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Abstract
Cross laminated timber (CLT) has gained a lot of popularity within the construction
sector. The reasons for this are due to its favourable dimensions for prefabrication and
modular construction, its structural performance and dimensional stability, as well as
people’s growing environmental awareness and desire to build with a lower carbon
footprint. As the name suggests, cross laminated timber is an engineered wood based
structure made from layers of lumber elements that are arranged perpendicular to each
other. These layers are commonly face glued to each other.

Naturally, the properties of CLT are driven by the material that is used to form these large
dimensional panels. Besides the materials used, other factors can potentially influence the
performance of CLT panels. The influence of three parameters on several characteristics
of single-layer and CLT panels were investigated in this study, the influence of edgegluing, the aspect ratio of the laminates and the effects of the growth ring orientation of
the laminates. The so called edge-gluing refers to an adhesive bond between adjacent
laminates within a layer. The laminate aspect ratio is the ratio between the width of the
laminates to its thickness. The growth ring orientation of the laminates is determined by
sawing pattern on the cross section of the wooden log and the location a laminate was cut
from. The influence of these parameters on the moduli of elasticity in the major and minor
strength direction, as well as in-plane and planar shear moduli and planar shear strength
in the two panel directions of single-layer and multi-layer CLT panels were investigated.
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“Homogeneous” single-layer and scaled 3- and 5-layer CLT panels were formed. Modal
and static test procedures were employed to determine the effects of the different
parameters on the stated panel characteristics. The results showed that especially the
single-layer and CLT panel properties associated with the minor strength directions were
affected by the investigated parameters. While the single-layer panel properties were
influenced by all three parameters, the properties of CLT panels were mainly influenced
by the edge-gluing and aspect ratio only. Generally, the influence of the aspect ratio was
linked to the absence of edge-gluing within a layer. Statistical models were developed for
predicting the properties of several single-layer and CLT panels.

The results from this study could help to increase the structural performance of CLT by
choosing the right material and manufacturing processes. Nevertheless, the test results
should be confirmed by full-scale CLT tests.
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1.1

What is Cross Laminated Timber?

Cross Laminated Timber (CLT) is an engineered wood product in panel form with a
layered structure that consists of lumber planks in each layer. Traditionally the layers
consist of wood laminates, but lately other wood based engineered panel products have
been used as layer material. In general the grain orientation or major strength direction of
adjacent layers within the CLT panels is alternating to each other, usually by 90° between
adjacent layers, but lay-ups can be arranged with some adjacent layers having the same
grain orientation or major strength direction. Due to the commonly alternating orientation
of adjacent layers, most CLT lay-ups are based on an odd number of layers to achieve a
balanced layup, but CLT lay-ups with an even number of layers are possible. Layers within
a CLT panel often have the same thickness, but this is not mandatory. In general the CLT
lay-ups are symmetrical to the centre of the panel’s cross-section. Deviations from these
common practices are possible and can have benefits, for example to increase thickness of
a possible charring area of a panel in an outer layer on one side of the panel. Unsymmetrical
lay-ups can come with disadvantages in particular during construction, the use of
unsymmetrical lay-ups can result in the necessity that the panel is installed exactly as
planned to ensure the structure’s safe performance. This can slow down construction
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progress or in the worst case lead to fatal mistakes if the installation is not undertaken as
planned. Figure 1.1 shows a 5-layer CLT panel made from wooden laminates and two
cross-section cuts.

Figure 1.1: 5-layer CLT panel and cross-sections
(Gagnon, Pirvu, & FPInnovations (Institute), 2011)

As a result of the alternating layer directions result in a rigid in-plane behavior of CLT
panels and the ability for a two-way load transfer for out-of-plane loading. Furthermore,
the changing grain directions of the adjacent layers, CLT shows not only material
dependent anisotropy, but also structural anisotropic behavior.

1.2

Problem Statement

Today CLT floor systems are normally designed as plate shaped beams exposed to out-ofplane loading, with a one-way load transfer, like single- or multi-span floors. Several
design approaches for beam-like CLT panels have been developed and are contained in
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different national codes (e.g. CSA O86, DIN 1052 2008), some take the shear deformation
into account (e.g. the shear analogy method) while others do not account for shear
deformation (e.g. the composite beam theory). In the former, it is assumed that the shear
deformation is mainly occurring within the layers that have their grain direction
perpendicular to the direction of the span. Research has shown that most of the developed
methods show good accuracy for the design of CLT panels as beam-like members within
the typical range of dimensions, when compared with beam test results. When CLT panels
are supported in two directions like a plate, the use of beam-like design approach generally
leads to conservative results and ignores the structural contribution brought about by the
two-way action of CLT panels under out-of-plane loading.

For more effective design and use of CLT, plate-like analysis procedures are preferred.
Several plate theories previously developed for orthotropic plates can be adopted for CLT
panels. Earlier developed methods such as the Classic Plate Theory, based on Kirchhoff’s
Plate Theory neglect the influence of shear deformation. Over the years advanced plate
theories such as Reddy’s (Reddy, 1984) or Ren’s Plate Theory (Ren, A new theory of
laminated plate, 1986; Ren, Bending theory of laminated plate, 1986; Ren, 1987) have been
developed which consider transversal shear deformation and layered structure. These
advanced plate theories could lead to more efficient design and use of CLT, but they require
more computational effort (Stuerzenbecher, Hofstetter, & Eberhardsteiner, 2010).
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The structural performance of CLT panels is highly dependent on several material and
structural characteristics. The material properties of the laminates such as strength,
modulus of elasticity and shear modulus influence the layer characteristics and therefore
the overall performance of CLT. Structural characteristics like panel lay-up, edge-gluing
(glue between adjacent laminates side-by-side within a layer) and laminate aspect ratio
(width to thickness) affect layer and overall CLT properties.

1.3

Research Goals

In order to improve quality of CLT panels and achieve a more efficient use of resource, it
is necessary to gain a better understanding about the influence of structural or
manufacturing characteristics on the mechanical properties of CLT panels. This was the
ultimate goal of this project. The focus of the research lied on the evaluation of the
influence of the aspect ratio of the used laminates, the growth ring orientation of the
laminates and the presence of edge-gluing on the elastic properties of single-layers and
multi-layer CLT panels. Furthermore, appropriate test methods for the determination of
elastic CLT properties were evaluated.
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Overview of Research Methodology

In order to be able to focus on the research objectives, namely the influence of the laminate
aspect ratio, growth ring orientation and the edge-gluing situation on single-layer and
multi-layer CLT panels, it is necessary to use specimen details that minimize the influences
of other variables. Material properties like the modulus of elasticity (E), the shear modulus
(G), the density as well as the moisture content (MC) are possible characteristics that can
mask any observed trend caused by changes in a studied parameter. Furthermore, a
variation of these laminate properties within the specimen can affect the specimen’s overall
properties. To minimize the influence of variation of laminate properties within the
specimens, it is necessary to form “homogeneous” single-layer specimen. To obtain these
“homogeneous” layers, the laminates used to form a layer must have similar material
properties (E, G, density and MC) to ensure an even distribution of laminate properties
over the single-layer panel. Therefore, to be able to form “homogeneous” single-layer
panels it is necessary to know the properties of the used laminates. Based on this need the
research can be structured into three phases:


Laminate Phase



Single-Layer Phase



Multi-Layer CLT Phase

In the laminate phase wooden boards were conditioned to a stable MC of about 12%. Then
some of their physical and mechanical properties (E, G and density) were evaluated.
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Furthermore, the growth ring orientation of the boards was evaluated. The boards were
grouped so that boards within a group had similar mechanical properties and growth ring
orientation. The boards within a group were then sized to the same aspect ratio.

In the single-layer phase the laminates within a group were glued together to form singlelayer panels. Two different types of edge-gluing situations were employed to form the
single-layer panels, fully-edge-gluing and semi-edge-gluing. Due to the laminate grouping
the laminates within a single-layer panel had similar physical and mechanical properties
(E, G, and density), a similar growth ring orientation, the same aspect ratio and were
connected to each other by the same edge-gluing situation. The “homogeneous” singlelayer panels were then tested in modal- and static testing methods to evaluate some of their
mechanical properties, namely the modulus of elasticity parallel to the grain (E11), the
modulus of elasticity perpendicular to the grain (E22) and the in-plane shear modulus (G12).
Further, the planar shear modulus and strength in both plate directions (G13, G23, fv,0 and
fv,90) were evaluated for some specimens.

In the multi-layer CLT phase single-layer panels, generally with the same laminate aspect
ratio and similar laminate growth ring orientation, were face-glued together to form
symmetrical 3- and 5-layer CLT panels. The multi-layer CLT panels were tested using
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modal and static testing methods to evaluate the same global mechanical properties as in
the single-layer phase.

The results from the different phases were compared to evaluate the influence of aspect
ratio, growth ring orientation and edge-gluing situation on mechanical properties of various
groups.

1.5

Thesis Layout

The thesis is structured into six chapters. Chapter 1 gives a brief general introduction on
CLT, introduces a problem statement, defines the goals of the research, and presents an
overview of the research method and the structure of the thesis. Chapter 2 contains a review
of the literature dealing with CLT related topics. The chapter presents a brief view on the
historical development of CLT and its manufacturing processes and highlights some of the
material and manufacturing parameters that affect the performance of CLT. In Chapter 3
the methodology of the research, including test methods and materials and a detailed
description of the three main phases mentioned before. Chapter 4 presents the results and
findings from the laminate and single-layer tests phases in order to evaluate the influence
of specific laminate characteristics on the overall properties and performance of singlelayer panels. Chapter 5 includes the results and findings from the multi-layer CLT test
phase. Here the influences of layer characteristics on the overall properties of CLT are
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evaluated. The results from Chapters 4 and 5 are synthesized and discussed and the
influence of laminate characteristics on final CLT product properties and the implications
on structural design properties of CLT are reviewed. Chapter 6 provides conclusions and
recommendations for future work.
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2.1

Historical Development of CLT

Mass timber construction can be distinguished into post, beam and plate-like structures.
Solid post construction is one of the oldest construction methods in history. Traditional
solid timber post wall construction where adjacent post members contact each other (load
transfer in grain direction) has been known in the Scandinavian region for a long time
(Figure 2.1a)), and so are traditional solid timber beam wall construction with adjacent
beam members in contact (load transfer perpendicular to the grain) which can be found in
construction in the Alps areas as well as in Eastern Europe (Figure 2.1b)). Over times these
solid timber wall constructions have been replaced by constructions made from other solid
materials like stone, brick, steel and concrete. Similar to the solid wall construction the use
of timber solid ceiling construction stopped at around 1900 to 1910. The reason was the
development in concrete technology, namely the technology to pour concrete in a plane
fashion to build concrete plates for ceiling applications at the beginning of the 19th century
(Augustin & Schickhofer, 2009).

Between 1980 and 2000 solid timber construction made its way back into the solid wall
market with the development plate-like CLT structure. The two previously mentioned wall
construction methods, solid timber post and beam constructions can be seen as the basis
for the development of the plate-like structure CLT (Figure 2.1c)). The simplified CLT
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wall element can be seen as a combination of these traditional construction methods, ie. a
cross-wise arrangement of post and beam members. However structurally CLT is more
than just the combination of the characteristics of the two methods. Due to the advanced
gluing technologies CLT panels can be produced in large dimensions while reducing the
impact of large cross-grain swelling and shrinkage of timber (Augustin & Schickhofer,
2009).

a) Post Construction
(load transfer in grain direction)

b) Beam Construction
(load transfer perpendicular to grain direction)

c) Plate- and Panel Construction
(load transfer in grain direction and perpendicular to grain direction)
Figure 2.1: Solid Timber Walls a) Post Construction, b) Beam Construction, c) Panel Construction
(Thiel & Schickhofer, 2010)

10

Chapter 2

Literature Review

The construction of timber structures using layered laminates can be traced back to the 19th
century. A patented two-layered plane load-bearing timber structure was used by
Schuchow to build a large span shell exhibition pavilion in Russia in 1896. The same type
of timber structure was used by Kalep to build two aircraft hangars in Russia in 1908.
Around 1960 numerous hyperbolic paraboloid (hypar) timber shell structures were built all
over the world. One example is the exhibition pavilion for the “Bundesgartenschau”, the
German biennial Federal horticulture show, in Dortmund in 1969. In 1974 Cziesielski
published a chapter in the German “Holzbau-Taschenbuch” called “Hoelzerne
Dachflaechentragwerke” (wooden plane load-bearing structures) that includes a chapter on
multi-layered composites made from planks and thick boards (Cziesielski, 1974). In the
chapter Cziesielski discussed composite effects between adjacent layers due to mechanical
or quasi-rigid glued connections, which he considered as the better solution. In 1981
Droege and Stoy described a three-layered panel shaped product in their book “Grundzuege
des neuzeitlichen Holzbaus” (main features of modern timber construction) using the term
cross laminated timber (Droege & Stoy, 1981). The described product mainly found its
application as webs in solid-web girders since it brought a high level of shear resistance to
the girder, but they also mentioned its use in plate applications. Lischke’s dissertation
“Anisotropie von Verbundwerkstoffen am Beispiel Brettlagenholz” (anisotropy of
composite materials using the example of layered timber elements), written in 1985, dealed
with the difference between flexible and rigid interconnection between the layers of a threelayered panel structure (Lischke, 1986).
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Terms like cross laminated timber and layered timber elements were already used in the
1980s, but the potential of today’s cross laminated timber was not realized at the time. On
the first glimpse the terms layered timber elements and CLT might give the impression that
they are synonyms, but this is not the case. The term layered timber elements includes shell
type timber roofs, and therefore 3D structures like the EXPO Hannover ripped shell timber
roof (see Figure 2.2) (Augustin & Schickhofer, 2009).

Figure 2.2: Ripped shell roof EXPO Hannover (www.hannover-locations.de)

In his thesis Jakobs gives an analogous definition of layered timber elements:
Layered timber elements are timber element made from solid timber and/or timber based
products with a plate like load carrying and deformation behavior. They consist of a
minimum of 3 layers of timber boards. The boards in a layer are flat orientated and have
the same thickness, with a minimum of 6mm. The boards within a layer can be arranged
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with gaps or close to each other. The boards are not connected to each other on their smaller
edge (within a layer), but they are connected to each other on their wide edges in a rigid or
elastic way (connection between different layers). The layers’ grain orientation can vary
between almost parallel to perpendicular to each other (Jakobs, 2005).

