

30 e
* Both
E = 3-layer
25100 L@ 4 5-layer
20
‘_'O
15
s ee o el ]
10+~
oo o © ®
e o @ A
A
0 Alx AlAA.lLL,\lAAI |
0 5 10 15 20 25 30
w/t,
tolte = 25/16.67 = 1.5
30 T
* Both
wfL®® - . 3-Iayer;
20+ R
&£ ]
o 15 =
B o0 51 @ 1
10F B
® ]
5¢ 3
L N @ @ B
L N @ ]
0 ad o Lo b Lo Ly
0 5 10 15 20 25 30
w_/t
e e

t /t, =25/25=1.0
01—
B . Both:
25*.. @ |
20} R
o° ]
S 15F 3
= e o ® & 1
10F 4
fo® o © ]
5¢ =
e o o ® B
o o ]
0 Lo la ool ol PO P S E
0 5 10 15 20 25 30
we/l:e
t /t, = 25/12.50 = 2.0
30 T
* Both
sfee = ® - 3-Iayer:
20+ |
o0 ]
o151 =
s ree o © o
10F ]
@ @ 5
50 3
[} ® ® 4
® @ ]
0 PP [T MRS (T T WO TR el e I T T 4 e Y
0 5 10 15 20 25 30
w_/t
e e

Fig. 4. Studied combinations of parameters w,/t,, W/t and t,/t.. Orange circles show the different combinations used for both 3- and 5-layer models. Blue squares
and green triangles show the combinations used only for the 3-layer and 5-layer models, respectively. Thicknesses t, and t. are in mm. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

To simplify the creation of the FE models, an integer of the number
of boards for each layer was used. So, the board widths, w,, and w,, were
set to 10, 20, 40, 80, 160, 320, 640 and 1280 mm. Board widths larger
than what is possible to obtain in practice for sawn boards were viewed
upon as widths combined of several boards glued together side-by-side.
The board widths were chosen to be able to cover (by interpolation)
many width-to-thickness combinations. The main interest was the
width-to-thickness ratio for the odd and even numbered layers but due

Table 2
Combinations of w,/t,, We/te and to/t. studied but outside of what is shown in
Fig. 4 range.

Model Wo/lo We/te to/te
3-layer 102.4 1.6 0.5
3-layer 51.2 1.6 0.5
S-layer 51.2 32 1.0
S-layer 51.2 24 1.5

to the large range of the board widths, the ratio makes the value of the
board thickness less important. The board thicknesses, t, and t,, were
set to 25, 16.67 and 12.50 mm. The thicknesses were combined in four
different t,/t, ratios: 12.50/25 = 0.5, 25/25 = 1, 25/16.67 = 1.5 and
25/12.50 = 2.0. Models were created for 3-layer and 5-layer CLT and
all simulated combinations are illustrated in Fig. 4 and combinations of
parameters outside the range of Fig. 4 are listed in Table 2. Orange
circles marks combinations used for both the 3- and 5-layer models.
Blue squares and green triangles marks combinations used only for the
3- and 5-layer models, respectively.

This approach yielded ratios of w,/t, and w,/t, between 0.8 and 102.

2.3. Finite element model of the reduction factor

Cuboid C3D20r elements and a mesh size of 10 mm were used in all
finite element (FE) models. Glued contact surfaces were simulated with
contact conditions which did not allow any movement between contact
areas. This means that slip between contact surfaces was prohibited. In
the normal direction, a hard contact condition was added to keep the
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Fig. 5. FE model was fixed in the x- and y-directions at corner number four and
in the x-direction at corner number three. A symmetry plane was defined in the
z-direction. The displacement d, was measured in the y-direction at corner
number two. Black arrows illustrate the surface traction force F.
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surfaces from penetrating each other. No contact condition was applied
on the side-edges. Free body movement was prevented by fixing two
corner nodes, and a symmetry plane was introduced in the thickness
direction of the panel. Corner number four was locked from movement
in the x- and y-directions. Corner number three was locked from
movement in only the x-direction. The analysis was performed as a
linear elastic analysis and resulted in a shear deformation. Fig. 5 il-
lustrates the complete loading arrangement with the boundary condi-
tions and shows the CLT panel after shear deformation.

