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Cross-laminated timber (CLT) is a type of engineered wood product that offers both high in-plane and out-of-plane load-bearing
capacity. It is slowly becoming an alternative material for building high-rise structures. However, there is no current standard or
regulation for determining the shear modulus of CLTunder in-plane loading condition, which is a very important property for its
use as structural members. Fewmethods have been proposed over the last decade to determine the in-plane shear modulus of CLT.
Almost all of the methods proposed until now have their strengths and weaknesses. In this paper, some of the prominent methods
for determining the in-plane shear modulus of CLTare described and analysed.)e descriptions along with the critical discussions
will facilitate a better understanding and might pave the way to further enhancements of the method(s) to determine the in-plane
shear modulus of CLT.

1. Introduction

Most of the traditional timber structures have been built
based on the light-wood framework system, which is an
assembly of regularly spaced dimension lumber members
that are fastened together to create structural components.
Due to the re-emergence of global interest in timber
structures and the introduction of a relatively new category
of engineered wood products called mass timber panel
(MTP), it has now become possible to construct more
complex and long-span timber structures. )is type of
construction utilizing MTPs is termed mass timber con-
struction. Mass timber construction is making headway in
the construction industry in North America and some
European countries. Use of mass timber panel can revolu-
tionize the timber construction industry as it opens the door
to “building tall with structural wood.”

Cross-laminated timber (CLT) is a relatively new engi-
neered wood product that began to be commercially pro-
duced in the mid-1990s and is categorized as a type of MTP.
For a long time, the utilisation of CLT was limited to some

German-speaking countries, where the product is known as
Brettsperrholz (BSP) [1].)e use of CLT is increasing because
of its benefits compared to concrete and steel [2]. CLTusually
consists of an odd number of layers (3, 5, 7, or 9 are the most
common) of orthogonally glued timber boards/laminates.
Each layer consists of adjacent boards which may or may not
be edge-glued on the narrow face, depending on the man-
ufacturer and the product type. CLToffers high load-carrying
capacity under both in-plane and out-of-plane loading
conditions due to the orthogonal arrangement of the lami-
nates. For this reason, it can be used as both wall or edge-wise
bending beam elements under in-plane loading condition and
floor diaphragm panels under out-of-plane loading condition.
Research has also proved that CLT is highly energy-efficient,
and it has a high capacity for storing moisture and thermal
energy. A 100mm thick CLT has a very small thermal
transmittance value of around 1.0W/m2-K, which is a
measure of resistance to the movement of heat, and an
equivalent air layer thickness of SD 2–5m, which is a measure
of resistance to moisture diffusion compared to a meter of
air’s resistance to moisture diffusion [3, 4].
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When CLT is used under in-plane loading condition as
beam, lintel, or wall panel, one major benefit of CLT is its high
tensile strength perpendicular to the beam axis, which makes
it less susceptible to crack formation in the perpendicular to
the grain direction of the laminates of each layer [5]. CLT has
been reported to have higher in-plane shear strength than
other similar engineered wood products like glulam [1]. In
order to get the full benefit of CLT panels under in-plane
loading condition, detailed knowledge and investigation of all
the relevantmechanical properties are indispensable. In-plane
elastic properties (shear modulus (G) and bending modulus
(E), as well as shear stiffness (GA) and bending stiffness (EI),
are some of the vital parameters of CLTfor its use in structural
members [6]. Aside from their use in ultimate limit state
(ULS) design, to meet the requirements of serviceability limit
states (SLSs), the design checks require elastic properties as
input parameters [7]. )erefore, it is necessary to accurately
characterize the elastic properties and stiffness of CLT under
in-plane loading condition for their structural application as
beams, lintels, or wall elements.

Several recent studies have attempted to predict the in-
plane shear modulus (G) of CLTpanels by different methods.
Among these, the methods developed by Brandner et al. [6],
Flaig and Blaß [5], and Bogensperger et al. [1] have gained
prominence. Brandner et al. [6] used the constitutive equa-
tions of the laminates and developed a semiempirical method
to predict the in-plane shear modulus of CLT. Flaig and Blaß
[5] treated CLT under in-plane loading condition as a
transversely loaded beam. Following the beam analogy, they
formulated an analytical model to predict the in-plane shear
modulus of CLT. Bogensperger et al. [1] employed finite
element analysis to develop a model for predicting the in-
plane shear modulus of CLT. Among other studies, the
studies conducted by Turesson et al. [8] and Andreolli et al.
[9] are noteworthy. Turesson et al. [8] proposed some re-
duction factors from finite element analysis for a range of
configurations of CLTwhich, whenmultiplied by the in-plane
shear modulus of the laminates of the CLT, give the value of
the effective in-plane shear modulus of the whole CLT.
Andreolli et al. [9] subjected square-shaped CLTspecimens to
diagonal compression tests with an ad-hoc test setup and
experimentally measured the shear modulus of CLT.

)ough there have been a few investigations on the in-
plane shear modulus of CLT, a comprehensive analysis and
comparison of the available methods to determine the shear
modulus is not available to date. Recognizing this gap in the
body of knowledge, this paper will focus on a detailed com-
parative analysis of the availablemethods for the determination
of the shear modulus value, along with some recommenda-
tions. )us, this paper can act as an exhaustive summary of
almost all the contemporary methods for determining the in-
plane shear modulus of CLTand will facilitate further research
on the in-plane shear modulus of CLT.

2. Discussion

As discussed in the previous section, several methods for the
determination of the in-plane shear modulus of CLT as
proposed by different researchers are prevalent. )e

methods were only briefly introduced in the previous sec-
tion. In this section, the methods proposed by Brandner et al.
[6], Flaig and Blaß [5], Bogensperger et al. [1], Turesson et al.
[8] and Andreolli et al. [9] will be discussed in detail. All of
these methods emphasize on determining the shear modulus
of a non-edge-glued CLT. In edge-glued CLT, since the
adjacent laminates of each layer are bonded, the CLT de-
forms as a whole continuous unit under shear stress and
behaves similar to a piece of lumber. )us, the shear
modulus of edge-glued CLT is commonly taken to be
equivalent to the shear modulus of the lumber forming the
CLT [8].