Augustin and Schickhofer (2009) see the major difference between layered timber elements
and cross laminated timber in that CLT elements are primarily 2D plate elements, and that
the layers in CLT elements are always glued together and therefore the connection between
layers is considered as rigid and never as elastic. In addition CLT elements are arranged
with no gaps between adjacent laminates (Augustin & Schickhofer, 2009).

In 1994 Schickhofer presented his dissertation “Starrer und nachgiebiger Verbund bei
geschichteten flaechenhaften Holzstrukturen” (rigid and flexible composites in layered
laminar wood structures) as one of the first scientific documents dealing with CLT
(Schickhofer, 1994). Around the same time, between 1993 and 1995, the first residential
projects with cross laminated timber were realized by Schuler in Switzerland and Moser in
Germany (Augustin & Schickhofer, 2009).

Since then the amount of research on CLT has increased significantly. In 1998 the first
national technical approval for CLT was granted in central Europe (Deutsches Institut fuer
Bautechnik, 1998). In 2006 the first European technical approval was given to a CLT
product. In 2011 FPInnovations released the CLT Handbook (Gagnon et al., 2011) for the

13

Chapter 2

Literature Review

Canadian market. In 2012 a performance-rated ANSI standard (APA-The Engineered
Wood Association, 2011) dealing with production requirements and qualification of cross
laminated timber was published for the first time. This was followed by the publication of
the US version of the CLT Handbook in 2013 by FPInnovations (Karacabeyli, Douglas, &
FPInnovations (Institute), 2013).

2.2

CLT Manufacturing Processes

Here a brief overview about the manufacturing process of CLT will be given. There are
different approaches to manufacture CLT panels. Panels can be manufactured with or
without edge-glued layers. The basic products used in CLT manufacturing are timber and
glue. Timber can be used in form of timber boards, single-layer plates, and also other wood
based products can be used like oriented strand board (OSB). Wood based panel products
can be used to replace certain layers in a CLT element to enhance specific properties
(Augustin & Schickhofer, 2009). In the most common configuration CLT elements consist
of timber boards and glue.

The strength and stiffness properties of CLT are mainly driven by the properties of the
layers within it. In the common configuration the layer properties are dependent on the
timber boards within the layers. Due to this the timber boards used for CLT production
have to meet certain grades. For European CLT, these grades can be found in EN 338
(European Committee for Standardization, EN 338, 2016). The timber elements within a
layer must belong to the same grade. Commonly timber of grade C24 in accordance to EN
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338 is used, but for the cross-layer lower quality timber of grades C16 or C18 can be used.
Usually spruce is used for the CLT production, but fir can be mixed in too. Furthermore
other softwood species (like pine, larch or Douglas fir) or hardwood species (like ash,
beech, oak, poplar or robinia) are used from time to time to meet specific mechanical or
aesthetic criteria (Augustin & Schickhofer, 2009). The requirements for CLT products in
Europe can be found in EN 14080 (Deutsches Institut fuer Normung e. V., DIN EN 14080,
2013). In North America ANSI/APA PRG 320-2011 (APA-The Engineered Wood
Association, 2011) gives guidance about performance-rated cross laminated timber. Here
requirements and test methods for qualification and quality assurance of performance-rated
CLT are given. In terms of the used timber species ANSI/APA PRG 320-2011 (APA-The
Engineered Wood Association, 2011) says that every softwood lumber species or
combinations of species that are recognized by American Lumber Standards Committee
(ALSC) under PS 20 (National Institute of Standards and Technology, 2015) or Canadian
Lumber Standards Accreditation Boards (CLSAB) under CSA O141 (Canadian Standards
Association, CSA O141, 2005) with a minimum specific gravity of 0.35 published in the
National Design Specification for Wood Construction (NDS) (American Forest & Paper
Association & American Wood Council, 2015) in the U.S. and CSA O86 (Canadian
Standards Association, CSA O86-14, 2014) in Canada, respectively, can be used for CLT
production, as long as other requirements in ANSI/APA PRG 320-2011 are met. The
timber pieces within on layer shall be from the same species group. Adjacent layers can be
manufactured in with lumber from different species groups. The minimum grade of timber
for the layers with fibre direction parallel to the fibre direction of the CLT panel’s outer
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layers is 1200f-1.2E MSR or visual grade No. 2. The minimum grade of timber for CLT’s
cross-layers shall be of visual grade No. 3. Remanufactured lumber can be used if it meets
the requirements in ANSI/AITC A190.1 (American Institute of Timber Construction &
American National Standards Institute, 2007) in the U.S. or SPS 1 (National Lumber
Grades Authority , SPS 1, 2017), SPS 2 (National Lumber Grades Authority & Canadian
Lumber Standards Accreditation Board, SPS 2, 2017), SPS 4 (National Lumber Grades
Authority, SPS 4, 2014) or SPS 6 (National Lumber Grades Authority, SPS 6 Special
products standard for structural face-glued lumber, 2015) in Canada. Proprietary timber
can be used if it meets or exceeds the mechanical properties of the grades stated before and
are qualified in accordance to the requirements of a qualified approved agency (APA-The
Engineered Wood Association, 2011).

Finger joints play an important part in the production of long homogenized solid timber
elements like CLT or glulam. The implementation of finger joints allows for the production
of theoretically endless timber boards by gluing timber boards lengthwise to each other.
This comes with the opportunity to take selected parts from the initial material only.
Therefore defects and parts with low elastic properties can be cut off from the material so
that only clear parts with certain elastic properties can be selected and used to assemble the
long boards. This provides the basis for an economical use of the material. Finger joints
have to meet certain criteria in terms of strength. In Canada these criteria can be found in
CSA O177 (Canadian Standards Association & Standards Council of Canada, CSA O17706, 2015), in the United States of America the requirements are formulated in ANSI/AITC
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A190.1 (American Institute of Timber Construction & American National Standards
Institute, 2007), and for European CLT these requirements can be found in EN 388
(European Committee for Standardization, EN 338, 2016). After planning on all four sides
the long boards can be cut into the length required for the production process and assembled
into the layers of the CLT panel.

The layers of a CLT panel can be assembled in different ways, which are mainly dependent
on the manufacturing process. The main distinction can be made between layers with and
without edge-gluing, so called edge-glued layers and non-edge-glued layers. Edge-gluing
is a continuous glue connection between adjacent laminates within a layer. While adjacent
laminates within an edge-glued layer must have direct contact with each other, non-edgeglued layer could be assembled in a way that adjacent laminates either have direct contact
with each other or are separated by a gap. Therefore three different types of layer assembly
are possible, edge-glued, non-edge-glued without gaps between laminates, and non-edgeglued with gaps between laminates (see section 2.3.2.6).

2.3

Single-Layer and CLT Performance Related Parameters

This section addresses material and manufacturing parameters that can affect the
performance of single-layer and CLT panels. The section is divided into two main subsections, namely material parameters and manufacturing parameters.

17

Chapter 2

2.3.1

Literature Review

Material Parameters

Material characteristics and features can affect the properties and performance of singlelayer and multi-layer CLT panels. This section presents material parameters that influence
single-layer and multi-layer CLT behaviour. Parameters like density, elastic properties,
moisture content, defects and the growth ring orientation are presented with related
findings from the literature.

Moisture Content
Wood is a hygroscopic anisotropic material that can absorb and release moisture from and
to its surrounding environment. Absorbing and releasing moisture affects the moisture
content of wood. The moisture content (MC) can be determined by Equation 2.1,
𝑀𝐶 =

𝑚𝑤𝑒𝑡 − 𝑚𝑑𝑟𝑦
× (100%)
𝑚𝑑𝑟𝑦

Equation 2.1

Where 𝑚𝑤𝑒𝑡 is the mass of the wood at a given moisture content and 𝑚𝑑𝑟𝑦 is the mass of
the oven dried wood. The numerator in the equation represents the mass of the water in the
wood (Forest Products Laboratory (U.S.), 2010).

Depending on the surrounding atmosphere conditions wood stabilizes at a corresponding
MC. This dependent MC is called equilibrium moisture content (EMC). For example, for
most wood species the EMC at 20°C and a relative humidity of about 65% lies at a MC of
about 12%. In general engineered wood products have lower EMC values compared to
wood at a specific temperature and relative humidity. This is due to the use of dried wood
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elements and the application of adhesives, heat and/or chemical treatments during the
manufacturing process (Smith, Landis, & Gong, 2003). Nevertheless CLT is based on solid
lumber cross-sections and shows similar EMC values as wood. It can be seen in Equation
2.1 that water is the driving factor for the MC. The water within wood can be distinguished
into two different types, free water and bound water. The free water is stored in liquid or
vapour form in the cell lumen and cavities of the wood. The bound water is stored within
the cell walls. During drying the free water dries out first. The condition in which there is
no free water in the wood and no more bound water can be stored in the cell walls is called
the fibre saturation point (FSP). The FSP varies between species and usually can be found
within a MC range of 25-30% (Smith et al., 2003).

Changes of MC below the FSP affect the dimensions of wood as well as some physical and
mechanical properties of wood. The volume of the cell walls is dependent on the amount
of bound water. Wood swells as the MC below the FSP increases and shrinks as the MC
below FSP decreases. The rate of shrinking and swelling of wood is dependent on the grain
orientation and is usually expressed as a percentage in reference to the dimensions at a MC
equal or above the FSP or at an oven-dry state respectively. Equation 2.2 and Equation 2.3
present the related formulas.
𝑆ℎ𝑟𝑖𝑛𝑘𝑎𝑔𝑒 =
𝑆𝑤𝑒𝑙𝑙𝑖𝑛𝑔 =

𝑑𝑒𝑐𝑟𝑒𝑎𝑠𝑒 𝑖𝑛 𝑑𝑖𝑚𝑒𝑛𝑠𝑖𝑜𝑛
× (100%)
𝑠𝑎𝑡𝑢𝑟𝑎𝑡𝑒𝑑 𝑑𝑖𝑚𝑒𝑛𝑠𝑖𝑜𝑛

𝑖𝑛𝑐𝑟𝑒𝑎𝑠𝑒 𝑖𝑛 𝑑𝑖𝑚𝑒𝑛𝑠𝑖𝑜𝑛
× (100%)
𝑜𝑣𝑒𝑛 − 𝑑𝑟𝑦 𝑑𝑖𝑚𝑒𝑛𝑠𝑖𝑜𝑛
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Wood shrinks and swells most in the tangential direction (6-10%), about half as much in
the radial direction (3-5%) and only slightly in the longitudinal direction (0.1-0.3%). The
ratio of tangential to radial shrinkage is called differential shrinkage, with an average of
about 2 for most species (Smith et al., 2003). For the estimation of the dimensional changes
it is assumed that the shrinkage starts at the FSP, and that the dimensions decrease linearly
with decreasing MC. The dimensional changes can be estimated by Equation 2.4,
𝑆𝑚 = 𝑆0 (

𝐹𝑆𝑃 − 𝑚
)
𝐹𝑆𝑃

Equation 2.4

Where 𝑆𝑚 is the percent shrinkage from the FSP to the final moisture content 𝑚, and 𝑆0 is
the total shrinkage from the MC at the FSP to oven-dry condition. The different shrinking
and swelling rates in the different directions and the curvature of the annual growth rings
can lead to warping, checking, and splitting of the wood (Forest Products Laboratory
(U.S.), 2010).

MC also influences all mechanical properties of wood. For most mechanical properties it
can be said that the properties increase as the MC below the FSP decreases. This is due to
new formed hydrogen bonds within the cell walls, leading to an increase of crystalline
regions. This relationship is not linear in general, but can be assumed as linear within a MC
range of 8-24% for most mechanical properties (Smith et al., 2003). Figure 2.3 shows the
relationships between some mechanical properties of damage free, straight grained wood
and the MC. It can be seen that the relationships are almost linear for all presented
properties, only tensile strength parallel to the grain, curve A, shows a distinct parabolic
behaviour.
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Figure 2.3: Effect of moisture content on wood strength properties. A, tension parallel to grain; B,
bending; C, compression parallel to grain; D, compression perpendicular to grain; and E, tension
perpendicular to grain (Forest Products Laboratory (U.S.), 2010)

For damage free, straight grained piece of wood the described relationships result in an
increase in properties with decreasing MC, but as knots occur and their size and amount
increase the related decrease in strength usually negates these effects. Other properties
affected by the moisture content of wood are the thermal conductivity and thermal
expansion coefficients (Forest Products Laboratory (U.S.), 2010).

Guelzow, Richter and Steiger (2011) ran tests on the effects of moisture content changes
on the bending stiffness and shear stiffness of CLT. Commercial edge-glued 3-layer CLT
was obtained and conditioned to a MC of 12%. Two bending moduli (E11, E22) and three
shear moduli (G12, G13, G23) at the global scale were evaluated using modal testing. The
samples were then conditioned to two other MCs (about 18.5% and 10%) and their modulus
values were evaluated at each MC. After the increase in MC to 18.5% all stiffness values
dropped except the modulus perpendicular to the grain. The authors concluded that an
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increase in MC and the related swelling can result in a closing of existing gaps and cracks.
For the middle layers this can lead to an apparent increase of stiffness. This is due to
activated internal friction, but this increase of stiffness is only active at a low level of
deflections. This can lead to misinterpretation of stiffness properties determined in
dynamic test methods. After decreasing the MC to 10% cracks occurred due to shrinkage
of the material. All stiffness properties increase with the decrease in MC, except the
bending stiffness perpendicular to the grain. Cracks in the outer layers led to a reduction in
bending stiffness perpendicular to the grain. Due to the adopted test procedure and the
related development of cracks, none of the tested properties reached up to their initial
values evaluated at a MC of 12%, with the exception of the modulus of elasticity parallel
to the grain (Guelzow et al., 2011).

The cross lamination in CLT leads to a higher dimensional stability, but due to the multilayered structure and the alternating grain orientation of the layers within a CLT panel all
changes of the MC are related to the development of internal stresses. Gereke and Niemz
(2010) investigated moisture-induced stresses in wood cross laminated elements. Two
parameters were tested on 3-layer elements, the annual ring angle of laminates and prestressed outer layers. The pre-stress level of the outer layers was induced in two different
ways, by applied mechanical compression perpendicular to the grain during the gluing
stage and by introducing different moisture contents of the layers before gluing. Specimens
were conditioned at 20°C and a relative humidity of 35% until EMC was reached.
Afterwards the specimens were transferred into an environmental condition of 20°C and a
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relative humidity of 85%. Specimens were cut into strips and sliced into layers. The
released deformation was measured and the strain and stress were calculated. Further,
surface behaviour was studied to test the stress state during drying. Tensile stress in the
outer layers was observed due to shrinkage perpendicular to the grain and the constraining
middle layer, leading to gap openings along the grain. The crack development was
recorded. The introduction of compression pre-stress in the outer layers can help to reduce
crack development in these layers. A pre-stress level that is too high can lead to plasticized
areas, which can increase the total crack length. The introduction of pre-stresses can reduce
the development of cracks, but the process comes with additional production costs (Gereke
& Niemz, 2010).