The displacement d, was measured in the y-direction at corner
number two in Fig. 5. A reduction factor, kgg, was calculated for all
models according to

L AR
Gy, td, Gy 3)

Kess

Here F is the shear force, ¢ is the total thickness of the panel, d, is the
displacement and Gy is the shear modulus of the board material.
Calculations of kgg were first conducted for specific values of w,/t,, w./
t. and t,/t, shown in Fig. 4 and Table 2. Then an inverse linear inter-

polation procedure was used for determining which specific
N t /t, = 1.0
14 H
12
o 10 -
&
o [ 1
2 gl .
b= = —a 1
6 : 1 =
F N : -
4t : —

2 4 6 8 10 12 14 16

2 4 6 8 10 12 14 16
w_/t
e e

Fig. 6. Isolines for the reduction factor kg at specific board dimensions we, te, W, and t, for the 3-layer models. The black dotted box denoted PA shows the commonly
used practical values of w,/t, and we/t.. The symbols (diamond, square, star and triangle) show the linearly interpolated points based on the calculated combinations.
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combination of parameters gave certain fixed kgg-values, namely 0.5,
0.6, 0.7, 0.8 or 0.9. Linear interpolation was used for both w,/t,, and
We/le.

2.4. Analytical model of the reduction factor

An analytical model was used for calculating kgg of non-edge-glued
CLT, see Eq. (4). It was compared with the FE results. These analytical
results were obtained by adding torsional deformation and shear de-
formation between glued contact areas between boards. Such a model
was earlier used by Moosbrugger et al [15].

1
ksg = 5 7
u 261 A% w)? | Giefu)?

(’ P e 0t ) Fals) ) @)
where u is the gap between boards, w is the board width and t is the
board thickness. The same board dimension is assumed in all layers.
The model does not take any edge effects into account, meaning that

results are valid for an extreme situation with an infinite number of
layers and an infinitely large CLT panel.

to/te =0.5
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3. Results and analysis
3.1. Finite element model result

The results for the 3- and 5-layer FE models are shown in Figs. 6 and
7, respectively. The isolines in Figs. 6 and 7 show values of the re-
duction factor kgg for different board ratio combinations. In general,
when producing CLT panels, the board ratios normally vary between 3
and 7. This interval is marked in Figs. 6 and 7 with dashed boxes (PA).

The factor, kgs, decreased for a specific odd layered board width-to-
thickness ratio w,/t, and even layered board width-to-thickness ratio
we/t. value when the thickness ratio t,/t, increased. A change in w,/t,
had a larger impact on kgg than a change in w,/t, for all t,/t, combi-
nations. By increasing w,/t,, only a small increase in kgg could be seen.
The effect of w,/t, on kgg was larger when t,/t, was lower.

A kgg value as low as 0.5 was only reached in the case of a 3-layer
panel. This can be seen in Fig. 6 with t,/t. = 1.0, 1.5 and 2.0 for
combinations of wy/t, = w,/t. = 2. This means using boards with re-
latively small width-to-thickness ratio. Contrary to this, using boards

16

14

12

o 10

wo/t

o 10 -1
o)

we/te

Fig. 7. Isolines for the reduction factor kgg at specific board dimensions we, t., W, and t, for the 5-layer models. The black dotted box denoted PA shows the
commonly used practical values of w,/t, and w./t.. The symbols (diamond, square, star and triangle) show the linearly interpolated points based on the calculated

combinations.
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with large width-to-thickness ratio gave large values of kgg, as an ex-
ample, kgg = 0.9 for w,/t, = we/t. = 10 and t,/t. = 0.5 in Fig. 7.

Within PA, kgg values were between 0.6 and 0.8 for the case of ¢,/
t. = 1.0. In the case of t,/t, = 0.5, depending on combinations of w,/t,
and w,/t., kgs could reach 0.82 and 0.85 for 3- and 5-layer panels, re-
spectively. In general, a higher value of kgg could be seen in the 5-layer
models compared to the 3-layer models.