2.1. Brandner Method. Brandner et al. [6] adopted the test
configuration of Kreuzinger and Sieder [10] and proposed a
method to determine the shear modulus of CLT from a
simple compression test conducted on a differential CLT
section. Instead of testing full scale CLT panels, Brandner
et al. [6] opted for smaller CLT specimens to realize a
continuous load path in the test samples, to achieve pure
shear failure mode, and to minimize the test implementation
cost.

In the test configuration proposed by Kreuzinger and
Sieder [10], a rectangular section is cut out at 45° angle to the
direction of the outer longitudinal layers of the CLT. )e
rectangular section has a length of 1500mm and a width of
500mm.)is section is then subjected to a compressive load
(F) as exhibited in Figure 1.

In Figure 1, x and y directions are the global horizontal
and vertical directions of the system, respectively (the global
coordinate system), and xM and yM are the directions of the
fibres of the outer longitudinal layers and the transverse
(cross) layers of the CLT, respectively (the local/material
coordinate system). )e local coordinate system is rotated
counter-clockwise by an angle of 45° with respect to the
global coordinate system. Under the action of the com-
pressive load (F), the stress state of the CLTsection cut out at
45° constitutes pure shear (τxMyM) combined with pure
compression (σyM) in the local coordinate system. In the
global coordinate system, only the vertical stress component
(σy) is created on the CLT section. Using stress-strain re-
lationships from the plate theory (in-plane stresses), the
constitutive equations for the material of the CLT in the local
coordinate system are given as
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where εxM, εyM, and cxMyM are the strain components and
σxM, σyM, and τxMyM are the stress components. ExM is the
weighted modulus of elasticity in the xM direction, and EyM

is the weighted modulus of elasticity in the yM direction.
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GxMyM is simply the shear modulus of the CLT section.
ExM andEyM can be determined as follows by the method of
weighted average:

ExM �
 txME0 +  tyME90

tCLT
;

EyM �
 tyME0 +  txME90

tCLT
,

(2)

where txM is the thickness of each longitudinal layer, tyM is
the thickness of each transverse layer, E0 is the modulus of
elasticity of each layer parallel to the grain, E90 is the
modulus of elasticity of each layer perpendicular to the
grain, and tCLT is the total thickness of CLT.

SxMyM �

(1/ExM) 0 0
0 (1/EyM) 0
0 0 (1/GxMyM)

⎛⎜⎜⎝ ⎞⎟⎟⎠ in (2) is

the flexibility matrix in the local coordinate system which

can be transformed to the global coordinate system (Sxy)
using the following transformation:

Sxy � TSxMyMT
T
, (3)

where
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where α is the angle between the local and the global co-
ordinate systems, which in this case is 45°. For α� 45°, the
flexibility matrix in the global coordinate system is given by
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)us, the flexibility matrix given in (5) is the flexibility
of the CLT section in the global directions with the
properties transformed from the local material directions

to the global directions. Now, in the global coordinate
system, the constitutive equations for the material of the
CLT are given as

45°

Fiber direction of outer longitudinal layers

F F

yyM xM
τxMyM
σyM
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x

Figure 1: Internal stresses and external loading of the rectangular CLT cut out at 45° angle from larger CLTpanels according to Brandner
et al. [6].
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(6)

where, similar to (1), εx, εy, and cxy are the strain com-
ponents and σx, σy, and τxy are the stress components in the
global directions. Ex is the modulus of elasticity in the x

direction, and Ey is the modulus of elasticity in the y di-
rection. Gxy is the shear modulus of the CLTsection (GxMyM

and Gxy are synonymous). )e flexibility matrix Sxy given in
(6) is equivalent to that given by (5). )e only difference
between them is as follows: one is derived from the local
material directions and transformed into the global direc-
tions, while the other is given directly in the global axes.

From the direction of load application on the rectangular
section, it can be observed that σx � 0 and τxy � 0 since only
vertical compressive load is acting on the section. )us,
under the vertical compressive load, a discrete stress state σy

with an associated strain εy is formed which follows the
simple constitutive relation σy � Eyεy. σy is the stress acting
in the vertical direction on the CLT section, and εy is the
associated strain. From the vertical load-deflection behav-
iour of the CLT section, the modulus of elasticity in the
vertical direction, Ey can be determined. Now, considering
the (2,2) element of the flexibility matrix given in equations
(5) and (6), and their equivalency, the following relationship
holds:
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Rearranging (7), the shear modulus can be determined
using

GxMyM �
1

4/Ey  − 1/ExM(  − 1/EyM  
, (8)

where Ey is determined from vertical load-deflection be-
haviour of the CLT section and ExM and EyM are estimated
from the material properties of the laminates that form the
CLT. Equation (8) represents the final form of Brandner
et al.’s [6] model to predict the shear modulus of CLT. )e
test setup used by Brandner et al. [6] is shown in Figure 2.
)e CLT section is placed in between the machine actuator
head at the top and the support (machine base) at the
bottom. Measurement crosses are placed concentrically on
the specimen to measure both the vertical and the horizontal
deflection.

)e test configuration adopted by Brandner et al. [6] was
motivated by noting the difficulties faced in determining shear
properties on a full-scale CLT diaphragm, as had been per-
formed by Andreolli et al. [9] and Bogensperger et al. [1]. )e
simple compression test can be conducted in almost any
laboratory that has a compression test machine without the
need for any complicated instrumentation. )e intended and
assumed failure mode in this configuration is the gross-shear
failure mode, which is initiated by the longitudinal shearing
failure (shear failure parallel to the grain) in all the layers of the
CLT considering the gross cross-section of CLT. )e in-plane
deformation (both vertical and horizontal) of the CLT speci-
men under compressive load was determined on both side
faces using centrically placed measurement crosses with a
gauge length of 400mm. )e height-to-width ratio of the
specimen used in Brandner et al. [6] tests was 1500mm/
500mm� 3/1. )rough finite element analysis, it was verified
that this height-to-width ratio of the specimen did not lead to
any stress concentrations at the middle of the specimen. Also,
the middle of the specimen was under a state of constant shear
stress. )us, deformation measurements were taken in this
middle region of the specimen as exhibited in Figure 2.