Specific Gravity and Density
Density is one of the major physical properties of wood, since it correlates with most
mechanical and some physical properties. In general density (𝜌) is be defined by Equation
2.5.
𝜌=

𝑀
𝑉

Equation 2.5

Where, in the international system (SI), 𝑀 is the mass of the wooden piece in (kg) and 𝑉
is the volume of the piece in (m3). Another system is the centimetre-gram-second system
(CGS) where 𝑀 is the mass of the wooden piece in (g) and 𝑉 is the volume of the piece in
(cm3). The CGS system is commonly used since its convenient relationship to the specific
gravity (SG), also known as relative density (RD). The specific gravity is defined as the
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ratio of the density of a material to the density of water 𝜌𝑤 at a reference temperature of
𝑔

typically 4°C. At this reference temperature water has a density 𝜌𝑤 of 1000 𝑐𝑚3 , which
leads to an equivalent relation between density measured in CGS to SG. The basic specific
gravity is based on the ratio between the oven-dry mass of wood and the volume of the
wood in green conditions. Green wood is defined as undried, freshly sawn wood, or any
wood of a MC being over FSP. The cell walls are fully saturated with water, while the
lumina may or may not contain additional water. The MC of green wood varies between
species and has a range of about 30% to 200%.

The density of wood is dependent on the MC of the wooden piece since a change in MC
affects the mass and the volume of the wooden piece. Therefore the conditions in which
the density is determined have to be specified (Smith et al., 2003). Commonly used basis
for wood density are the ovendry state and a MC of 12%. For the determination of the
density of ovendry wood, 𝜌0 , the mass and volume of the wood are measured when the
wood is ovendry and no water remains within it. The wood density at a MC of 12%, 𝜌12 ,
is determined at a MC of 12%. Density reported at a different MC follows the same notation
as the density at a 12% MC. A density reported at a MC X% is reported as 𝜌𝑥 , where 𝑥
represents the corresponding MC. Many different specific gravities and densities are
defined and their basis for mass and volume vary. Table 2.1 presents different commonly
used definitions of specific gravity and density and provides information about the
associated mass and volume basis.
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As mentioned, specific gravity and density affect several properties and behaviours of
wood. Generally greater shrinkage is linked to greater density and specific gravity. Specific
gravity is considered a good index for mechanical properties of clear, straight grained
wood. Table 2.2 presents approximate relationships between various mechanical properties
and specific gravity (SG) for clear straight-grained soft- and hardwoods.

Table 2.1: Expressions for specific gravity and density of wood
(Forest Products Laboratory (U.S.), 2010)

Symbol
𝑆𝐺0
𝑆𝐺𝑏 (basic specific gravity)
𝑆𝐺12
𝑆𝐺𝑥
𝜌0
𝜌12
𝜌𝑥

Mass basis
Ovendry
Ovendry
Ovendry
Ovendry
Ovendry
12% MC
x% MC

𝑥 is any chosen moisture content
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Volume basis
Ovendry
Green
12% MC
x% MC
Ovendry
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Table 2.2: Functions relating mechanical properties to specific gravity of clear, straight-grained
wood (Forest Products Laboratory (U.S.), 2010)

Specific gravity-strength relationship
Propertya

Green wood

Wood at 12% MC

Softwood

Hardwood

Softwood

Hardwood

Modulus of rupture (N/mm2)

109.6 SG1.01

118.7 SG1.16

170.7 SG1.01

171.3 SG1.13

Modulus of elasticity (N/mm2)

1.61E4 SG0.76

1.39E4 SG0.72

2.05E4 SG0.84

1.65E4 SG0.7

Work at maximum load (kJ m-3)

147 SG1.21

229 SG1.51

179 SG1.34

219 SG1.54

Impact bending (N)

353 SG1.35

422 SG1.39

346 SG1.39

423 SG1.65

Compression ∥ (N/mm2)

49.7 SG0.94

49 SG1.11

93.7 SG0.97

76 SG0.89

Compression ⊥ (N/mm2)

8.8 SG1.53

18.5 SG2.48

16.5 SG1.57

21.6 SG2.09

Shear ∥ (N/mm2)

11 SG0.73

17.8 SG1.24

16.6 SG0.85

21.9 SG1.13

Tension ⊥ (N/mm2)

3.8 SG0.78

10.5 SG 1.37

6 SG1.11

10.1 SG1.3

Side hardness (N)

6.23 SG1.41

16.55 SG2.31

8.59 SG1.49

15.3 SG2.09

Static bending

a

Compression parallel to grain is maximum crushing strength; compression perpendicular to grain is fiber
stress at proportional limit. ∥ is parallel to the grain, ⊥ is perpendicular to the grain. For green wood, use
specific gravity based on ovendry weight and green volume; for dry wood, use specific gravity based on
ovendry weight and volume at 12% moisture content.

According to the Wood Handbook (Forest Products Laboratory (U.S.), 2010), the
relationships presented in Table 2.2 are based on average values from 43 softwood and 66
hardwood species. Therefore the presented relationships do not predict values for
individual species or individual specimens accurately. Further, it is pointed out that the
mechanical properties related to specific gravity within a species show a linear tendency,
rather than a curvilinear one. Linear analysis is suggested where data for individual species
is available. Further, Poisson’s ratio, connection resistances and load-slip behaviors are all
thought to be related to specific gravity. Other properties affected by the specific gravity
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are the maximum moisture content of wood, swelling and shrinkage, thermal conductivity,
thermal expansion coefficients (Forest Products Laboratory (U.S.), 2010).

Modulus of Elasticity
The modulus of elasticity (E) is a material characteristic that describes the elastic behaviour
of a material. It has a linear influence on the deformation behaviour of homogeneous
single-layer elements. Furthermore, it influences the deformation behaviour and the stress
distribution of a non-homogeneous multi-layer build-up. Unlike steel, most wood based
elements show different moduli of elasticity in different directions. This is due to the
anisotropic nature of wood. In natural wood three different moduli of elasticity are
distinguished, these E moduli are defined based on the radial nature of wood. The modulus
parallel to the grain (EL) governs the deformation behaviour of wood in the longitudinal
direction of the fibre. Similarly there are moduli in the radial direction (ER) and the
tangential direction (ET), Figure 2.4. Due to its layered build-up and the changing direction
of the grain orientation of the layers and the associated change in elasticity between layers,
CLT has to be considered a non-homogeneous multi-layer element. Figure 2.4 shows the
three principal axes of wood. Table 2.3 gives EL/ER and EL/ET ratios for a few selected
wood species. On average the ratio EL : ER : ET is often assumed to be 16 : 1.6 : 1.
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Figure 2.4: Three principal axes of wood with respect to grain direction and growth rings
(Forest Products Laboratory (U.S.), 2010)

Table 2.3: Relationship between E-moduli for selected commonly used species
(Forest Products Laboratory (U.S.), 2010)

Species

EL/ER

EL/ET

Douglas-Fir

14.7

20.0

Fir, subalpine

9.8

25.6

Hemlock, western

17.2

32.3

Larch, western

12.7

15.4

Lodgepole Pine

8.8

14.7

Western White Pine

12.8

26.3

Sitka Spruce

12.8

23.3

Shear Moduli
Similarly to the E-modulus, three shear moduli (G), also called moduli of rigidity, are
defined for wood. A shear modulus relates the deformation of a material caused by an
applied shear stress. The three shear moduli are the shear modulus in the longitudinal and
radial plane (GLR), the shear modulus in the longitudinal and tangential plane (GLT), and
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the shear modulus in the radial and tangential plane (GRT). The GRT shear modulus is often
refereed to as the so-called rolling shear modulus. Due to CLT’s layered build-up and the
alternating grain orientation of the layers, the rolling shear modulus plays a major roll in
the deformation behaviour. Table 2.4 gives an overview of the relationships between the
E-modulus parallel to the grain and the three shear moduli for a few commonly used wood
species. It can be seen that the shear moduli GLR and GLT are fairly close to each other, but
that the rolling shear modulus GRT is quite a bit smaller and is usually about 10% of the
other two shear moduli. This leads to high shear deformations in particular in the
perpendicular layers. Figure 2.5 shows the rolling shear deformation of a 5-layer CLT
section. The figure indicates that the major portion of the shear deformation (here: u) is
contributed by the cross layers and the low rolling shear modulus (here: Grolling shear).

Table 2.4: Relationship between EL-moduli and G-moduli for commonly used species
(Forest Products Laboratory (U.S.), 2010)

Species

EL/GLR EL/GLT EL/GRT

Douglas-Fir

15.6

12.8

142.9

Fir, subalpine

14.3

17.3

166.7

Hemlock, western

26.3

31.3

333.3

Larch, western

15.9

14.5

142.9

Lodgepole Pine

20.4

21.7

200.0

Western White Pine

19.2

20.8

200.0

Sitka Spruce

15.6

16.4

333.3
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Figure 2.5: Rolling shear deformation of a 5-layer CLT panel (Gagnon et al., 2011)

For CLT the shear deformation can be pronounced, depending on the modulus of elasticity
to shear modulus ratio and the span-to-thickness ratio. The deformation behaviour of CLT
panels in out-of-plane loading is affected by the influence of the cross-layers. Fellmoser
and Blass tested three-layer CLT panels with different layer thicknesses. Their study
showed that in the direction parallel to the grain of the outer layers a span-to-thickness ratio
smaller than 30 led to significant influence of rolling shear. In the perpendicular to the
grain direction the critical span-to-thickness ratio was 20. The influence of the shear
modulus increases rapidly with a decrease in span-to-thickness ratio (Fellmoser & Blass,
2004). Due to the cross-lamination and the changing grain direction of the layers, CLT
cannot be considered as a homogeneous cross-section. This issue can be addressed in two
different ways, by calculating a shear correction factor (Wallner-Novak, Koppelhuper, &
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Pock, 2014), or by calculating the shear stiffness based on the shear analogy method
(Winter, Kreuzinger, & Mestek, 2008). Both approaches consider the build-up of the CLT
and the properties of the layers.

Wallner-Novak et al. (2014) as well as the BSP Handbook by Augustin and Schickhofer
(2009) provide an approach to calculate the shear correction factor for CLT. Here the shear
correction factor κ𝐶𝐿𝑇 is calculated according to Wallner-Novak et al. (2014). Equation 2.6
and Equation 2.7 give the general equations for the calculation of the shear correction factor
for CLT.
κ𝐶𝐿𝑇 =

κ𝑧 =

∑ 𝐺𝐴
(𝐸𝐼𝑦,𝑛𝑒𝑡

1
κ𝑧

Equation 2.6
2

[𝐸(𝑧) ∙ ∫ 𝐴(𝑧) ∙ 𝑧 𝑑𝑧]
𝑑𝑧
2∫
𝐺(𝑧) ∙ 𝑏(𝑧)
)

Equation 2.7

ℎ

where κ𝐶𝐿𝑇 is the shear correction factor, κ𝑧 is the shear correction coefficient, ∑ 𝐺𝐴 is the
sum of the shear stiffness of the overall cross-section in N, 𝐸𝐼𝑦,𝑛𝑒𝑡 is the bending stiffness
of the overall cross-section in Nmm2, 𝐸(𝑧) is the modulus of elasticity in dependency of the
coordinate 𝑧 in N/mm2, 𝐴(𝑧) is the considered cross-section area in dependency of the
coordinate 𝑧 in mm2, 𝐺(𝑧) is the shear modulus in dependency of the coordinate 𝑧 in
N/mm2, 𝑏(𝑧) is the width of the section in dependency of the coordinate 𝑧 in mm, and 𝑧 is
the distance of the considered location to the cross-section centre of gravity in mm as
defined in Figure 2.6.
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Figure 2.6: Definition of coordinate z

Figure 2.7 shows the calculated shear correction factors for different symmetrical multilayer CLT panels with the outer layers parallel to the span. The panels have constant layer
thickness and a modulus of elasticity parallel to perpendicular to the grain ratio of EII/Eꓕ =
30. The shear correction factors were calculated for shear moduli ratios in the direction
parallel to perpendicular to the grain of the layers (GII/Gꓕ) between one and ten. It can be
seen that the equation yields the shear correction factor κ = 5/6 for rectangular
homogeneous cross-sections (1-Layer) as suggested in the literature. Further, it can be seen
that the shear correction factor is strongly dependent on the GII/Gꓕ ratio. A common
assumption for the shear modulus ratio is GII/Gꓕ = 10. For the given EII/Eꓕ ratio of 30 this
leads to κ𝐶𝐿𝑇 values between 0.206 (3-Layer) and 0.265 (9-Layer) (1-Layer excluded).
These results show that the use of a shear correction factor of 5/6 for CLT leads to an
underestimation of the shear deformation. Based on the calculated κ𝐶𝐿𝑇 values between
0.206 and 0.265 this would lead to an underestimation of shear deformation between 306%
(3-Layer) and 215% (9-Layer). Figure 2.8 shows the same relationships for the minor
strength direction of the panels. It can be seen that the 3-layer graph does not follow the
same trend as the other multi-layer graphs and that the 3-layer κ𝐶𝐿𝑇 exceeds the single-
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layer value of 5/6 between GII/Gꓕ ratios of 3.5 and 9.5. The reason is the strong influence
of the EII/Eꓕ ratio on the κ𝐶𝐿𝑇 value in the 3-layer arrangement. In the case of an EII/Eꓕ ratio
of one, the graph for the 3-layer build-up shows the same characteristics as all the other
multi-layer graphs and leads, as all multi-layer graphs at a κ𝐶𝐿𝑇 value of 5/6 at a GII/Gꓕ ratio
of one.
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Figure 2.7: Multi-layer panels shear correction factors at different shear modulus ratios parallel to
the grain of the outer layers based on (Wallner-Novak et al., 2014)
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Figure 2.8: Multi-layer panels shear correction factors at different shear modulus ratios
perpendicular to the grain of the outer layers based on (Wallner-Novaket al., 2014)