3.2. Analytic model result

The analytic model results together with values taken from the FE
simulations (Figs. 6 and 7 for the 3- and 5-layer models, respectively,
where t,/t, = 1.0) are shown in Fig. 8. The analytical kgg decreased for
an increased gap width, u. The u/w ratio had a larger impact on kgg for
lower w/tratios. The FE models had a lower kgg than the analytic model
for u = 0 due to the limited numbers of layers in the FE models. The
analytic model assumed an infinity numbers of layers compared to the
3- and 5-layer FE models. The analytic model was unable to represent
the FE-models result at w/t values lower than approximately 4.

1
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CLT panels than for 3-layer CLT panels for the same t,/t,.

At low S, ratios, hence when t,/t, was low, w,/t, had a larger effect
on kgg than at high S,, ratios. The same trend was seen for both 3- and 5-
layer panels.

In a previous study, [8], it was shown that the layer thickness had
effect on the in-plane shear properties. This effect was also was shown
in this study. In the case of a 3-layer panel with S, = 0.5 (t,/t. = 0.5),
w,/t, and w,/t, were expected to have equal impact on kgg, but due to
an edge effect, w,/t, still had a larger impact on kgg. This edge effect
appears because the board thicknesses at the outer layers, in the
thickness direction, influences kgg more than the inner board thick-
nesses. This can be seen by comparing kgg for w,/t, = 2, w./t, = 16
with w,/t, = 16, w,/t, = 2 in the diagram in Fig. 6 for t,/t, = 0.5.
However, for the same ¢,/t, value of 0.5 (S, = 0.43) for 5-layer panels,
w,/t, and w,/t, had almost equal impact on kgg. The reason for this is
that the proportion of the thicknesses in this case was 43% and 57% for
0° and 90° directed layers, respectively.

Increasing width and decreasing thickness for boards in the even
numbered layers (w./t.) compared to the boards in odd numbered layer
(w,/1,), gave a smaller effect on kgg. Fig. 8 shows that by adding gaps

T [ u/w
40
0.9
o 3
% Q
0.8 W —
0.7
06— % | tos
/
805 & -
- = 41
0.4
0.3 2
0.2
01— / —
0 Z 1 | | | 1 | | 00
0 1 2 3 4 6 7 8 9 10

wit

Fig. 8. kgs calculated with an analytical model for non-edge-glued CLT panel with gaps of size u between the boards. The analytic model is valid for CLT panels with
equal board widths and thicknesses in all layers. The analytic model results are compared with results from the FE models of 3- and 5-layer panels.

4. Discussion

The proportion of board thicknesses in odd layers fibre direction, S,,
was very different for different board combinations. Extreme variants
were studied, for example, 3- or 5-layer CLT panels with high t,/t, or 3-
or 5-layer CLT panels with low t,/t.. In general, S, was lower for 5-layer

between boards, a further reduction of kgg was achieved, in addition to
the reduction achieved by non-gluing board edges. Also, it is noted that
in order to get a high value of kg, it is beneficial to reduce gaps be-
tween boards. A possible reason for the difference between the analytic
model and FE models for lower w/t ratios is the increased proportion of
torsional deformation, which the analytic model treats as torsion for a
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Table 3

Comparison of the effective in-plane shear stiffness between existing experi-
mental data and simulations in this paper. Thickness ratio t,/t. = 1 in all cases.
Error shown in parenthesis.

Existing experimental data In-plane shear stiffness [MPa]

Name Type in Number of  w,/t,  Value based Value
reference layers = on reference  based on
We/te kssGy

Bjornfot et al. - 5 6.0 553 559 (1.0%)
71

Brandner A2 3 5.5 490 524 (6.9%)
etal. [8]

” B1 " 4.0 500 483 (3.4%)

n B2 " 8.0 590 573 (2.9%)

B B3 > 5.3 490 510 (4.1%)

» c1 #, 7.7 560 569 (1.6%)

2 c3 s 5.8 530 528 (0.4%)

long rod. This assumption seems to work well for higher w/t ratios, but
worse for lower.

To be able to relate kgg to w,/t, the results needs to be simplified. In
cases when 3 < wy/t, < 7 and t,/t. > 1.0 for both 3- and 5-layer
panels, w,/t, and t,/t, had negligible influence on kgg. Thus, kgg was a
function of w,/t, only.