Shear modulus values were experimentally determined
by Brandner et al. [6] using two approaches, (a) by using (8),
with the value of Ey measured from the load-deformation
data in the vertical direction of the test configuration of
Figure 2, and standardized moduli of elasticity, E0 and E90
according to the stress class of the lumbers of each layer of
the CLT; (b) with the approach standardized in EN 408 [11].
)e second approach involved measuring the local shear
deformations of a specimen in a bending test. Details of this
approach can be found in the standard EN 408 [11]. )e
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m
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y
yM xM

x

Figure 2: Test setup used by Brandner et al. [6]. )e specimen is
placed between the machine base and the machine actuator.
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shear modulus values using these two approaches differed by
about 10%, the latter approach yielding higher values.
Brandner et al. [6] noted the higher deflection in the vertical
direction compared to the horizontal direction in the
compression test setup as a possible reason for the lower
value given by the first approach. Among the two ap-
proaches, the first approach led to higher variability in the
shear modulus values.

From (1), it can be observed that the off-diagonal ele-
ments, which are related to Poisson’s ratio, have been ig-
nored. Furthermore, in estimating ExM and EyM, E0 might
be considered as the modulus of elasticity of each layer
parallel to the grain direction of the laminates of the layer
and E90 is the modulus of elasticity of each layer perpen-
dicular to the grain direction of the laminates of that layer.
While assuming E0 of each layer to be equal to the E0 of the
laminates of the layer might be appropriate, assuming E90 of
each layer to be equal to the E90 of the laminates might be an
overestimation. )e rationale behind this is, for each layer,
the continuity of the laminates which is maintained when
stresses parallel to the grain (fibre) direction are considered
and the laminates can be considered to be fully effective in
resisting the stresses. On the other hand, when stresses
perpendicular to the grain (fibre) direction are considered,
the continuity of laminate is disrupted at the boundary
between two adjacent laminates due to the presence of edge-
gaps and inadequate bonding (for CLT without edge-gluing
or narrow face bonding), and the full capacity of the lam-
inates might not be effective in resisting the stresses. )us,
assuming the modulus of elasticity of the layer perpendicular
to the grain direction of the laminates equal to the modulus
of elasticity of the laminate material perpendicular to the
grain may lead to an overestimation of the stiffness property.
Also, the specimen size adopted in the test configuration is
still fairly sizeable, which led to heavy specimens and the
need to use lifting equipment in the test laboratory.

2.2. Flaig and BlaßMethod. According to Flaig and Blaß [5],
when CLT is subjected to in-plane transversal forces, the
overall shear deformation in the CLTcan be considered to be
the superposition of two components: (1) shear deformation
within the laminates of the CLT and (2) rotational and
translational deformation of the crossing areas between the
laminates of the longitudinal and the transversal layers. )e
first component arises from the shear strain within the
laminates of the CLT, and it is equivalent to the shear de-
formation in wood material. )is is the only component of
shear deformation in an edge-glued CLT (CLT with narrow
face bonding). )e second component arises from the
mutual displacement and rotation that occur in the crossing
area between the laminates of the longitudinal and the
transversal layers in a CLT without narrow face bonding
[12]. )e glued connection between the longitudinal and
transverse layers (crossing area) of the CLT can be con-
sidered as rigid; however, the wood fibres at the vicinity of
the adhesive layer in the crossing areas can undergo sig-
nificant deformation under transverse loads. )is leads to
the mutual displacement and rotation that occur in the

crossing area, or more precisely, at the vicinity of the
crossing area. Since shear deformation within the laminate is
the only component of shear deformation in an edge-glued
CLT, the shear modulus of an edge-glued CLT can be
considered to be comparable to that of a solid lumber and it
was not considered in the Flaig and Blaß [5] study.

)e two components of shear deformation in a differential
CLTsection that arise due to the action of the shear force Ton
all faces are illustrated in Figure 3. )e strain cS in the left
picture is the first component of the shear deformation, and
cCA in the right picture is the second component of the shear
deformation. Some implicit assumptions of the Flaig and Blaß
[5] model are as follows: (1) the CLT is loaded on edge as a
beam; (2) the transverse loads acting on the CLT beam are
perpendicular to the direction of the grain of the outer lon-
gitudinal layers, and (3) the direction of the grain of the outer
longitudinal layers is aligned with the beam axis.

Along the length or width of the CLT, in sections which
coincide with gaps between adjacent laminates of the same
layer, the shear forces have to be transferred to the subse-
quent layer in the CLT thickness direction through the
crossing areas. )is leads to the development of shear stress
in the crossing areas. )e second component of the overall
shear deformation arises from the stress acting in the
crossing areas. )is second component of the overall shear
deformation can again be broken down into two mecha-
nisms, translational and the rotational. )e translational
deformation (cyx) originates from unidirectional shear
stresses acting parallel to the beam axis (Figure 4(a)), while
the rotational deformation (ctor) is caused by torsion as
shown in Figure 4(b).

)e strain components are given by the following
relationships:

cyx �
2τyx

Kw(m − 1)

�
12V

Kw
3
m

3
nCA

,

(9)

ctor �
2τtor
Kw

�
6V

Kw
3
nCA

1
m

−
1

m
3 .

(10)

In the above equations, τyx is the shear stress acting
parallel to the beam axis of the CLT and it is caused by the
variation of the bending moment along the beam axis. If the
CLT does not have narrow face bonding, the differential
normal forces that arise from the change of the bending
moment along the beam axis have to be transferred through
the crossing areas between the longitudinal and the trans-
verse layers. )is is the source of the shear stress τyx. τtor is
the torsional shear stress which arises from the eccentricity
between the centre lines of the laminates of the longitudinal
layers with respect to the central plane of the CLT beam (the
horizontal plane through the midheight of the CLT beam).
)e torsional shear stress is assumed to be constant within
the beam thickness and uniformly distributed within the
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beam height. )e latter assumption is only possible if the
laminates of the transverse layers remain straight (do not
undergo any rotation) in the deformed beam. )is torsional
shear stress leads to rolling shear stresses in the laminates. K

is the slip modulus, a measure of the stiffness of the crossing
areas with the unit of force/(length)3. In (9) and (10), no
distinction has been made between the stiffness of the
crossing areas under the two separate mechanisms (e.g., slip
modulus and torsional modulus). )e same K value is used
as the measure of stiffness under both mechanisms. w is the
width of all the laminates, which is taken as constant for all
the layers. Information on CLT with laminates of different
widths in the longitudinal and transverse layers can be found
in Blaß and Flaig [13]. m is the number of longitudinal
laminates within the beam height direction. V is the shear
force acting on a section of the CLT beam, and nCA is the

number of glue lines between the longitudinal and trans-
verse layers in the beam width direction.