As mentioned, the influence of shear deformation is more pronounced with decreasing
span-to-thickness ratio of the system. Figure 2.9 shows the influence of the span-tothickness ratio for 5-layer CLT panels with the assumed EII/Eꓕ and GII/Gꓕ ratios for different
loading conditions. A common maximum span-to-thickness ratio for simply supported
CLT beam like system lies around 34. It can be seen that the influence of shear deformation
at a span-to-thickness ratio around 34 for a simply supported beam system with a uniformly
distributed load (UDL) is around 3% and therefore can probably be neglected. Further, it
can be seen that the influence of shear deformation for third-point loading and quarterpoint loading (loads at 25% and 75% of the length) conditions are similar to the one of the
UDL. Figure 2.9 also shows that the shear deformation in a simply supported beam system
with centre-point loading is much more significant. Here the influence of shear deformation
at a span-to-thickness ratio of 34 is around 11% and therefore considerable. This makes a
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simply supported beam with centre-point loading the ideal system to evaluate shear
correction factors in laboratory tests.
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Figure 2.9: Influence of shear on total deflection for different span-to-thickness ratios
based on (Wallner-Novak et al., 2014) for different loading conditions

Figure 2.10 shows the relationship of the influence of shear on the deformation for different
span-to-thickness ratios and different number of layers in simply supported beam system
with centre-point bending with the grain direction of the outer layers running parallel to
the span. It can be seen that the influence of shear deformation decreases with an increasing
number of layers. This statement excludes the single-layer (1-Layer) element since this
element is a homogeneous layer and therefore yields a κ value of 5/6. At the assumed EII/Eꓕ
and GII/Gꓕ ratios of 30 and 10 respectively the influence of shear deformation on the tested
single-layer panels parallel to the grain would be around 3%, while for the tested 3- and 5layer panels the influence would be about 62% and 77.5%, respectively.
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Figure 2.10: Influence of shear on total deflection for different span-to-thickness ratios parallel to the
grain, based on (Wallner-Novak et al., 2014) for centre-point loading

Figure 2.11 shows the influence of shear on the deformation for different span-to-thickness
ratios and different number of layers in the same loading and boundary conditions as before
when the grain direction of the outer layers is running perpendicular to the span. What can
be seen is that the 3-layer CLT yields similar behaviour as the single-layer (1-Layer)
element. The reason is that, for the assumed property ratios of EII/Eꓕ and GII/Gꓕ ratios of 30
and 10, the κ𝑧 value calculated in Equation 2.7 yields very similar values. For the
perpendicular direction the influence of shear deformation on the tested single-layer panels
to the grain would be around 1%, and for the tested 3- and 5-layer panels the influence
would be about 4.8% and 62%, respectively, under the assumption of EII/Eꓕ and GII/Gꓕ
ratios of 30 and 10.
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Figure 2.11: Influence of shear on total deflection for different span-to-thickness ratios perpendicular
to the grain, based on (Wallner-Novak et al., 2014) for centre-point loading

Another way to address the shear influence in a CLT panel is the shear analogy method
(Winter et al., 2008). In the shear analogy method the shear stiffness S𝑥𝑧 is calculated based
on the build-up of the panel and the properties of the layers. Unlike in the shear correction
factor approach, the shear stiffness calculation in the shear analogy method is not affected
by the bending properties of the layers. The shear stiffness in the shear analogy method
approach is only affected by the build-up and the shear properties of the layers. The shear
stiffness S𝑥𝑧 in the shear analogy method is calculated by Equation 2.8. The shear stiffness
S𝑦𝑧 is calculated similarly with the indexes changed.
𝑛−1

1
1
𝑑1
𝑑𝑖
𝑑𝑛
= 2{
+∑
+
}
𝑆𝑥𝑧 𝑎𝑥 2 ∙ 𝐺𝑥𝑧,1 ∙ 𝑏1
𝐺𝑥𝑧,𝑖 ∙ 𝑏𝑖 2 ∙ 𝐺𝑥𝑧,𝑛 ∙ 𝑏𝑛
𝑖=2
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Where 𝑆𝑥𝑧 is the shear stiffness in N, 𝑎𝑥 is distance between the centre points of the outer
layers in mm, 𝑑1 , 𝑑𝑖 , and 𝑑𝑛 are the thickness of layers 1, 𝑖, and 𝑛 respectively in mm, and
𝐺𝑥𝑧,1 , 𝐺𝑥𝑧,𝑖 , and 𝐺𝑥𝑧,𝑛 are the shear moduli of the layers 1, 𝑖, and 𝑛 respectively in the
global 𝑥𝑧 direction in N/mm2.

Figure 2.12 shows the influence of the shear moduli ratio GII/Gꓕ on the shear stiffness of
different parallel to the grain of the outer layers of multi-layer panels. In order to allow for
an easier comparison with the previous approach a shear correction factor κ𝑆𝑥𝑧 was
calculated based on Equation 2.9. Here it was assumed that the shear stiffness based on the
shear analogy is equal to the shear stiffness in the Timoshenko beam including the shear
correction factor. Similar to Figure 2.12, Figure 2.13 shows the shear stiffness
perpendicular to the grain of the outer layers κ𝑆𝑦𝑧 with respect to the shear moduli ratios.
Here κ𝑆𝑦𝑧 is calculated based on Equation 2.10.
κ𝑆𝑥𝑧 =

𝑆𝑥𝑧
∑ 𝐺𝐴𝑥𝑧

Equation 2.9

κ𝑆𝑦𝑧 =

𝑆𝑦𝑧
∑ 𝐺𝐴𝑦𝑧

Equation 2.10

Where κ𝑆𝑥𝑧 and κ𝑆𝑦𝑧 are the shear correction factors based on the shear stiffness parallel
and perpendicular to the grain of the outer layers calculated by the shear analogy method,
𝑆𝑥𝑧 and 𝑆𝑦𝑧 are the shear stiffness parallel and perpendicular to the grain of the outer layers
calculated by the shear analogy in N. ∑ 𝐺𝐴𝑥𝑧 and ∑ 𝐺𝐴𝑦𝑧 are the sums of the shear stiffness
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of the layers in the direction parallel and perpendicular to the grain of the outer layers
respectively in N.
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Figure 2.12: Influence of shear moduli ratio on the shear stiffness parallel to the grain
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Figure 2.13: Influence of shear moduli ratio on the shear stiffness perpendicular to the grain
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Figure 2.14 and Figure 2.15 show a comparison between the calculated κ𝐶𝐿𝑇 and the κ
values calculated based on the shear analogy method. Figure 2.14 shows the comparison
for the parallel to the grain direction of the outer layers, while Figure 2.15 shows the
comparison in the direction perpendicular to the grain of the outer layers. It can be seen in
Figure 2.14 that κ𝐶𝐿𝑇 and κ𝑆𝑥𝑧 show similar characteristics. It can be seen that the shear
analogy yields smaller κ values in most cases. Further it can be seen that the agreement
between κ𝐶𝐿𝑇 and κ𝑆𝑥𝑧 improves with an increasing number of layers and with an
increasing shear moduli ratio. Figure 2.15 shows that κ𝐶𝐿𝑇 and κ𝑆𝑦𝑧 show similar
characteristics, with exception of 3-layer κ𝐶𝐿𝑇 . The difference between the corresponding
κ values is bigger than for the parallel direction, but as for the parallel direction the
agreement improves with increasing shear moduli ratio. The 3-layer κ𝐶𝐿𝑇 graph shows a
completely different trend than all the other multi-layer κ values. As mentioned before, the
reason is the strong influence of the EII/Eꓕ ratio on the κ𝐶𝐿𝑇 value in the 3-layer
arrangement. In the case of an EII/Eꓕ ratio of one, the graph for the 3-layer build-up shows
the same characteristics as all the other multi-layer graphs and leads, as all multi-layer
graphs at a κ𝐶𝐿𝑇 value of 5/6 at a GII/Gꓕ ratio of one.
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Knots
Knots and cracks are defects within wood that influence the stiffness and strength of timber.
The influence of knots on the mechanical properties of timber is due to the resulting change
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in the direction of the fibres and the associated discontinuity of the fibre in the area of the
knot. The size, location, shape of the knot, as well as its soundness (live knot or encased
knot) affect the influence a knot. Knots lead to lower values for most mechanical properties
compared to straight-grained wood, with hardness and strength in compression
perpendicular to the grain being an exception. The reasons are that the clear wood is
displaced by the knot, the resulting distortion of the fibres around the knot leading to cross
grain, stress concentrations due to the discontinuity of the fibres, and checks that often
occur in the area of knots due to change in moisture content. The effects of knots on wood
members loaded in axial tension is larger that on members in axial compression (short
elements). The effects on bending are slightly less than on axial tension. The effects of
knots in bending are dependent of its location. Knots within the tension zone have a higher
effect than ones that are located in the compression zone. Overall, the effect of knots on
strength is dependent on the proportion of the cross section that is occupied by the knot,
the location of the knot, and the stress distribution in the cross-section (Forest Products
Laboratory (U.S.), 2010).

Laboratory tests undertaken by Chui (1991) showed that a presence of a knot resulted in a
reduction of the modulus of elasticity, sometimes up to two or three times. For the shear
modulus the results were less clear. About 45% of the knotty specimens showed higher G
values than neighbouring clear wood pieces. This indicates that the presence of a knot
might result in an enhancement of the shear modulus, while it leads to a decrease in
modulus of elasticity. The effects of knots on shear modulus are dependent on the growth
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characteristics and sizes of knots, and their locations in timber. On average the G values of
the clear specimens were higher than the ones of the knotty specimens. It was found that
for clear spruce an E/G ratio of 20 is appropriate, while for knotty spruce the E/G ratio can
be found in a range between 25 and 30 (Chui, 1991).

Growth Ring Orientation
Gereke and Niemz (2010) examined the effects of moisture induced stresses in spruce cross
laminated timber. In the research Gereke and Niemz concluded that the annual ring angle
had a significant influence on the development of moisture induced stresses in CLT. In
parts of the research three different types of symmetrical 3-layer CLT panels were formed.
The CLT panels were made from laminates with the same annual ring angle. Three
different annual ring angles were investigated, namely 0°, 45° and 90°. After the production
of the CLT panels the moisture contents of the CLT panels were raised. The moisture
contents of the different panels were raised from 10.6% in the outer layers to 15.3%, and
from 11.1% to 14.4% in the middle layers. The stresses perpendicular to the grain of the
outer layers were measured. The determined moduli of elasticity in the different material
directions differed significantly with the largest E value determined in the radial direction
(90°) and smallest at the diagonal running growth ring angle (45°). An average ratio of 1.0
: 2.2 : 3.7 (45° : 0° : 90°) was found. The small shear modulus of the used spruce material
caused the very small modulus of elasticity of laminates with an annual ring angle of about
45°.
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Due to the change in moisture content of the panels and the different swelling coefficients
related to the different annual ring angles strain developments were observed. The different
swelling and the different E values led to different stress levels in the different material
directions, 1.0 : 2.1 : 2.5 (45° : 90° : 0°). Gereke and Niemz concluded that horizontal
annual rings (0°) should be avoided. Due to the large tangential swelling and the low
stiffness of spruce in this particular direction the stress development increases. In
combination with the low strength in the tangential direction the risk of the development
surface cracks increases (Gereke & Niemz, 2010). Hirschmann (2011) undertook tests to
evaluate parameters influencing in-plane shear properties of CLT. Two different test setups
were used. The first one was based on Joebstl et al. (2008), DIN EN 789 (Deutsches Institut
fuer Normung e. V, 2005) and EN 408 (European Committee for Standardization, CEN EN 408, 2010). The test setup was close to a short span three-point bending tests where the
outer layers of the 3-layer CLT element run perpendicular to the span of the beam.
Symmetrical 3-layer CLT with two shear sections was tested. In the second test setup a
single 3-layer CLT node with one single shear section was formed. The test setup was
similar to the test setup of ASTM D2718 (ASTM International, ASTM D2718-00, 2006).
The outer layers were loaded parallel to the grain to introduce shear forces into the cross
layer. Among the evaluated parameters were the laminate width and thickness, as well as
gaps between laminates and the growth ring orientation. Three different growth ring
orientations were tested, quarter-sawn laminates, heart boards and flat-sawn laminates. The
results showed the highest shear strength for heart boards and flat-sawn laminates having
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a slightly lower value, while quarter-sawn laminates showed the lowest value (Hirschmann,
2011).

2.3.2

Manufacturing Parameters

Parameters related to the production of CLT panels can affect the properties and
performance of panel elements. This section presents manufacturing parameters that
influence single-layer and CLT behaviour. Parameters like laminate thickness and aspect
ratio as well as face end edge-gluing are presented with related findings from the literature.

Laminate Thickness
The laminate thicknesses, and therefore the layer thickness, have a significant influence on
the stiffness of a structure, especially in an inhomogeneous layered structure like CLT. The
stiffness of a homogeneous rectangular cross-section is calculated as shown in Equation
2.11.
𝑏ℎ3
𝐸𝐼 = 𝐸
12

Equation 2.11

Where 𝐸𝐼 is the cross-section stiffness in a particular direction in Nmm2, 𝐸 is the modulus
of elasticity of the material in N/mm2, 𝑏 is the width of the cross-section in mm, ℎ is the
height of the cross-section in mm.
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For inhomogeneous layered structures it is necessary to determine the centre of stiffness
before the cross-sections stiffness can be calculated. The neutral axis is calculated based
on Equation 2.12.
𝑧𝐶𝑆 =

∑𝑛𝑖=1(𝐸𝑖 ∗ 𝑏𝑖 ∗ ℎ𝑖 ∗ 𝑧𝐶,𝑖 )
∑𝑛𝑖=1(𝐸𝑖 ∗ 𝑏𝑖 ∗ ℎ𝑖 )

Equation 2.12

Where 𝑧𝐶𝑆 is the location of the centre of stiffness from a selected reference point in mm,
𝐸𝑖 is the modulus of elasticity of the layer 𝑖 in N/mm2, 𝑏𝑖 is the width of layer 𝑖 in mm, ℎ𝑖
is the thickness of the layer 𝑖 in mm, and 𝑧𝐶,𝑖 is the distance of the centre of stiffness of the
layer 𝑖 from the selected reference point in mm. For layered panel elements with a
symmetrical layup (geometrical and stiffness) the centre of stiffness is located in the
geometrical center of the overall cross-section. The defined symbols are illustrated in
Figure 2.16.