Within this range, the increase of kgg by adding two additional
layers to a 3-layer panel was estimated by comparing different 3- and 5-
layer panels with the same board dimensions. This increase was esti-
mated as 5% and it is slightly higher than earlier reported [6]. A general
linear equation was created to easier describe the kgg factor under these
specific circumstances. The equation was created by fitting a first-de-
gree polynomial for different board dimensions. The relation between
w,/t,, the number of layers, n, and kgg became

kgg = 0.04 % wy/t, + 0.025(n —3) + 050, n=3 or 5 5)

A comparison with practical measurements in [7] and [8] was
conducted. This was done by calculating the effective in-plane shear
stiffness (kgg times Gy) with kgg taken from Figs. 6 and 7. The com-
parison is presented in Table 3. To simplify the comparison, an as-
sumption was made that all wood material in [7] and [8] was classified
to C24 according to EN 338 [10]. This means G;, = 690 MPa.

The largest difference between simulations reported in this paper
and measurements was +6.9% and was for a type of panels produced in
alaboratory ([8] A2). All other panel types used in Table 3 were factory
made. The average difference (error) between simulations reported in
this paper and experiments shown Table 3 was 2.9%. The reasons for
the difference between the simulated and measured results can be un-
certainty about material properties, contact between side edges,
method of calculating and measuring the shear stiffness, to name a few.

A recommended minimum of w,/t, and w,/t, equal to 4 was pro-
posed by Brandner [16] due to the risk of failure from a high rolling
shear stress. Stresses and strength have not been treated in this study.
However, results show that value of w,/t, and w./t. below 4 gives a kgg
lower than 0.7.

5. Conclusions

This study showed that kgg vary with board width-to-thickness ra-
tios. Hence, it is not recommended to use a general single value for kgg
for all ratios of board width-to-thicknesses. It was shown that kgg was
dependent of ratios of odd and even layer board dimensions (w,/t,, W,/
t,) as shown in Figs. 6 and 7. A linear equation relating kgg t0 Wo/t,, in
the region of wo/t, = 3.0 to 7.0 and t,/t, = 1.0, has been produced, see
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Eq. (5). Results in this paper showed that it was possible to increase kgg
by either or several of following alternatives: increasing wo/t, and
keeping total thickness of CLT constant; keeping w,, w, and t. constant
and decreasing t, but noting that total thickness of CLT is reduced;
decreasing the odd numbered layers thickness in relation to the total
thickness of the panel; using 5-layer panels instead of 3-layer panels;
reducing gaps between boards as much as possible. The study also
showed that achieving kgg values higher than 0.85 is not practically
possible without using partly edge glued boards to increase the board
widths. The in-plane shear stiffness for 3- and 5-layer CLT panels cal-
culated using the method shown in this paper, using kgg times the shear
modulus Gy, differed from existing experimental data by 2.9%. This
indicates that results shown here are valid as described above.
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(a) (b) (c)

Fig. 6 The relative-to-maximum displacement (neglected direction of displacement) in y-direction
for the CLT panel simulated in diaphragm shear simulation (a), diagonal compression simulation
(b), and pure shear simulation (c)

The results from the experimental tests are presented in Fig. 7. The highest mean G* was
measured as 0.97 in the diaphragm shear test. The mean G* was measured as 0.80 for
the diagonal compression tests. Due to the higher measured results, compared to the FE
simulation, both the diaphragm shear test and diagonal compression test indicated that
the tested CLT panels were partly edge glued. Based on the diaphragm shear test, the
CLT panels were almost fully edge glued. This situation was dismissed by a visual
inspection of the tested CLT panels.

It is unknown how the deformation of the CLT panel changes during the diaphragm
shear test due to the stiffness variation. A small change in deformation will give a larger
change of G* as G* is calculated from the slope of the load versus displacement curves.
In a previous study by Brandner et al. [5], this effect was not reported, but a wide range
of the coefficient of variation (COV) (from 2.6% to 12.4%) was presented for the
calculated shear modulus. If the CLT panel deforms nonuniformly, the deformations
measured in the central region will not be correct. The material data used in the FE
models have no stiffness variations and therefore, it is seen as an ideal condition. Hence,
the deformations will be uniform in these models. The previous described situation can
also occur for the CLT panels tested in the diagonal compression test, but a major
difference between the diagonal compression test and the diaphragm shear test is the
position of the measured displacements. For the diaphragm shear test, the
displacements were measured in the central region, representing 26.7% of the total
height of the CLT panel. If the deformation is not uniform on the total height, the
measured displacements in the central region will be affected. It is also unclear if there
was any locking effect due to the vertical compression of the CLT panel. Locking effect
means that the side edges are locked to each other. Therefore, if this occurs, a non-edge
glued CLT panel will behave like an edge glued one.