From (9) and (10), it can be observed that the number of
laminates in the longitudinal layers have a pronounced effect
on the shear deformations. However, in CLT beams having a
large number of laminates in the longitudinal layers, the last
term in (10) becomes very small and can be ignored.

For CLT with a rectangular cross-section, the consti-
tutive equation for the crossing area is

τ � cyx + ctor Geff ,CA, (11)
where Geff ,CA is the shear modulus of the crossing area and τ
is the shear stress acting in the crossing area. To estimate this
shear stress from the shear force acting in the gross cross-
section (considering the whole thickness and width of the
CLT), a shear correction factor has to be used:

T

T

T

T

γs

(a)

T

T

TT

γCA

(b)

Figure 3:)e two components of the overall shear deformation: (a) shear deformation within the laminates; (b) rotational and translational
deformation in the crossing areas [12].

du

du

+

+

+

+

q 
∙ (

1 
– 

m
)

q 
∙ m

γyx

(a)

+

b

MT

γtor

(b)

Figure 4: Shear strain components in the crossing areas due to (a) the translational deformation mechanism and (b) the rotational
deformation mechanism [5].
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τ � kshear
V

Agross
, (12)

where Agross is the gross cross-sectional area and kshear is the
shear correction factor, assumed to be 5/6 by Flaig and Blaß
[5] which is a value commonly used for rectangular cross-
sections [14], and V is the shear force acting in the whole
CLT gross cross-section. )us, the shear modulus of the
crossing area is given by

Geff ,CA �
6V

5Agross cyx + ctor 

�
Kw

2
m

2
nCA

5tCLT m
2

+ 1 
,

(13)

where tCLT is the total thickness of the CLT beam and the
terms on the right side of (12) have been derived by
substituting the values of cyx and ctor from equations (9) and
(10). Finally, the shear deformations in the laminates and the
deformation of the crossing areas are superimposed by the
following formalism:

ceff ,CLT � ceff ,CA + clam,

ceff ,CA � cyx + ctor,

τ � ceff ,CAGeff ,CA � clamGlam

� ceff ,CLTGeff ,CLT

� clam + ceff ,CA Geff ,CLT,

τ �
τ

Glam
+

τ
Geff ,CA

 Geff ,CLT,

Geff ,CLT �
1

Glam
+

1
Geff ,CA

 

− 1

,

(14)

where ceff ,CLT is the overall shear deformation in the CLT
beam, ceff ,CA is the total shear deformation of the crossing
areas due to the two mechanisms, and clam is the shear
deformation within the laminates. τ is the shear stress acting
on the crossing area as before, and also in the laminates and
the whole CLT. )us, τ is the effective shear stress acting on
the CLT. Glam is the mean shear modulus of the laminates
(Flaig and Blaß [5] assumed all the laminates of the CLT to
have the same shear modulus) of the CLT, and Geff ,CLT is the
effective shear modulus of the whole CLT. Equation (14)
represents the final closed form solution of the Flaig and
Blaß [5] model to predict the shear modulus of CLT.

)e determination of the stiffness of the crossing areas
(slip modulus, K in (9) and (10)) is a challenge as discussed
by Blaß and Flaig [13], and the results of the studies carried
out by Blaß and Görlacher [15] and by Jöbstl et al. [16] have a
significant discrepancy. Blaß and Flaig [13] carried out four-
point bending tests on CLT beams. From the measured
shear-free and apparent moduli of elasticity of the CLT

beams, the effective shear modulus values of the CLT beams
were evaluated. Using the effective shear modulus value, the
slip modulus of a crossing area was determined using (13)
and (14) and a laminate shear modulus of 690N/mm2, which
is the characteristic value of the shear modulus of lumber of
nominal strength class C24 according to EN 338 [17].

)e shear modulus values tabulated in Flaig and Blaß [6]
are determined the measured shear-free and apparent
moduli of elasticity of the CLT beams under four-point
bending tests. No ad hoc test setup for measurement of shear
modulus was made. )e problem with the four-point
bending test is that the shear deformations under bending
test might be very small depending on the span-to-depth
ratio (L/h) of the CLT beam. Nevertheless, Flaig and Blaß [6]
found that the shear modulus of CLT beam increases with
the number of layers of CLT.

)ough Flaig and Blaß [6] pointed out that the shear stress
component τyx varies in the beam width direction for CLT in
which the ratio of tlong,k/nCA,k (tlong,k is the thickness of the k-
th longitudinal layer and nCA,k is the number of glue lines the
k-th longitudinal layer shares with adjacent transverse layers)
is not constant for all the longitudinal layers, it was assumed
that this shear stress variation in the beamwidth direction can
be ignored. Danielsson and Serrano [18] pointed out that, this
assumption is inaccurate, and this shear stress component is
significantly influenced by the lay-up parameters
tlong,k/tnet,long (tnet,long is the sum of the thicknesses of the
longitudinal layers), nCA, and nCA,k. For the calculation of
shear stress component τtor, Danielsson and Serrano [18] also
noted that the assumption of equal torsional moments for all
crossing areas in the beam height direction is inaccurate in the
Flaig and Blaß [5] model. Danielsson and Serrano [18] found
the torsional moments and shear forces to be significantly
greater close to the centre line of the beam compared to the
upper and lower parts of the beam.)e findings of Danielsson
and Serrano [18] might have implications on the method of
effective shear modulus determination proposed by Flaig and
Blaß [5].

2.3. Bogensperger Method. Bogensperger et al. [1] took ad-
vantage of the regular periodic geometric structure of CLT
elements and modelled the smallest unit cell for mechanical
treatment, called the “representative volume subelement
(RVSE).” )e unit cell which is repeated over the whole
volume of the CLT is called the “representative volume
element (RVE).” )e RVE can be decomposed to even
smaller building blocks called the “representative volume
subelement (RVSE).”)e representative volume subelement
comprises of a cut out of two orthogonal laminates in two
adjacent layers of CLT, usually each of them extending over
half of the thickness of each layer. )is further decompo-
sition of RVE into RVSE is justified if an infinite number of
layers of CLT are assumed. )e RVSE is surrounded by two
planes of symmetry on the two sides.)e RVE and RVSE are
shown in Figure 5.