Figure 2.16: Definition of used symbols for zC calculation

The stiffness of an inhomogeneous layered cross-section can be calculated by Equation
2.13.
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𝑛

𝑛

𝑏𝑖 ℎ𝑖3
2
𝐸𝐼 = ∑ 𝐸𝑖
+ ∑ 𝐸𝑖 𝑏𝑖 ℎ𝑖 𝑧𝐶,𝑖
12
𝑖=1

Equation 2.13

𝑖=1

Where 𝐸𝐼 is the structures stiffness in a particular direction in Nmm2, 𝐸𝑖 is the modulus of
elasticity of the layer 𝑖 in N/mm2, 𝑏𝑖 is the width of layer 𝑖 in mm, ℎ𝑖 is the thickness of the
layer 𝑖 in mm, 𝑧𝐶,𝑖 is the distance of the centre of stiffness of the layer 𝑖 from the centre of
stiffness in mm.

From the equations above it can be seen that the thickness of the layers ℎ𝑖 has a much
stronger influence on a layered cross-section compared to the width, as the thickness does
not affect the stiffness in a linear way like the width but in parts has the power of three
(Winter et al., 2008).

As mentioned before, Hirschmann (2011) undertook tests to evaluate parameters
influencing in-plane shear properties of CLT. Three different laminate thicknesses were
tested, 10mm, 20mm and 30mm. The results showed a tendency towards an increase in
shear strength with a decrease in laminate thickness (Hirschmann, 2011).

Layer Arrangement
Most commonly available CLT panels have layer arrangements symmetrical to the panel’s
neutral axis with grain directions of adjacent layers being perpendicular to each other, and
the outer layers facing the same direction. This leads to most CLT panels having an odd
number of layers greater than or equal to three. CLT panels with even numbers of layers
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greater than three are available, but not common. Usually in these arrangements some
adjacent layers have the same grain orientation, e.g. two core layers facing the same
direction (∥-⊥-⊥-∥). Furthermore, panels with some diagonally arranged layers have been
produced before.

Buck, Wang, Hagman and Gustafsson (2016) compared the bending properties of 5-layer
CLT panels with a common layer arrangement with panels made from layers with a grain
alternation of 45°. The main interest was to investigate if an alternating grain orientation
of 45° would distribute the bending load towards the main direction of the panel and
thereby increasing the load bearing capacity and reduce the risk of rolling shear failure. For
these CLT panels with a 45° alternating layer orientation the researchers expected a more
efficient use of resources due to consideration of the material properties, an increase in
structural performance in the main direction with special regards to shear forces, and the
panels being suitable for construction demands. Three elements with conventional layer
arrangement (0°, 90°, 0°, 90°, 0°), and three elements with a ±45° orientation (0°, 45°, 0°,
-45°, 0°) were build. Ten samples were cut from the three panels of each arrangement. The
samples were tested flatwise in four-point bending. The global and local moduli of
elasticity were evaluated as well as the global stiffness, the failure load, the moment of
rupture and the related failure modes. Comparing the two arrangements with each other,
the average global modulus of elasticity and stiffness of the ±45° CLT increases by 15.5%
(23.5% for the 5th percentile value). For the average local modulus of elasticity the ±45°
CLT increased by 13% (20.9% for the 5th percentile value). The average modulus of rupture
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of the ±45° CLT increased by 35% (47.8% for the 5th percentile value). Three main failure
modes were observed, bending failure due to tension in the bottom outer layer, rolling shear
failure, and longitudinal shear failures (only in ±45° CLT). Failures also occurred in
combinations of these failures (Buck et al., 2016).

Laminate Aspect Ratio
The laminate aspect ratio is the ratio of a laminate width to its thickness. To date there is
no upper limit for the laminate aspect ratio that can be used in the production of CLT. In
North America the performance-based CLT standard ANSI/APA PRG320-2011 gives
information about minimum aspect ratios that can be used in the manufacturing process of
performance-rated CLT. For the layers running parallel to the major strength direction the
minimum aspect ratio is regulated to 1.75 by the standard. For non-edge-glued layers
running perpendicular to the major strength direction the aspect ratio should not be smaller
than 3.5 unless the inter-laminar shear strength and creep have been evaluated according
to specific regulations. Further the standard gives a minimum laminate thickness of 16mm
and a maximum laminate thickness of 51mm (APA-The Engineered Wood Association,
2011). In current technical approvals in Europe a minimum value for the aspect ratio of 4
is recommended. The same minimum ratio of 4 is recommended as a ratio for the distance
of relief cuts to laminate thickness. If these recommendations are not met a reduced rolling
shear resistance has to be taken into consideration. According to prEN 16351 (European
Committee for Standardization, preEN 16351, 2011) the width of laminates is regulated to
a minimum of 40mm and a maximum of 300mm (Brandner, 2013). As mentioned before,
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Hirschmann (2011) undertook tests to evaluate parameters influencing in-plane shear
properties of CLT. The results showed a tendency towards an increase in shear strength
with an increase in aspect ratio (Hirschmann, 2011).

Laminate Orientation
Schwar (2006) investigated the deformation and failure behaviour of CLT with respect to
the variation of the pith location of the laminates in the cross layer. Six full-scale 3-layer
CLT elements without edge-gluing were tested in four-point bending at a relatively short
span. Due to stresses exceeding the tensile strength perpendicular to the grain and/or the
rolling shear strength cracks occur within laminates of the cross layers. Loads are
transferred into other areas of the elements where eventually further cracks develop, which
leads to a decrease of the overall stiffness. In order to evaluate the influence of the location
of the pith, the pith location of random laminate samples was evaluated and characterized
by a probability density function. The test specimens were modeled using finite element
analysis, the models were calibrated using the sample test data. Additional ten finite
element models were built with a random distribution of the pith location to either side of
the neutral axis of the middle layer. Based on these analyses, a characteristic development
of cracks is described: 1) local failures perpendicular to the grain in the middle layer, 2)
local failures in rolling shear in the middle layer, 3) reach of the peak load, 4) total failure
of two laminates in the middle layer, 5) failure of a laminate in the outer layer due to
delamination. Furthermore, Schwar’s research shows that the growth ring orientation and
the pith location have a significant influence on the variation of test results. In the tests it
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is noticeable that failures first occur in areas where the annual growth rings rising towards
the acting shear stress and not in areas where the annual growth rings are declining. Schwar
concluded that the shear capacity of CLT could be improved by arranging the annual
growth rings of the laminates of the middle layer in a decreasing orientation towards the
acting shear stress (see Figure 2.17). In the example used in the research the increase in
shear capacity of CLT based on the average shear strength of the laminates was about 5%
(Schwar, 2006).

Figure 2.17: Individual cross laying board with increasing (left) and decreasing (right) annual ring
orientation (Schwar, 2006)

Inter-Layer Connection
The connection between layers within the CLT structure can have a major contribution to
the in-plane and out-of-plane behaviour and strength of CLT. Different types of CLT interlayer connections can be found within industry and the literature. Within the area of
adhesive bonding different types of glue are used in the industry. Commonly used glues
are

aminoplast

adhesives

(melamine-formaldehyde

(MF)

and

melamine-urea-

formaldehyde (MUF)) and one-component-polyurethane adhesives (PUR). The different
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adhesives leading to slightly different structural panel properties. The MUF adhesives form
a strong but brittle connection between layers and show a better performance during a fire
compared to PUR (Frangi, Fontana, Hugi & Joebstl, 2009). PUR adhesives are generally
more flexible and forgiving, thereby showing a high strength, as well as a higher durability
during cyclic loading test. Furthermore PUR adhesives have some advantages in being
process-friendly with their faster curing time and lower curing temperature (Gáborík, et al.,
2016; Augustin & Schickhofer, 2009).

Layers can be connected to each other by metal fasteners (Oesterreichisches Institut fuer
Bautechnik, 2013), wooden pegs (Deutsches Institut fuer Bautechnik, ETA-13/0785
THOMA Holz 100, 2013 and VTT Expert Service LTD, 2015), wooden screws (Deutsches
Institut fuer Bautechnik, ETA-11/0338, 2011) or by dovetail connections (Smith, 2011).
These inter-layer connections provide alternative solutions to glue, and usually lead to a
more flexible structure. They also fall outside the general definition of CLT for some
product and design standards.

Goerlacher (2012) presented calculation approaches for CLT type floor and wall systems
using dowel-type semi-rigid inter-layer connections. Four different commercial CLT-type
panels were investigated, two panels with beech dowels to connect layers, one with wooden
beech screws and one with ring-shanked aluminium nails. In the production of the two
wooden dowel connected elements the holes for the dowels were pre-drilled. Dried beech
dowels were used and they run across the whole depth of the CLT. The layers were
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arranged at 90° or 45° to each other. The two dowel connected elements differed in the
diameter of the dowels (VTT Expert Service LTD, 2015; Deutsches Institut fuer
Bautechnik, ETA-13/0785, 2013). In the production of the beech screw element the holes
for the beech screw were pre-drilled and a thread was formed within the hole. The beech
screws run across the whole depth of the CLT. The thread of the beech screws allowed for
a rope effect, which increases the strength of the connection by 25%. The adjacent layers
were oriented at 90° or 45° to each other (Deutsches Institut fuer Bautechnik, ETA11/0338, 2011). In the aluminium nailed CLT, adjacent layers were joined together by
50mm long aluminium nails with a diameter of 2.5mm. Each nail obviously connects two
layers only due to its length. The layers were oriented at 90° to each other
(Oesterreichisches Institut fuer Bautechnik, 2013). Shear, axial and bending tests were
performed. Floor systems could be designed as semi-rigid bending member in accordance
to Eurocode 5 (European Committee for Standardization, Eurocode 5, 2004). The technical
approvals provide slip moduli and strength values for the connections. For the shear wall
designs the technical approvals provide effective shear moduli as well as maximum
horizontal loads per shear wall length (Goerlacher, 2012).

Recently an Interlocking Cross Laminated Timber (ICLT) system has been developed at
the University of Utah in collaboration with industry partners. In the ICLT system adjacent
laminates within a layer were joined together by tongues and grooves. Layers were joined
to each other by laminates shaped with dovetail joints. All joints were formed by computer
numerical controlled (CNC) machines leading to a high level of precision. The main goal
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behind the development of ICLT was the utilisation of lumber obtained from standing-dead
beetle-kill trees, construction and demolition waste. In-plane lateral load test results from
ICLT were compared with results from glued CLT, light frame walls and insulated concrete
forms. Hereby the light frame wall showed the lowest stiffness, followed by ICLT, CLT
and the insulated concrete form. The ratio of stiffness was 1.0 : 1.27 : 1.98 : 2.54 (light
frame wall : ICLT : CLT : insulated concrete form) (Smith, 2011; Sanders, 2011).

Laminate Edge-Gluing
In general, three different types of situations can occur between adjacent laminates, namely
edge-glued, non-edge-glued without gaps between laminates, and non-edge-glued with
gaps between laminates. When edge-glued, adjacent laminates are glued together along
their narrow sides. Non-edge-glued situations can occur either without or with gaps
between adjacent lamina. Here the laminates are not connected to each other by glue. The
presence of gaps between adjacent laminates can occur by default or by chance if no side
pressure is applied to the edge of the CLT panel during the pressing process. Sometimes
gaps between adjacent laminates are introduced in order to reduce the development of
internal stresses due to dimensional changes (see section 2.3.1.1). In terms of
constructional aspects like fire, acoustics, air tightness, and anchorage of fastener type
connections as well as from the aesthetic point of view, gaps between adjacent laminates
within a layer are not desirable (Brandner, 2013). As mentioned before, Hirschmann (2011)
undertook tests to evaluate parameters influencing in-plane shear properties of CLT. The
influence of gaps on the shear properties was evaluated. Three different gap widths were
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evaluated, 1.5mm, 5mm and 25mm between adjacent laminates. No significant difference
was observed between the 1.5mm and the 5mm gaps. The highest average shear strength
was recorded for the 5mm gap setup, followed by the 1.5mm gap tests. The 25mm gap tests
showed significantly lower shear strength (Hirschmann, 2011). In general a reduction in
shear strength can be expected with an increasing gap between laminates. The reason is a
reduction of the influence of the so-called locking effect between adjacent layers. In
addition the bending stress in the area of the gap increase (Brandner, Bogensperger, &
Schickhofer, 2013).
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Methodology

In this chapter the research methodology, including test procedures and specimen
preparation, is described. It provides information about the material used and the
conditioning process of the material. The chapter describes the process of the assembly of
the single-layer panels from the laminates, as well as the assembly of the 3- and 5-layer
CLT panels from single-layers. Further the chapter provides information about the
processes employed in the determination of the evaluated elastic properties of the material
during laminate-, single-layer- and 3- and 5-layer CLT stage.

3.1

Material

In the following materials that were mainly used during the testing processes are described.
These materials were lumber and adhesives.

3.1.1

Lumber

Wooden boards, mainly spruce, pine and fir with various growth ring patterns were
purchased in two phases. The material obtained in the first phase was used for the fullyedge-glued (FEG) single-layer panels, the material purchased in the second phase was used
to form semi-edge-glued (SEG) single-layer panels. The obtained material was not
conditioned and its initial moisture content was higher than the desired moisture content of
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around 12-13%. All boards went through an initial visual selection process. Boards with
major defects such as cracks or large knots were discarded.

3.1.2

Adhesives

Two different adhesive types were used during the testing. Initially a two-component
polyurethane adhesive (Ashland ISOSET UX-160 with Ashland ISOSET WD3-A322
hardener) was used. The adhesive was used for initial tests to evaluate necessary bonding
pressure. Further the adhesive was used during the initial single-layer gluing phase. In this
phase it was evaluated how well the gluing process works and how much time was needed
to assemble the single-layer panels. Here it was found that the use of a two-component
adhesive was time consuming in a manual gluing process. Only a total of four FEG singlelayer panels were produced with the two-component. A one-component structural
polyurethane adhesive (Ashland ISOSET SX-1050) was used for the further gluing
processes. The one-component adhesive was used for the gluing of the remaining FEG and
all SEG single-layer panels, as well as for the face-gluing of the 3- and 5-layer CLT panels.