The COV was calculated to 10.8% in the diagonal compression test and 5.0% in the
diaphragm shear test. A large variation for the diagonal compression test was earlier
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concluded by Turesson et al. [2]. The result for each CLT panel in both methods is
presented in Fig. 7. Both methods showed different trends for the shear modulus. This
could be due to the material variations. The CLT panels tested in the diagonal
compression test were in fact a small part of the CLT panels tested in the diaphragm
shear test. It was possible to achieve an equal mean value by decreasing the adjustment
factor, aq, from 1.0 to 0.82, but this would also decrease the simulated G4* (from 1.0 to
0.82, see G4* in Table 1) for the edge glued CLT panels, which would be an incorrect
value.
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02F = Mean diaphragm shear test
== Diagonal compression test
— =Mean diagonal compression test
0 L L L L
1 2 3 4 6 7 8 9

5
CLT panel

Fig. 7 Individual CLT panels tested in the diaphragm shear test and the diagonal compression test

Load versus displacement curves for the two methods are shown in Figs. 8-9. The load
versus displacement relations had less spread for the diaphragm shear test and were
straighter compared to the diagonal compression test, see Fig. 8 compared to Fig. 9. This
spread was shown earlier by the COV values.

300 T T T T
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Fig. 8 Load versus displacement curves of the second and third loading cycles for the diaphragm
shear test

The Load versus displacement curves for the diagonal compression test showed a spread
of the measured results in the passive direction. It could also be seen in Fig. 9 that
rupture occurred at a load of approximately 140kN.
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Fig. 9 Load versus displacement curves of the second and third loading cycles for the diagonal
compression test

The results from the diagonal compression test were seen to be more reliable in this
study due to the more consistent results with the FE simulations and previous research.
The tested CLT panels should contain enough boards to reach a representative G4*
value for the specific board arrangement. This was concluded earlier by Turesson et al.
[4]. During ideal conditions (i.e., FE simulations), both the diagonal compression test and
the diaphragm shear test resulted in an equal shear modulus.

4. Conclusion

In this study, three different methods for measuring the shear modulus, G, of CLT panels
were analysed. The three methods were the diaphragm shear test, the diagonal
compression test, and the pure shear test. These methods were analysed by finite
element simulations and two of them were also experimentally tested. The finite
element simulations of non-edge glued CLT panel models showed that the pure shear
simulation and diagonal compression simulation resulted in an almost equal G. The
diaphragm shear simulation resulted in a slightly higher G. This result might occur
because the diaphragm shear simulation was a more complex finite element simulation.
For edge glued CLT panel models, all three methods resulted in an equal G.

The deformation picture of the CLT panels simulated in all three methods differed. The
reason for this was how the loads were applied and how the supports affected the CLT
panels. A rotation of the CLT panels between the supports was seen in both the
diaphragm shear simulation and the diagonal compression simulation. This effect could
not be seen for the CLT panels simulated in pure shear conditions.

Nine CLT panels were tested in both the diaphragm shear test and the diagonal
compression test. The CLT panels were first tested in the diaphragm shear test, and
afterwards the central region was cut-out and tested in the diagonal compression test.
This process was done to ensure that the same measuring region was used in both
methods. The CLT panels measured in the diaphragm shear test resulted ina G
corresponding to a fully edge glued CLT panel. However, this was not the case by visual
inspection. The diagonal compression test resulted in a G corresponding to a partially
edge glued CLT panel. The results from the diagonal compression test were seen more
reliable. The authors suspect that nonuniform deformation of the CLT panels tested in
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the diaphragm shear test was the reason for the deviating result. In finite element
simulations, this cannot be seen as the simulations are performed under ideal
conditions.
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