From Figure 5, it can be observed that, if there are n
number of layers in CLT, the number of glue planes and thus
the number of RVSE are (n− 1). Also, each RVSE is
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composed of one glue plane and two orthogonal laminates
on either side of the glue plane. Bogensperger et al. [1]
assumed the thickness of the thinner of the two glued
laminates to be the controlling thickness of the RVSE, as a
conservative approach to calculation of the resulting shear
stresses. However, the thickness of the outermost RVSEs in a
CLT is equal to either twice the thickness of the outer
laminate or the ordinary thickness of the inner laminate,
whichever is less. To illustrate the thickness of the RVSE in
detail, the RVSEs that constitute a 5-layer CLTare shown in
Figure 6.

As the CLT in Figure 6 is a 5-layer CLT, it has 4 RVSEs.
For the 4 RVSEs in Figure 6, the thickness of each RVSE is
given in Table 1.

)e overall thickness of all the RVSEs is equal to the sum
of the thickness of all the RVSEs, which is always smaller
than or equal to the overall geometric thickness of the CLT.

Under in-plane shear forces, shear stresses are generated
in such a way that the narrow faces of the laminates of each
layer remain stress-free. )ese narrow faces usually have
glue lines in an edge-glued CLTwhile they lack glue lines in a
non-edge-glued CLT. Shear stresses are transferred to the
adjacent RVSEs at the vertical and horizontal pairs of planes
of periodicity only. )is means that shear stresses are not
transferred to adjacent laminates of the same layer in a non-
edge-glued CLT.)e complete in-plane shear mechanism in
an RVSE can be decomposed into two parts: (a) pure shear
mechanism with full shear force transmission at the narrow
faces of all boards (mechanism 1, Figure 7); (b) local stress
redistribution caused by torsional moments acting on both
sides of the gluing interface on the wide faces of the lam-
inates (mechanism 2, Figure 8). )ese two mechanisms
superimpose to create a stress-free condition at the narrow
faces (Figure 9(a)). )is fulfils the condition of no shear
stress transmission to adjacent laminates of the same layer
through the narrow faces.

)e mechanism 1 corresponds to the state of uniform
shear across the total thickness of the RVSE (Figure 9(b)).
)is state occurs in homogeneous CLTs with narrow face
bonding (edge-gluing). Under this mechanism, full shear
force is transmitted at the narrow faces of the laminates.

)erefore, the relevant shear stiffness under mechanism 1
is equivalent to the mean shear modulus of the laminates
parallel to the grain (Glam). Mechanism 2 corresponds to a
complicated state of torsion-like behaviour in the

RVE

RVSE

Figure 5: A full-sized CLTpanel decomposed to an RVE and then
subsequently to an RVSE.

RVSE - 1
RVSE - 2

RVSE - 3

RVSE - 4

t_1

t_2

t_3

t_4

t_5

Figure 6: Idealized RVSE for a 5-layer CLT according to
Bogensperger et al. [1].

Table 1: Idealized thicknesses of all the RVSEs for the CLT in
Figure 6

RVSE designation )ickness
RVSE–1 min(2t1, t2)
RVSE–2 min(t2, t3)
RVSE–3 min(t3, t4)
RVSE–4 min(t4, 2t5)

γI

Figure 7: Pure shear mechanism, mechanism 1 [1].
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thickness direction of the RVSE extending between the
two planes of symmetry of the RVSE (Figure 9(c)).
Bogensperger et al. [1] adopted a simple classical torsional
beam model which extends in plate thickness direction
and is loaded by oppositely directed torsional moments
with uniform distribution, acting antisymmetrically to the
midplane of the RVSE. )e assumed torsional model
corresponds to the condition of restrained warping. )e
relevant effective shear stiffness (Geff) under mechanism 2
is still unknown and is assumed to be equal to
Geff,2 �Glam/2 (Moosbrugger et al. [19] and Bogensperger
et al. [1]).

)e shear deformation of mechanism 1 (c1) and
mechanism 2 (c2) are given by (15) and (16), respectively:

c1 �
τ0

Glam
, (15)

c2 �
6τ0
Glam

t

w
 

2
, (16)

where τ0 is the nominal shear stress associated with the
RVSE. Glam is the mean shear modulus of the laminates of
the CLT parallel to grain. t is the mean thickness of the
laminates, and w is the mean laminate width or the mean
distance between stress relief cuts of CLT. As discussed
previously, only a simple torsional behaviour was assumed
to derive (16).)e torsional shear deformation of this simple
torsional beam model is given by

c2 �
TL

Geff ,2J
, (17)

where T is the torsional moment acting on the two sides of
the RVSE at the two planes of symmetry (two outer sides). L
is the length from the midplane of the RVSE to the plane of
symmetry. Geff ,2 is the effective shear modulus under
mechanism 2, and J is the polar moment of inertia. )ese
terms are given by the following expressions according to
Bogensperger et al. [1]:

T � τ0ta
2
,

L �
t

2
,

Geff ,2 �
Glam

2
,

J �
w

4

6
.

(18)

)e torsional moment results from the nominal shear
force, τ0 · t · w, and w is the torsional moment arm of the
nominal shear force. )e length from the midplane of the
RVSE to the plane of symmetry is t/2. Glam/2 is the assumed
value of Geff ,2. Finally, considering the simple torsional beam
model, the torsional constant is assumed to be equal to the
polar moment of inertia, J which for a square cross-section is
given by w4/6. Inputting these expressions into (17) will lead
to 16.

Now, adding the shear deformation of the two mecha-
nisms will give the total shear deformation of the CLT, which
is

c � c1 + c2. (19)

If G is the effective shear modulus of the whole CLTwith
the superposition of both the mechanisms,

c1

c
�

τ0/Glam( 

τ0/G( 
,

or
τ0/Glam( 

τ0/Glam(  + 6τ0/Glam( (t/w)
2

�
G

Glam

�
1

1 + 6(t/w)
2

orG �
Glam

1 + 6(t/w)
2.