3.2

Conditioning Process

As mentioned, the moisture content (MC) of the acquired material was much higher than
the desired 12-13%, and therefore much higher that the MC of CLT in its common
application. Due to this the MC of the material had to be reduced. In order to lower the
MC, the boards were stored in a kiln after the initial visual selection process. The boards
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were stacked layer wise, using spacers between the layers to allow for good air circulation
during the drying process. Here the boards were stored in heated conditions (dry bulb
130°C, wet bulb 120°C) until the MC was reduced to about 13-15%. The boards were then
transferred into a conditioning chamber. As before in the kiln, the material was stacked
layer wise, using spacers between the layers to assure good air circulation during the
conditioning process. The chamber provided constant conditions at a temperature of 20°C
and a relative humidity of 65%. The material was conditioned in the chamber until a MC
of about 12-13% was reached. The MC was measured in spot checks by the use of a pintype moisture meter. After the conditioning process was completed the material went
through further processing. Between the different processing stages, namely in laminate
form, single-layer panels, or 3- and 5-layer CLT panels, the material was stored in the
conditioning chamber with the same conditions. The material was only taken out of the
chamber for processing and testing purposes. In order to minimise the risk of distortion and
cupping of the single-layer panels and the 3- and 5-layer CLT panels, squared concrete
plates were laid on top of the stacked material.

3.3

Laboratory Tests

In this section an overview and description of the test methods is given. The laboratory test
setups, and the test procedures are described. Further the methods for the evaluation of the
results are explained. The tests can be classified into modal and static tests.
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Modal Tests

Here a description of the employed modal test procedures is given. The modal testing setup
contained an accelerometer, an impact hammer with a load cell in combination with the
signal conditioner PHOTON and the RT Pro Signal Analysis and Waveform Source
Software (LDS-Dactron). This equipment setup was used for all modal tests. In all different
modal test setups the accelerometer was attached to the specimen. The accelerometer was
either attached by the use of double-sided adhesive tape, a magnet or by the use of a
mechanical connector. The specimens were excited by the impact hammer. The locations
of the accelerometer and the impact were chosen in order to avoid nodes of specific mode
shapes. This was done since measurements close to node points lead to very small response
and therefore the associated modes are hard to detect. The location of the accelerometer on
a specimen never changed. The location of the impact varied if multiple measurements
from a specimen were necessary in order to establish mode shapes. The force of the impact
over time was measured by the load cell attached to the impact hammer. The acceleration
and its direction over time at the location where the accelerometer was attached were
measured. The two signals, the impact force (input signal) and the acceleration (output
signal), from the two sensors were recorded by a spectrum analyser with built-in analysis
software to calculate the frequency response function (FRF). The natural frequencies can
be extracted from the FRF and the corresponding mode shape information can be
established manually from the various FRFs calculated from different locations on the
specimen. Three test setups were employed in the modal tests, free-free beam tests, freefree panel tests and one side simply supported panel tests.
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Free-Free Beam Tests
The evaluation of material properties in free-free beam vibration tests was based on the
studies by Chui and Smith (1990), and Chui (1991). The proposed technique is a nondestructive, vibration test based method for the simultaneous evaluation of the modulus of
elasticity (E) and the shear moduli (G) of wooden beams. The evaluation of the elastic
constants is based on the Timoshenko beam equation. The Timoshenko beam equation was
chosen since it represents the transverse vibrations better than the Euler beam equation.
Further the Timoshenko equation accounts for shear deformation and rotatory inertia. The
method is simple to perform. The two first natural frequencies of the wooden beam in freefree boundary conditions have to be determined. Based on the natural frequencies of the
boards, their dimensions and density, modulus of elasticity and the shear modulus can be
determined in an iterative calculation procedure. The procedure is iterative since the
Timoshenko equation is non-linear. A comparison of the method proposed by Chui and
Smith (1990) and Chui (1991) with existing static methods shows that due to the fact that
the two natural frequencies can be determined from one response signal, the use of the
modal method results in time saving. Since the static methods always require a change of
the static system (either changes in span or load arrangement), the work load for the
rearrangement of the test setup is quite high. Further problems related to static tests like
the use of simultaneous equations, the lack of addressing defects or the suitability for small
specimens are avoided.
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In the tests, the free-free support conditions were achieved by suspending the test beam
specimen with springs or ropes. The test setup at the lamina stage can be seen in Figure
3.1. The first two natural frequencies were measured by the use of the modal testing
equipment described before. In order to make the iterative procedure of solving the nonlinear equations feasible a developed computer program was used. The equations used can
be found in Chui (1991).

Figure 3.1: Free-free beam test setup

Free-Free Panel Tests
The free-free panel tests were undertaken to evaluate the elastic modulus in face grain
direction (E11), the elastic modulus perpendicular to the face grain direction (E22), and the
in-plane shear modulus (G12). The employed procedure is based on papers by Guelzow,
Gsell and Steiger (2008) and Larsson (1997). Both studies used free-free boundary
conditions, but employed different methods to determine the elastic properties of the tested
panels, since these boundary conditions do not have a closed form solution. Guelzow et al.
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(2008) tested CLT panels in free-free boundary conditions with the panels hanging
vertically being suspended from their top edge by ropes. They determined the natural
frequencies and corresponding mode shapes. The elastic properties of the panels were then
evaluated based on a developed iterative algorithm. The evaluated elastic properties were
then used in finite element models (FEM) to compare calculated deformations with
deformations from static bending tests (Guelzow et al., 2008). The paper by Larsson uses
FEM analysis to match three natural frequencies that are highly influenced by the elastic
modulus in face grain direction (E11), the elastic modulus perpendicular to the face grain
direction (E22), and the in-plane shear modulus (G12) of oriented strand board (OSB) panels.
The selected natural frequencies were the plate bending modes f2,0, f0,2, and f1,1 (see Figure
3.2).

f2,0

f0,2

f1,1

Figure 3.2: Mode shapes related to natural frequencies f 2,0, f0,2, and f1,1 (Larsson, 1997)

The employed method was based on the free-free boundary conditions and followed the
approach by Larsson. Free-free boundary conditions were achieved by suspending the plate
from a rigid structure with ropes in a vertical position. The natural frequencies and related
mode shapes were evaluated by use of the modal test equipment described before. The
elastic constants E11, E22 and G12 were determined in an iterative process using finite
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element (FE) analysis. In the process, the three elastic constants were adjusted successively
until experimental and analytical natural frequencies and related mode shapes (f2,0, f0,2 and
f1,1 (see Figure 3.2)) matched. Further natural frequencies and mode shapes were used for
control purposes. The test setup can be seen in Figure 3.3.

Figure 3.3: Free-free panel test setup

FE models of the specimens in free-free boundary conditions were developed, the free-free
boundary conditions were achieved by two supports at the locations of the ropes. The
supports allow movement in direction 2 (minor direction of the panel) and 3 (out-of-plane
direction of the panel) and restraints the in-plane movement in direction 1 (major direction
of the panel). A schematic drawing of the FE model for the panel structures and the
indicated directions can be seen in Figure 3.4. The FE model is described in detail in section
3.5.3.3.
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3

2
1

Figure 3.4: Finite element model of free-free panel tests (here single-layer)

One Side Simply Supported Panel Tests
The one side simply supported panel tests were undertaken to evaluate the elastic modulus
in the face grain direction (E11), the elastic modulus perpendicular to the face grain
direction (E22), and the in-plane shear modulus (G12). The employed procedure was based
on the research by Sobue and Katoh (1992). The plate modal testing method was initially
developed for the determination of the orthotropic elastic constants of plywood boards. The
one side simply supported test setup provides a closed form solution. In the test setup a
plate-shaped specimen rested on the ground and was vertically erected. The specimen was
arranged in a way that the grain direction of the specimens ran parallel to the ground. The
specimen was simply supported along the bottom edge with the other three edges free.
Simply supported boundary conditions were achieved by clamping the specimen bottom
edge between two steel pipes. The pipes and the ground restrain movement in directions 1
(along the grain major direction of the panel), 2 (along the minor direction of the panel)
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and 3 (in the out-of-plane direction of the panel). The pipes allow for rotational movement
about the axis in direction 1. The test setup can be seen in Figure 3.5. A schematic drawing
of the test setup can be seen in Figure 3.6. This test method was only employed in the
single-layer phase.

1
3
2

Figure 3.5: One side simply supported panel test setup

Figure 3.6: Schematic drawing of test setup with indication of geometric variables (Chui, 1995)
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The natural frequencies and related mode shapes were evaluated using the equipment
described before. The elastic constants (E11, E22, G12) were determined by the measurement
of three natural frequencies using three frequency equations. The elastic properties are
calculated using the equations for the three selected frequencies. In theory, any three
natural frequencies can be used and the equations can be adjusted accordingly. However
the sensitivity of calculated results is dependent on the values of the elastic properties and
specimen geometry. The selected natural frequencies f1,1, f1,2 and f3,1 (see Figure 3.7) were
used in the calculation were selected based on a sensitivity study. The equations associated
with the selected frequencies can be seen in Equation 3.1 to Equation 3.6.

f1,1

f1,2

f3,1

Figure 3.7: Mode shapes related to natural frequencies f 1,1, f1,2, and f3,1 (Larsson, 1997)
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2
𝜋 2 𝜌 ℎ 𝑎2 𝑏 2 𝑓1,1
36

Equation 3.1

𝑎4
4 ∙ 326.43
2
∙ (4 𝜋 2 𝜌 ℎ 𝑓3,1
−
𝐷66 )
3805.04
𝑎2 𝑏 2

Equation 3.2

𝑏4
4 ∙ 326.43
2
∙ (4 𝜋 2 𝜌 ℎ 𝑓1,2
−
𝐷66 )
237.82
𝑎2 𝑏 2

Equation 3.3

𝐸11 =

12 𝐷11 (1 − 𝜈12 𝜈21 )
ℎ3

Equation 3.4

𝐸22 =

12 𝐷22 (1 − 𝜈12 𝜈21 )
ℎ3

Equation 3.5

12𝐷66
ℎ3

Equation 3.6

𝐷66 =
𝐷11 =

𝐷22 =

𝐺12 =

Where 𝑎 and 𝑏 are the side dimensions of the panel in m as defined in Figure 3.6, ℎ is the
thickness in m. 𝜌 is the density in kg/m3, and 𝜈12 and 𝜈21 are Poisson's ratios. The
Poisson’s ratios with respect to the growth ring orientation used in the calculations can be
found in Table 3.3. The natural frequencies 𝑓𝑖,𝑗 are in Hz, and 𝐸11 , 𝐸22 and 𝐺12 are in
N/m2.

Since there are no Poisson’s ratios for rift-sawn boards the Poisson’s ratios had to be
determined. The Poisson’s ratios were evaluated in a finite element model where the
Poisson’s ratios in radial and tangential directions were used in a rotated coordinate system.
The rotated coordinate system was applied to a cubic 3D element with a side length of
100mm. A deformation of 10mm was applied in one direction. The 3D deformable element
was meshed with a three-dimensional hexahedral element with reduced-integration
elements (C3D8R) at a mesh size of 2.5mm. The properties that were used in the model
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can be seen in Table 3.1. The values and ratios used in Table 3.1 were taken from Wood
Handbook (2010) for spruce and can be found in Table 3.2. It was assumed that E22 is equal
to E33 and G12 is equal to G13. Even though the E11 and G23 values were evaluated later,
general assumptions were made fro the estimation of the Poisson’s ratios. These values
were assumed for all panels since the sensitivity study showed very little influence of the
Poisson’s ratio on the calculated results.

Table 3.1: Elastic properties used for Poisson’s ratio evaluation

8500N/mm2

𝐸11 =
𝐸22 =
𝐸33 =
G12 =
G13 =

(E𝑅 ⁄E𝐿 + E 𝑇 ⁄E𝐿 )
=
2
(E𝑅 ⁄E𝐿 + E 𝑇 ⁄E𝐿 )
𝐸11
=
2
(G𝐿𝑅 ⁄E𝐿 + G𝐿𝑇 ⁄E𝐿 )
𝐸11
=
2
(G𝐿𝑅 ⁄E𝐿 + G𝐿𝑇 ⁄E𝐿 )
𝐸11
=
2
𝐸11

514.25N/mm2
514.25N/mm2
531.0N/mm2
531.0N/mm2
50.0N/mm2

G23 =
ν12 =

ν𝐿𝑅 =

0.372

ν13 =

ν𝐿𝑇 =

0.467

ν23 =

ν𝑅𝑇 =

0.435
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Table 3.2: Elastic ratios and Poisson’s ratio for spruce, Sitka
(Forest Products Laboratory (U.S.), 2010)

E 𝑅 ⁄E 𝐿

0.078

E 𝑇 ⁄E 𝐿

0.043

G𝐿𝑅 ⁄E𝐿

0.064

G𝐿𝑇 ⁄E𝐿

0.061

ν𝐿𝑅

0.372

ν𝐿𝑇

0.467

ν𝑅𝑇

0.435

The deformations of the cube in the directions other than the applied deformation were
calculated and the Poisson’s ratios for several growth ring orientations were determined
form the ratios of the calculated deformation and the applied deformations. Figure 3.8
shows the influence of the growth ring orientation on the Poisson’s ratios needed in
Equation 3.4 and Equation 3.5 based on FEM analysis. The Poisson’s ratios used in
Equation 3.4 and Equation 3.5 are given in Table 3.3.

Table 3.3: Poisson’s ratio used for layers based on growth ring orientation

Quartersawn

Riftsawn

Flatsawn

ν12

0.372

0.420

0.467

ν21

0.0230

0.009

0.0280
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Figure 3.8: Influence of growth ring orientation on Poisson’s ratios (FEM)

The calculation procedure was such that the natural frequency 𝑓1,1 was used for the
determination of 𝐷66 , using Equation 3.1. 𝐷11 and 𝐷22 were then calculated by Equation
3.2 and Equation 3.3 using 𝐷66 , and the natural frequencies 𝑓3,1 and 𝑓1,2 respectively and.
From 𝐷11 , 𝐷22 and 𝐷66 ; the elastic properties 𝐸11 , 𝐸22 and 𝐺12 were obtained by applying
Equation 3.4 to Equation 3.6.

3.3.2

Static Tests

In this section descriptions of the employed static test procedures are given. All tests were
undertaken on a universal testing machine. The performed tests include bending, plate
twisting and planar shear tests.
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Three-Point Out-of-Plane Bending Tests
Three-point bending tests with simple support conditions in accordance with ASTM D198
(ASTM International, ASTM D198-15, 2015) were conducted. The tests were carried out
using the MTS 810 Material Test System for the single-layer, the 3-layer CLT and the 5layer CLT stage. In all stages the specimens were supported over the full width of the two
parallel edges by supports that allowed free rotation. The load was applied at the centre of
the span over the full width of the specimens distributed by a squared hollow aluminium
section. The outer dimensions of the aluminum cross-section were 51mm by 51mm, and
the wall thickness was 3.0mm. The deflection was measured by two linear variable
differential transformers (LVDTs), located at the centre of the span and 100mm in from
the side edges. The two measurements from the LVDTs were averaged for the calculation
of the E values. Figure 3.9 shows the test setup for the evaluation of the E values.

Figure 3.9: Test setup for three-point bending tests, here E11 evaluation of a single-layer panel

The apparent moduli of elasticity (Eapp) were evaluated in accordance with ASTM D198
(ASTM International, ASTM D198-15, 2015). First the acquired deflection data from the
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two LVDTs were averaged. The averaged deflection was then plotted in a load-deflection
curve. The slope of the load-deflection curve was evaluated using linear regression within
the linear range of the load-deformation behaviour. The slope of the load-deformation
curve was used in Equation 3.7 to calculate the Eapp value.
𝐸𝑎𝑝𝑝 =

𝑃𝑙 3
4𝑏ℎ3 ∆

Equation 3.7

Where 𝑃⁄∆ is the slope of the load-deformation curve in N/mm, 𝑙 is the span between the
supports in mm, 𝑏 is the width of the specimen in mm and ℎ is the thickness of the
specimen in mm. 𝐸𝑎𝑝𝑝 is the apparent modulus of elasticity in the corresponding direction
in N/mm2.

The Eapp determined in Equation 3.7 neglects the influence of shear deformation in the
bending tests. Due to the strong influence of shear on the relatively short test specimens
used in this study the Eapp is significantly lower that the true modulus of elasticity (E). In
order to evaluate the true E values the apparent moduli of elasticity evaluated in Equation
3.7 were corrected. ASTM D198 provides a further equation for the evaluation of the
modulus of elasticity under consideration of the shear influence. To employ this equation
the corresponding shear modulus had to be known (ASTM International, ASTM D198-15,
2015). For a three-point bending test the equation for the calculation of the E value under
consideration of the shear influence is given in Equation 3.8.
𝑃𝑙 3

𝐸=

4𝑏ℎ3 ∆ (1 −
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Where 𝑃⁄∆ is the slope of the load-deformation curve in N/mm, 𝑙 is the span between the
supports in mm, 𝑏 is the width of the specimen in mm and ℎ is the thickness of the
specimen in mm. 𝐺 is the shear modulus in the corresponding direction in N/mm2 and 𝐸 is
the modulus of elasticity in the corresponding direction in N/mm2.

Equation 3.8 incorporates the Timoshenko shear correction factor κ for rectangular crosssections of κ = 5/6 found in the literature. This factor of κ = 5/6 is for homogeneous
rectangular cross-sections only. Due to the cross-lamination and the changing grain
direction of the layers, CLT cannot be considered as a homogeneous cross-section. As
mentioned before (see section 2.3.1.4), the issue can be addressed by implementing a shear
correction factor κ𝐶𝐿𝑇 , or by calculating an equivalent shear stiffness S𝑥𝑧 or S𝑦𝑧 based on
the shear analogy method.

Here the shear correction factor for CLT is considered by κ𝐶𝐿𝑇 (see section 2.3.1.4).
Adjusting Equation 3.8 to be used with κ𝐶𝐿𝑇 leads to Equation 3.9.
𝑃𝑙 3

𝐸=

4𝑏ℎ3 ∆ (1 −

𝑃𝑙
)
4 ∙ κ𝐶𝐿𝑇 𝑏ℎ𝐺∆

Equation 3.9

The Eapp calculated using Equation 3.7 can be corrected using parts of Equation 3.9.
Substituting the part of Equation 3.9 that is equal to the right hand side of Equation 3.7
with the Eapp values calculated by Equation 3.7 leads to Equation 3.10.
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𝐸𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 =

𝐸𝑎𝑝𝑝
𝑃𝑙
(1 −
)
4 ∙ κ𝐶𝐿𝑇 𝑏ℎ𝐺∆

Equation 3.10

Where 𝐸𝑎𝑝𝑝 is the apparent modulus of elasticity from Equation 3.7 in N/mm2, 𝑃⁄∆ is the
slope of the load-deformation curve in the linear region in N/mm, 𝑙 is the span between the
supports in mm. 𝑘𝐶𝐿𝑇 is the shear correction factor for the CLT cross-section, 𝑏 is the width
of the specimen in mm and ℎ is the thickness of the specimen in mm. 𝐺 is the shear
modulus in the corresponding direction in N/mm2 and 𝐸𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 is the modulus of
elasticity without the influence of the shear deformation in N/mm2.

The κ𝐶𝐿𝑇 values for the different 3- and 5-layer CLT panels were calculated based on the
single-layers E11 and E22 values evaluated in the free-free-modal tests described in section
3.3.1.2. The shear modulus parallel to the grain G13 and perpendicular to the grain G23 of
the single-layers were taken as G13 = E11/16 and G23 = G13/10 as commonly proposed in
the literature. For the G value in Equation 3.10 the shear moduli of the 3- and 5-layer panels
determined in planar shear tests (see section 3.3.2.3) were used.
Another way to address the shear is by calculating an equivalent shear stiffness based on
the shear analogy method (see section 2.3.1.4). Here the shear stiffness from the shear
analogy method is considered by S𝑥𝑧 , the shear stiffness parallel to the grain of the outer
layers, which correlates to S13. In the perpendicular direction S𝑥𝑧 would be replaced by
S𝑦𝑧 , the shear stiffness perpendicular to the grain of the outer layers, which correlates to
S23 . Adjusting Equation 3.8 to be used with S𝑖𝑗 leads to Equation 3.11.
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𝐸=

𝑃𝑙 3
𝑃𝑙
4𝑏ℎ3 ∆ (1 − 4 ∙ S ∆)
𝑖𝑗

Equation 3.11

The E value calculated in Equation 3.7 can be corrected using parts of Equation 3.11.
Substituting the part of Equation 3.11 that is equal to the right hand side of Equation 3.7
with the E values calculated by Equation 3.7 leads to Equation 3.12.
𝐸𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 =

𝐸𝑎𝑝𝑝
𝑃𝑙
(1 − 4 ∙ S ∆)
𝑥𝑧

Equation 3.12

Where 𝐸𝑎𝑝𝑝 is the modulus of elasticity evaluated by Equation 3.7 in N/mm2, 𝑃⁄∆ is the
slope of the load-deformation curve in N/mm, 𝑙 is the span between the supports in mm.
S𝑖𝑗 is the shear stiffness determined by the shear analogy method for the CLT cross-section
in the major direction (S𝑥𝑧 ) or minor direction (S𝑦𝑧 ), and 𝐸𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 is the modulus of
elasticity without the influence of the shear deformation in N/mm2.

The S𝑥𝑧 and S𝑦𝑧 values for the different 3- and 5-layer CLT panels were calculated based
on the single-layers E11 and E22 values evaluated in the free-free-modal tests described in
section 3.3.1.2. The shear modulus parallel to the grain G13 and perpendicular to the grain
G23 of the single-layers were taken as G13 = E11/16 and G23 = G13/10 as commonly proposed
in the literature.

Furthermore, static short-span three-point bending tests according to ASTM D198 (ASTM
International, ASTM D198-15, 2015) were performed to evaluate the shear strength in the
major and minor directions of some 3- and 5-layer CLT panels. The tests were undertaken
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using the MTS 810 Material Test System. Stripes were cut from the 3- and 5-layer panels
and tested in short-span three-point bending. The specimens were supported over their full
width by supports that allowed for free rotation. The load was applied at mid-span. Loading
plates were used at the loading point and at the supports to spread the load and to reduce
the risk of crushing due to compression perpendicular to the grain. During the tests the
displacement of the specimens at the loading plate was recorded by two linear variable
differential transformers (LVDTs). The two measurements from the LVDTs were averaged
for the calculation of the Eapp. The averaged deflection was then plotted in a load-deflection
curve. The slope of the load-deflection curve in the linear range was evaluated using linear
regression. The slope of the load-deformation curve was the used in Equation 3.7 to
evaluate the E value. The shear strengths in the major direction fv,13 and the minor direction
fv,23 were calculated by Equation 3.13.
𝑓𝑣,13 𝑎𝑛𝑑 𝑓𝑣,23 =

3𝑃𝑚𝑎𝑥
4𝑏ℎ

Equation 3.13

Where 𝑃𝑚𝑎𝑥 is the load at failure in N, 𝑏 is the width of the specimen in mm and ℎ is the
thickness of the specimen in mm, and 𝑓𝑣,13 and 𝑓𝑣,23 are the shear strengths in the major
and minor direction respectively in N/mm2.

Plate Twisting Test
Static plate twisting test in accordance with ASTM D3044 (ASTM International, ASTM
D3044-94, 2006) was performed on selected single-layer panels, the 3-layer and the 5-layer
CLT panels. The plate twisting test was conducted to evaluate the in-plane shear properties
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(G12) of the panels. According to ASTM D3044 the test specimen should be squared with
a length and width of not less than 25 nor more than 40 times the thickness of the specimen.
These geometrical conditions were achieved for the single-layer panel specimens. For the
3-layer and 5-layer CLT panel specimens the geometrical conditions could not be achieved
due to the limited dimensions of the specimens. In the test setup the square panels were
supported on two diagonally opposite corners by ball bearings and were loaded on the other
two diagonally opposite corners. The span between the supports was equal to the distance
between the loading points. According to ASTM D3044 the deflection of the quarter points
of the diagonals between support or load points should be evaluated with respect to the
deflection at the centre point. With the available test system not all recommended
deflections could be recorded at the same time. Due to a limited number of data collection
channels for LVDT measurements the deflection at the centre of the panel and the
deflection at one quarter point of the diagonals were measured by two LVDTs. After the
completion of the test the LVDT at the quarter point of the diagonal was moved to the next
quarter point and the test was repeated, the LVDT at the centre of the panel stayed at the
centre point. This was repeated until the deflection of all four quarter points of the diagonals
were evaluated. This way the deflections of the quarter points of the diagonals relative to
the centre of the panel were determined for all four quarter points of the diagonals. Figure
3.10 shows the test setup for the G12 evaluation.
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Figure 3.10: Test setup for the twisting tests, here G12 evaluation of a single-layer panel

The calculation of the G12 value was undertaken in accordance with ASTM D3044 (ASTM
International, ASTM D3044-94, 2006). First the absolute relative deflection of the quarter
point was evaluated for the four quarter points. Then the load-deformation curve was
plotted for each of the four quarter points. The slopes of the load-deflection curves were
evaluated using linear regression within the linear range of the load-deformation curves.
The absolute values of the slopes of the four quarter points were averaged and used in
Equation 3.14 to calculate the G12 value.
𝐺12 =

3𝑢2 𝑃
2ℎ3 ∆

Equation 3.14

Where 𝐺12 is the in-plane shear modulus in N/mm2, 𝑃⁄∆ is the average slope of the loaddeformation curves from the four measurements in N/mm, 𝑢 is distance from the center of
the panel to the point where the deflections are measured in mm, and ℎ is the thickness of
the panel in mm.
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Plate Bending Tests
The plate bending tests were carried out for a 3-layer CLT panels. In the plate bending test
the specimen was supported by round steel pipes along all edges. The steel pipes (nominal
size 1 − 1⁄4 inches) had an outer diameter of about 42.5mm, an inner diameter of about
34.5mm, and the wall thickness was about 4mm. The steel pipes were welded together with
mitre joints and then welded on a steel frame with flare joints. The steel frame was made
from four steel plates with a cross section of about 101.5mm by 12.8mm (4 inches by 1⁄2
inch). The steel plates were welded together by double-beveled joints. The outer
dimensions of the steel frame were 610mm by 610mm. In the setup the steel pipes act as
supports conditions that provide vertical support but allow for rotational movement along
the support axes. The span between the centres of two parallel steel pipes was 500mm in
each direction. Figure 3.11 shows a picture of the support structure for the plate bending
tests.

Figure 3.11: Steel frame as support structure for plate bending tests
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The steel frame was fixed in the centre of the loading plate of the universal test machine.
The specimen was placed centred on the steel frame with the specimen edges being parallel
to the longitudinal axis of the steel pipes. The specimen was loaded at the centre by a
circular pivot loading point. The diameter of the pivot loading point was 82mm. The
deflections of the panels during the loading process were measured by the cross head
movement at the centre of the panel, and at quarter points of the major and minor strength
directions by LVDTs. For some panels the deflection at a quarter point of a diagonal was
measured as well by an LVDT. Figure 3.12 shows a specimen in a loading situation.

Figure 3.12: Test setup for the plate bending test, here for a 3-layer CLT panel
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Planar Shear Tests
Planar shear tests were employed to evaluate the global out-of-plane shear modulus (G13
and G23) and the shear strength (fv,13 and fv,23) in the two plane directions for some of the
single-layer, 3- and 5-layer CLT panels. Two different test methods were employed for the
3- and 5-layer CLT panels: a planar shear test method based on ASTM D2718 and a similar
method developed by Gong and Chui (2015).

The first planar shear test method was carried out according to method A of ASTM D2718
(ASTM International, ASTM D2718-00, 2006). Here specimens were cut from the singlelayer panels as well as the 3- and 5-layer CLT panels. For all panels the specimens had a
length of 400mm and a width of 152mm. The thickness of the specimens was dependent
on the thickness of the panels. From each selected single-layer panel four specimens were
cut, one in direction parallel to the grain and three specimens perpendicular to the grain.
From each selected CLT panel two specimens were cut. One specimen was cut with the
grain direction of the outer layers running along the longer edge of the specimen. The other
specimen was cut with the grain direction of the outer layers running along the shorter edge
of the specimen. Depending on the grain direction (in case of the CLT panels the direction
of the outer layers) the samples were used for evaluating the G13 and fv,13 or the G23 and
fv,23. The specimens were cleaned and glued in between two aluminum plates. The
specimens were glued to the aluminum plates using System Three G-2 structural epoxy
adhesive consisting of a resin and the hardener. The resin and the hardener were mixed in
at a mass ratio 100:44. A thin layer of glue was applied to both gluing planes, the
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aluminium plates and the specimen surfaces. The specimens were cured under a pressure
of 0.8N/mm2 and a temperature of at least 20°C. Previous tests have shown that the
minimum temperature of 20°C is crucial to ensure that a sufficient bond between the
aluminum plates and the specimen is achieved. To ensure a sufficient temperature during
the curing process the press was enclosed with a pavilion and a space heater was installed
within the pavilion. The aluminium plates had a length of 462mm, a width of 152mm and
a thickness of 25mm. One side along the width the plates was supported on steel knife
edges. The knife edges of the two plates in the glue-ups were facing opposite ends of the
specimen. The knife edges project beyond the ends of the specimen. In the test procedure
the specimen was placed with the knife edges between two V-notched loading blocks. The
two V-notched blocks were vertically aligned. The specimens were loaded at a constant
rate through the knife edges. During the loading process the displacement of the two
aluminium plates relative to each other was measured by two LVDTs. The specimens were
loaded up to failure and the load and displacement were recorded during the tests. The test
setup can be seen in Figure 3.13.
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Figure 3.13: Planar shear test setup, here for a 5-layer CLT panel

The calculation of the G13 and G23 values was undertaken in accordance with ASTM D2718
(ASTM International, ASTM D2718-00, 2006). First the average displacement of the two
aluminium plates in respect to each other was determined from the two recorded LVDT
movements. Then the load-deformation curve was plotted with the recorded load and the
averaged displacement. The slope of the load-deformation curve within the elastic range
was evaluated using linear regression within the linear range of the load-displacement
curve. The slope of the regression line was used in Equation 3.15 to evaluate the G13 or G23
value.
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𝐺𝑖𝑗 =

𝑃ℎ
∆(𝑏𝑙)

Equation 3.15

Where 𝑃⁄∆ is the slope of the load-deformation curve in N/mm, ℎ is thickness of the
specimen in mm, 𝑏 is width of the specimen in mm. 𝑙 is the length of the specimen in mm
and 𝐺𝑖𝑗 is the out-of-plane shear modulus (G13 or G23) in N/mm2.