(20)

Equation (20) provides a simple relation between the
effective shear modulus of the CLT under in-plane loading
condition and the mean shear modulus of the laminates that
make up the CLT. However, as some assumptions were
made regarding the shear deformation under mechanism 2
and as it can only be approximated with equation (20),
Bogensperger et al. [1] carried out a finite element study for
achieving better mechanical results. Also, equation (20) does
not recognize the effect of the finite number of layers of CLT
in predicting the shear modulus from the shear mechanism
of RVSE. Instead, equation (20) assumes an infinite number
of layers of the CLT. According to Turesson et al. [8], this
results in an overestimate of the actual shear modulus of the
CLT. )e effect of the finite number of layers on equation
(20) was investigated by Silly [20], and in order to account
for the finite number of layers in a CLT, a correction factor

φ = γII

Figure 8: Local stress redistribution due to torsional moments,
mechanism 2 [1].
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was proposed.)e proposed correction factor (αT) to predict
the effective shear modulus is

αT � p
t

w
 

q

;

t �
total thickness of CLT
number of layers in CLT

,

(21)

where t is the mean thickness of all the layers of CLTand w is
the laminate width of the CLT (usually a constant value for
each type of CLT). )e values of p and q in estimating the
correction factor are given in Table 2 according to Silly [20]
and Bogensperger et al. [1].

With the correction factor, the shear modulus is ap-
proximated by

G �
Glam

1 + 6αT((t/w))
2. (22)

Equation (22) represents the final form of the Bogens-
perger et al. [1] model to predict the shear modulus of CLT.
Bogensperger et al. [1] assumed a mean value of the width
and the thickness of the laminates in developing the model
to predict the shear modulus of CLT. )ough CLT with
unequal width of the laminates of each layer is not common,
the assumption of an equal mean thickness of all the layers
means that the method cannot be applied to CLT with
unequal layer thicknesses. Also, the simple torsional beam
model for the shear mechanism 2 in (17) does not represent
the correct state of the torsion in the RVSE when the width-
to-thickness ratio of each layer is low [8]. A more accurate
representation of the shear state in the RVSE can be made
using the theory of elasticity.

2.4. Andreolli Method. Andreolli et al. [9] noted some of the
shortcomings of the different methods mentioned in the
European standard EN 16351 [21] to determine the in-plane

characteristics of CLT. Among these methods, the four-
point bending test is not always useful in determining shear
properties as bending stresses are predominant compared to
the shear stresses in the bending test. Other test methods
conducted on small-sized specimens focus on testing of
single nodes of CLT (with only one glued crossing area
between the longitudinal and the transverse layers). Tests on
single nodes are usually done to determine the shear strength
values under different failure modes. However, they cannot
provide any information on the stiffness of CLT and it is
uncertain whether they are representative of the global
behaviour of the whole CLT panel.

Considering the shortcomings of the previously pro-
posed test methods, Andreolli et al. [9] proposed a diagonal
compression test setup to determine some of the in-plane
properties of CLT. )e test setup is illustrated in Figure 10.
For this test, square-shaped CLTspecimen of 1m side length
was used. )e load was applied under displacement control
at a constant rate of 0.04mm/s. )e load was transferred to
the specimen using reinforced steel angles (seen in the upper
and lower corner of the specimen in Figure 10). )e de-
formation of the specimen was measured on both the side
faces. A total of eight instruments were positioned on the
panel as shown in Figure 10. Four LVDTs measured the
horizontal (wx) and vertical (wy) deformations of the central
core of the specimen (the central core is the square zone
located in the centre of the specimen with a diagonal length
equal to 40% of the specimen diagonal, shown in Figure 10
with dashed lines), two wire potentiometers measured the

Planes of
symmetry

(in Z-direction)

X

Y

Z

(a) (b) (c)

X

Y

Z

Figure 9: Superposition of shear mechanisms (a) original situation, (b) partial state of pure shear mechanism (mechanism 1), and (c) partial
state of torsion-like behaviour (mechanism 2) [19].

Table 2: p and q values of the correction factor for determining
shear modulus.

No. of layers 3 5 7
p 0.53 0.43 0.39
q −0.79 −0.79 −0.79
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total deformation along the horizontal diagonals (wd) and
two inductive displacement transducers measured the ab-
solute vertical displacements (wTOT) of the machine head. A
load cell was used to measure the applied force. )e main
goal of the diagonal compression test is to introduce a state
of pure shear stress inside the CLT. For simplified treatment
of the stress condition inside the CLT under diagonal
compression, uniform stress distribution can be assumed.
However, the actual stress distribution inside is more
complex. )e state of uniformity of stress is grossly violated,
and in the central core zone, the shear stress is higher than
other parts of the CLT.

Andreolli et al. [9] used Frocht’s [22] solution to estimate
the average value of the shear stress acting in the core zone
from the assumed uniform stress distribution, which is given
by

τcore � 1.429τ

�
1.429F

�
2

√
A

,

(23)

where F is the applied vertical force from the machine ac-
tuator and A is the cross-sectional area of the specimen in the
direction parallel to the four sides of the specimen. )us,
A � l × tCLT, where l is the length of the specimen as seen in
Figure 10 and tCLT is the thickness of the specimen.)e factor
1.429 in (23) accounts for the fact that the shear stress inside
the central core zone is higher than the shear stress occurring
outside the central core zone. )e stress calculated using
F/

�
2

√
A in (23) gives the value of the stress if uniform stress

distribution is considered throughout the CLT. Andreolli
et al. [9] suggested this factor by averaging the ratios of the
actual the shear stress in the core zone to the shear stress
calculated using F/

�
2

√
A along the horizontal (along wx) and

vertical (along wy) diagonal of the central core zone.

)e average shear strain of the core zone is given by

c �
2Δv
d1

. (24)

)e derivation of (24) can be explained with the help of
the deformed shape of the core zone (Figure 11).
Δv in (24) is the average change in the core diagonal of

length d1 as measured by the four LVDT transducers, thus
Δv � (wx,side 1 + wx,side 2 + wy,side 1 + wy,side 2)/4. In Figure 11,
the deformed shape is shown with dotted lines. a is the
length of the core zone. From small-displacement
approximations,

cos(90 − c) � sin c ≈ c,

Δv2 ≈ 0.
(25)

Using cosine law of triangle,

d1 − Δv �

�������������������������

a
2

+ a
2

− 2 · a · a · cos(90 − c)



,

or d1 − Δv( 
2

� a
2

+ a
2

− 2 · a · a · cos(90 − c)

or d
2
1 + Δv2 − 2d1Δv � a

2
+ a

2
− 2 · a · a · cos(90 − c)

or − 2d1Δv � −d
2
1c

[Δv2 ≈ 0 and from the undeformed shape,

d
2
1 � a

2
+ a

2
]

or c �
2Δv
d1

.

(26)

Finally using (23) and (24), the shear stress versus shear
strain curve of the core zone is produced for each specimen.
Regression analysis is carried out on the data points to get a
best-fit line. )en, the slope of the best-fit line within the
10%–40% range (this range is actuated following the pro-
visions of EN 408 [11]) of the maximum applied load Fmax
gives the value of the in-plane shear modulus of CLT, G.

Andreolli et al. [9] conducted diagonal compression test
on four types of CLTs: (1) CLTwith narrow face bonding; (2)
CLTwith narrow face bonding but with shrinkage cracks; (3)
CLTwithout narrow face bonding and with stress relief cuts;
(4) CLT without narrow face bonding. )e first type of CLT
gave the highest value of shear modulus, which was com-
parable to that of solid lumber material.

Turesson et al. [23] discussed some of the drawbacks of
the diagonal compression test. )e contact area between the
CLT panel and the steel angles (which act as supports)
provides some additional restraint to the deformation of the
CLT in the horizontal direction. As a result, the CLT panels
are not deformed in the vertical and horizontal direction by
the same amount.)e factor 1.429 used to calculate the shear
stress in the core zone does not consider this unequal de-
formation issue. Furthermore, the simplified deformed
shape exhibited in Figure 11, in which both the vertical and

WTOT

Wy

Wd

Wx

F

F

I

0.4d = d1

a

d

Figure 10: Diagonal compression test setup [8].
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horizontal deformation is assumed to be equal (Δv/2), is not
representative of the actual deformed shape of the core zone
due to the unequal deformation in the vertical and hori-
zontal direction. )is might lead to inaccurate value of the
shear modulus determined using Andreolli et al.’s [9]
method based on the geometry of the deformed shape.
Considering this shortcoming, Turesson et al. [23] developed
a picture frame test setup, which is essentially an im-
provement over that used by Andreolli et al. [9]. According
to Turesson et al. [23], CLTpanels can be deformed along the
horizontal and vertical diagonals proportionately by the
same amount using the picture frame setup, which was not
the case for specimen in the diagonal compression test of
Andreolli et al. [9]. However, the picture frame test setup by
Turesson et al. [23] will not be described here as the principle
is the same as that of Andreolli et al. [9].

2.5. Turesson Method. Turesson et al. [8] carried out finite
element analysis to derive some reduction factors, which
when multiplied by the shear modulus value of the lumber
forming the CLT (assuming each layer of CLT is formed with
the same grade of lumber), will give the effective shear
modulus value of the whole CLT. )e reduction factor (k88)
ranges from a value of 0 to 1. According to Turesson et al. [8],
its value is 1 for an edge-glued CLTand for a non-edge-glued
CLT, it is always less than 1. While Bogensperger et al. [1]
only analysed idealised representative volume subelements
of CLT as discussed previously, Turesson et al. [8] analysed
whole sized (1.28m× 1.28m) 3-layered and 5-layered CLT
panels using finite element methods.

In their study, Turesson et al. [8] modelled the whole CLT
panels and analysed them using proper boundary conditions
by finite element analysis. Shear force was applied on the sides
of the panels as surface traction forces. A simplified model of
the CLTpanel is shown in Figure 12. Two corner nodes were
restrained against translation in the vertical and horizontal
direction to prevent any rigid body motion of the panel. )e

two corners on the left edge of the panel were restrained from
any movement. )e right edge of the panel was shifted by an
amount of dy under the action of shear force:

k88 �
Ftrac

tCLTdyGlam
, (27)

where Ftrac is the applied traction force in the finite
element analysis software, tCLT is the total thickness
of the CLT, dy is the displacement of the CLT due to the
shear force, and Glam is the mean shear modulus value
of the laminates of the CLT.

As reflected in (27), the reduction factors were calcu-
lated relative to the shear modulus of the laminates of the
CLT, Glam. From the finite element analysis, Turesson et al.
[8] generated charts for determining the value of the factor
based on width of the laminates and thickness of each layer.

Δv/2

Δv/2

d1–Δv d1

Δv/2

Δv/2

a

γ/2

90°–γ

Figure 11: )e central core zone in the undeformed (represented by solid lines) and deformed (represented by dashed lines) shape.

Ftrac

dy

Ftrac

Ftrac

Ftrac

Figure 12: Finite element model of the CLT panel. )e reduction
factor was calculated using equation (27).
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From the large range of values of the width of the laminates
and thickness of the layers, practical values used in real-life
CLTs can easily be determined from the charts. Turesson
et al. [8] also suggested an equation to predict the correction
factors based on curve fitting methods. Nevertheless, Tur-
esson et al. [8] only studied 3- and 5-layer CLT panels, and
the results cannot be extended to CLT panels with a greater
number of layers.

2.6. Comparison of the Methods and Analysis of the Results.
Unlike the Flaig and Blaß [5] method, Brandner et al.’s [6]
method requires test results for each specific type of CLT as
the Ey value will vary depending on the type of CLT. In other
words, the Brandner et al. [6] model to predict the shear
modulus of CLT might be considered a semiempirical ap-
proach while the Flaig and Blaß [5] model is more of a
mechanics-based approach. Large-scale tests on CLT panels
were carried out by Zimmerman and McDonnell [24] to
determine the effective in-plane shear modulus of full-size
CLT panels. )e effective shear modulus values were
compared against the values predicted by Flaig and Blaß [5]
and Brandner et al. [6] models. From the comparison, it was
observed that both methods gave underestimated values of
the effective shear modulus compared to the test results.
However, the values predicted by the Flaig and Blaß [5]
method were further off from the test results compared to
the values predicted by Brandner et al.’s [6] method. It
should be noted that CLTs in the large-scale panel tests were
under constant axial compression during testing which
might have contributed to relatively higher effective shear
modulus values. Zimmerman and McDonnell [24] also
reported that the predicted effective shear moduli using
these Flaig and Blaß [5] and Brandner et al. [6] methods
differed by approximately a factor of two.

Flaig and Blaß [5] provided a plot of the effective shear
modulus of CLT calculated using (14) with a shear modulus
value of 690MPa for the laminates and a slip modulus (K)
value of 5N/mm3. )e width of the laminates (w) has a big
influence on the shear modulus value. As discussed previ-
ously, the shear modulus predicted by the Flaig and Blaß [5]
method is dependent on the number of adjacent laminates in
the longitudinal layers (m). However, for CLTs with the
same width of the laminates, with an increasing number of
laminates in the longitudinal layers (m), the difference in the
predicted shear modulus values gradually decreases. )e
shear modulus value can be taken as constant if the number
of laminates in the longitudinal layers is equal to or exceeds
10. In Figure 13, the shear modulus values of CLTpredicted
by the Flaig and Blaß [5] method with Glam � 690MPa,
K � 5N/mm3, and m � 10 have been compared with the
shear modulus determined by Andreolli et al. [9] and
Brandner et al. [6] methods for CLT with comparable
physical properties. It can be observed that the Flaig and
Blaß [5] method underestimates the shear modulus value
compared to the other two methods which corroborate the
findings of Zimmerman and McDonnell [24]. A possible
reason for the underestimated values of shear modulus by
the Flaig and Blaß [5] method is the use of an inappropriate

value of K. As discussed by Blaß and Flaig [13], the de-
termination of an appropriate value of K poses a challenge in
reality.

Turesson et al. [8] suggested some shear modulus values
of CLT using finite element analysis and compared these
values to the experimental values of Brander at al. [6]. )e
difference in the values was between 0.4% and 6.9%.
Brandner et al. [5] compared the shear modulus values
determined from their compression tests to those predicted
using the mechanical model given by Bogensperger et al. [1].
Brandner et al. [5] reported that the shear modulus values
determined from the two methods were overall coherent,
except for some CLTs with stress reliefs. For reducing the
effects of shrinkage-swelling stresses and subsequent for-
mation of cracks with the change of surrounding moisture
content in CLT panels, stress relief was introduced by
making cuts in the longitudinal laminates of the CLTpanels
[25]. A detailed description of CLT stress relief cut can be
found in the CLT Handbook [26]. In a practical scenario, in
CLTs with stress reliefs, some additional stiffness is devel-
oped due to (i) the residual bridge at the groove of the relief
(the bridge occurs as the grooves are not always such that the
cuts extend the full thickness of each layer) and (ii) unin-
tentional penetration of the adhesive into the reliefs. In
Figure 14, the effective shear modulus value of CLT as a
fraction of the shear modulus of the laminates of the CLT
determined by the methods proposed by Bogensperger et al.
[1], Brandner et al. [6], Turesson et al. [8] and Andreolli et al.
[9] has been plotted against the mean layer thickness-to-
width of laminates ratio for CLTs with a different number of
layers. Here, tmean is the total thickness of the CLTdivided by
the number of layers and w is the width of the laminates of
the CLT. For the shear modulus values from Andreolli et al.
[9], the qualifier “equal” represents an equal thickness of all
layers, “unequal” represents an unequal thickness of all
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layers, and “edgebonded” represents an edge-glued CLT.)e
shear modulus of an edge-glued CLT with the presence of
shrinkage cracks from the study of Andreolli et al. [9] has
been presented along with the shear modulus of all other
non-edge-glued CLTs in Figure 14. )e shear modulus value
of the edge-glued CLT is similar to those of the non-edge-
glued CLTs. )e reason for this is the edge-glued CLT in
Andreolli et al.’s [9] study had developed considerable
shrinkage cracks, which eventually happens in all edge-glued
CLTs in real life due to the effect of moisture-induced
stresses caused by the change in surrounding moisture
content. After the formation of shrinkage cracks, the be-
haviour of an edge-glued CLT becomes closer to that of a
non-edge-glued CLT and it no longer exhibits high shear
modulus values concordant with that of solid lumber.

From Figure 14, it can be observed that the shear
modulus values from all the four methods are closely
clustered and Brandner et al. [6] and Andreolli et al. [9]
methods give slightly overestimated shear modulus values
compared to Bogensperger et al.’s [1] method. Turesson
et al.’s [8] method gives shear modulus values very close to
those from Bogensperger et al.’s [1] method.

Turesson et al. [23] reported that Brandner et al.’s [6]
method is increasingly becoming accepted as the most
appropriate test setup for determining the gross shear
properties of CLT. However, ensuring a pure shear stress
condition remains a problem in this method. )e Flaig and
Blaß [5] method is very convenient as it does not require any
physical testing and only the material properties of the CLT

are required as input parameters. )e Flaig and Blaß [5]
method has the potential to become widely accepted if the
relevant shear stiffness of the crossing areas under the two
separate mechanisms can be properly quantified. Bogens-
perger et al. [1] and Turesson et al. [8] methods are mainly
dependent on numerical modelling and simulation of CLT
using finite element methods. As it is the case for all finite
element methods, some simplified approximations are al-
ways present. For example, modelling the glue layer alone
poses a challenge and the results can be drastically different
depending on the method used to model the glue layer in the
finite element analysis software. Andreolli et al.’s [9] method
is also a very good experimental method for determining the
shear modulus, but the test setup implementation remains a
problem due to the large sample sizes and the requirement of
fabricating special fixtures. )us, all the methods described
in this paper have some pros and cons. Each of these
methods has room for improvement through further
research.

3. Conclusions

Five methods for the determination of the in-plane shear
modulus of CLT have been discussed in this paper. Each
method has some advantages and disadvantages. Some of
them require physical testing, while others are just predic-
tion models that require the material properties of CLT as
input parameters. )e highlights of the five methods are as
follows:

(1) )e Brandner method is a semiempirical approach
which gives shear modulus values close to the values
from large-scale CLT panel tests. )e size of the
specimens used in this method is fairly large, which is
cumbersome.

(2) )e Flaig and Blaß method is a mechanics-based
analytical approach. However, determination of one
of the input properties of the analytical model and
the stiffness of the crossing areas remains a challenge.

(3) )e Bogensperger method is a combination of an-
alytical and numerical approach. )e analytical part
of this method relies on some simplified assump-
tions, which might not be very accurate.

(4) )e Andreolli method involves experimental de-
termination of the shear modulus from a diagonal
compression test. )e geometric assumptions made
in this method might not be appropriate due to the
nonuniform deformation in the vertical and hori-
zontal direction.

(5) In the Turesson method, shear modulus was found
from numerical modelling. A prediction model was
proposed from numerical analysis; however, the
model is valid for only 3- and 5-layered CLT panels.

Further research is needed to develop a method that can
accurately predict the shear modulus of CLT and that takes
into account the shortcomings of all the current methods.
)us, the full potential of CLT can be utilised.
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