The calculation of the fv,13 and fv,23 values were undertaken in accordance to ASTM D2718
(ASTM International, ASTM D2718-00, 2006). The shear strengths fv,13 and fv,23 were
calculated using Equation 3.16 with the recorded peak load.
𝑓𝑣,𝑖𝑗 =

𝑃
𝑏𝑙

Equation 3.16

Where 𝑃 is the recorded peak load in N, 𝑏 is width of the specimen in mm, 𝑙 is the length
of the specimen in mm, and 𝑓𝑣,𝑖𝑗 is the shear strength (fv,13 or fv,23) in N/mm2.

Method A of ASTM D2718 has been developed for testing of plywood and oriented strand
board panels (ASTM International, ASTM D2718-00, 2006). These panels have a rather
small thickness in comparison to the tested single-layers and the 3- and 5-layer CLT panels.
The greater thickness of the tested specimens leads to a greater angle between the
longitudinal axis of the test specimen and the path of the applied force. To address this
misalignment of specimen axis and force direction the shear modulus and shear strength
values evaluated by Equation 3.15 and Equation 3.16 were corrected. The shear values
were corrected using Equation 3.17 to Equation 3.19.
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𝐺𝑖𝑗,𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 = 𝐺𝑖𝑗 ∙ 𝑘𝑎𝑛𝑔𝑙𝑒

Equation 3.17

𝑓𝑣,𝑖𝑗,𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 = 𝑓𝑣,𝑖𝑗 ∙ 𝑘𝑎𝑛𝑔𝑙𝑒

Equation 3.18

𝑘𝑎𝑛𝑔𝑙𝑒 = 𝑐𝑜𝑠 (𝑎𝑟𝑐𝑡𝑎𝑛 (

ℎ⁄2
))
𝑙𝑎𝑙𝑢𝑚𝑖𝑛𝑢𝑚 − 𝑙𝑠𝑝𝑒𝑐𝑖𝑚𝑒𝑛 ⁄2

Equation 3.19

Where 𝐺𝑖𝑗,𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 is the corrected out-of-plane shear modulus (G13 or G23) in N/mm2, 𝐺𝑖𝑗
is the shear modulus determined by Equation 3.15 in N/mm2, 𝑓𝑣,𝑖𝑗,𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 is the corrected
shear strength (fv,13 or fv,23) in N/mm2, 𝑓𝑣,𝑖𝑗 is the shear strength determined by Equation
3.16 in N/mm2, 𝑘𝑎𝑛𝑔𝑙𝑒 is the correction factor addressing the misalignment of specimen
axis and force direction. ℎ is the thickness of the specimen in mm, 𝑙𝑠𝑝𝑒𝑐𝑖𝑚𝑒𝑛 is the length
of the tested specimen in mm, and 𝑙𝑎𝑙𝑢𝑚𝑖𝑛𝑢𝑚 is the length of the aluminium plate facing
the specimen in mm. Figure 3.14 shows a drawing of a planar shear tests specimen,
indicating the geometrical variables.
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Figure 3.14: Geometric definitions of dimensions for 𝒌𝒂𝒏𝒈𝒍𝒆

The second method that was used to evaluate the planar shear properties of the 3- and 5layer CLT specimen is based on a test procedure developed by Gong and Chui (Gong &
Chui, 2015). Due to the test setup this test procedure is not applicable to single-layer
specimen without adding additional layers. The specimens were cut from the CLT panels.
All specimens had a length of 190mm and a width of 75mm. The thickness of the specimen
was dependent on the thickness of the CLT panel. The specimen was shaped with one
inclination on each outer layer. The inclinations of the layers were on opposite ends of the
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specimen. The inclinations were formed as loading areas for the planar shear tests. The
angle of the inclination was chosen to ensure that the path of the load was going through
the centre of the outer layers at their ends and through the centre of the specimen itself.
The angle for the inclination was calculated based on Equation 3.20. In this test method all
specimens were cut with grain direction of the outer layers running in the longer direction
of the sample. Specimens with the grain direction of the outer layers running in the shorter
direction of the sample were not tested since the low modulus of elasticity and compression
strength perpendicular to the grain of the outer layers would not allow for use of this setup.
The relative movement between two outer layers was measured using two LVDTs. The
tests were undertaken at a displacement rate of 0.5mm/min.
ℎ − (ℎ1 ⁄2 + ℎ𝑛 ⁄2)
𝛼 = 𝑎𝑟𝑐𝑡𝑎𝑛 (
)
𝑙

Equation 3.20

Where 𝛼 is the angle of the inclination, ℎ is the thickness of the specimen in mm, ℎ1 is the
thickness of the outer layer number 1 in mm, ℎ𝑛 is the thickness of the outer layer 𝑛 (3 for
3-layer CLT or 5 for 5-layer CLT respectively) in mm, and or 𝑙 is the length of the
specimen in mm. Figure 3.15 shows a definition of the geometric variables for the
determination of 𝛼.
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Figure 3.15: Geometric definitions of dimensional parameters for calculation of 𝜶

The calculation of the G13 and fv,13 was undertaken in accordance with ASTM D2718
(ASTM International, ASTM D2718-00, 2006). For the shear modulus calculation the
average displacement of the outer layers with respect to each other was determined from
the two recorded LVDT movements. Then the load-deformation curve was plotted with the
recorded load and the averaged displacement. The slope of the load-deformation curve
within the elastic range was evaluated using linear regression. The slope of the regression
line was used in Equation 3.15 to calculate the values. The shear strength fv,13 was
calculated with the recorded peak load using Equation 3.16. As before, the greater
thickness of the tested CLT specimens leads to a great angle between the longitudinal axis
of the test specimen and the path of the applied force. To address this misalignment of
specimen axis and force direction, the shear modulus and shear strength values evaluated
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by Equation 3.15 and Equation 3.16 were corrected using equations Equation 3.17 to
Equation 3.19. Here the correction factor 𝑘𝑎𝑛𝑔𝑙𝑒 was not calculated by Equation 3.19, as
before, but by Equation 3.21, which uses the evaluated angle of inclination from Equation
3.20.
𝑘𝑎𝑛𝑔𝑙𝑒 = 𝑐𝑜𝑠(𝛼)

Equation 3.21

Where 𝑘𝑎𝑛𝑔𝑙𝑒 is the correction factor addressing the misalignment of specimen axis and
force direction, and 𝛼 is the angle of the inclination as calculated in Equation 3.20.

Strain Gauge Tests
In addition to the E value evaluation in accordance to ASTM D198 (ASTM International,
ASTM D198-15, 2015) using a three-point bending setup and LVDTs to measure the
deflection as described in section 3.3.2.1, the E11 and E22 values of selected specimens were
evaluated using strain gauges. Three FEG single-layer panels were selected after the initial
testing. FEG single-layer panels were chosen since SEG single-layers were not robust
enough to stand the tests in the minor strength direction. The selected single-layer panels
were all part of the same 3-layer CLT build-up. This was done to evaluate the stress
distribution within the 3-layer CLT under out-of-plane bending. The used strain gauges
were general purpose strain gauges produced by Micro-Measurements. Table 3.4 shows
the major characteristics of the strain gauges (www.vishaypg.com, 2015).
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Table 3.4: Strain gauge pattern data

Gage designation

CEA-06-500UW-350

Gauge length [mm]

12.70

Overall length [mm]

17.78

Matrix length [mm]

20.30

Grid width [mm]

4.57

Overall width [mm]

4.57

Matrix width [mm]

6.90

Resistance [OHMS]

350.0±0.3%

Gage factor at 24°C

2.115±0.5%

Transverse sensitivity

(-0.2±0.2)%

The selected single-layer panels were sized and blind holes were milled into the center of
each side of the panels. The blind holes were installed to protect the strain gauges during
loading and during the face-gluing process. The blind square holes had a side dimension
of 42mm and a depth of about 2.2mm. A 3mm wide and 2mm deep slot was cut into the
panel from a side edge to the blind holes for the three-conductor cable that connected the
strain gauges to the data acquisition system. The surfaces of the ground of the blind holes
were sanded using 200- and 600-grid sandpaper to remove lose fibres. The blind holes were
cleaned from dust and prepared using Micro-Measurements water based acidic M-Prep
Conditioner A and water based alkaline M-Prep Neutralizer 5A. First the area was cleaned
using the M-Prep Conditioner A. After a waiting time of 20 minutes the M-Prep
Conditioner A was neutralized with the M-Prep Neutralizer 5A. After a waiting time of 20
minutes the strain gauges were installed. Each blind hole was equipped with two strain
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gauges, one orientated parallel to the grain, and one orientated perpendicular to the grain.
The strain gauges were glued into the blind holes using a two-component epoxy resin and
a hardener (LePage® Speed Set™ Epoxy, mixed at a volume ratio 1:1). After 24 hours the
three-conductor cables were soldered to the solder tab area the strain gauges and the solder
contacts were covered by Micro-Measurements M-Coat B nitrile rubber coating. The
panels were set to rest for 72 hours to allow the rubber coating to harden. Figure 3.16 shows
a) an overview of one panel and b) a picture of the arrangement of the strain gauges in a
milled blind hole.

42mm

42mm

a)

b)

Figure 3.16: a) Overview of panels with strain gauges;
b) Arrangement of strain gauges in blind hole

The panels were tested in simply supported three-point bending tests after the hardening of
the coating was completed. The same procedure was employed as described in section
3.3.2.1. The panels were tested in both panel directions, major and minor direction. Then
the panels were turned so that the other face side of the panels were facing up and the
panels were tested in both directions again. During the test, data was recorded from the
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strain gauges parallel to the test span and the LVDTs. Figure 3.17 a) shows the three-point
bending test with strain gauges and LVDTs of a single-layer panel and b) the Vishay P3
strain indicator and recorder used for the recording of the data from the strain gauges.

a)

b)

Figure 3.17: a) Three-point bending test with strain gauges and LVDTs of a single-layer panel;
b) Vishay P3 strain indicator and recorder

The data from the LVDTs was analysed by using Equation 3.7 as described earlier. Based
on Hooke’s law (Equation 3.22), the data from the strain gauges, the recorded load and
under the assumption of a linear stress distribution across the cross-section, the local
modulus of elasticity in the corresponding direction can be calculated.
𝜎 =𝐸∙𝜀

Equation 3.22

Where 𝜎 is the stress in N/mm2, 𝐸 is the modulus of elasticity in N/mm2, and 𝜀 is the strain.
First the bending stress 𝜎𝑚 at the location of the strain gauges was calculated using
Equation 3.23.
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𝜎𝑚 =

3𝑃𝑙
2𝑏ℎ2

Equation 3.23

Where 𝑃 is the applied load at the centre in N, 𝑙 is the span between the supports in mm. 𝑏
is the width of the specimen in mm and ℎ is the thickness of the specimen in mm. 𝜎𝑚 is the
bending stress in the corresponding direction in N/mm2.

Rearranging Equation 3.22 and applying the calculated bending stress 𝜎𝑚 and the strain
gauge data 𝜇𝑒, the modulus of elasticity E can be calculated. Since the calculated bending
stress 𝜎𝑚 is based on a different distance from the neutral axis than the location of the strain
gauges, an adjustment has to be made. Under the assumption of a linear stress distribution
this adjustment is made by a simple linear interpolation. Equation 3.24 shows the formula
used for the calculation of the modulus of elasticity.
𝐸=

𝜎𝑚 ℎ⁄2 − 𝑡
∙
ℎ⁄2 𝜇𝑒 ∙ 10−6

Equation 3.24

Where 𝜎𝑚 is the calculated bending stress in N/mm2, ℎ is the thickness of the layer in mm,
𝑡 is the depth of the blind hole in mm, 𝜇𝑒 is the data from the strain gauge parallel to the
test span with a scale factor of 10−6 , and 𝐸 is the modulus of elasticity parallel to the test
span in N/mm2. Figure 3.18 shows a drawing of the cross-section in the area of the blind
hole. It shows a definition of the geometrical variables used in Equation 3.24 and indicates
the linear interpolation process for the stress at the location of the strain gauges.
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Figure 3.18: Geometric values for stress interpolation of single-layer panels

After the completion of the single-layer tests the blind holes were filled with a rubber-like
putty mass to protect the strain gauges from glue spread. The putty mass was pressed into
the blind hole and levelled to the layer surface. Figure 3.19 shows a blind hole filled with
putty mass.

Figure 3.19: Blind hole with strain gauges filled with putty mass

94

Chapter 3

Methodology

A 3-layer CLT panel was formed from the single-layer panels. Each layer was equipped
with four strain gauges, two strain gauges per face side, one orientated parallel to the grain,
and one orientated perpendicular to the grain. The layer arrangement and the gluing process
were the same as described in sections 3.6.1 and 3.6.2, respectively. The layer’s side edges
were aligned during the gluing so that no sizing was necessary after the gluing process.
After the curing process was complete the CLT panel was tested in a free-free modal plate
test and E11, E22 and G12 were evaluated as described in section 3.3.1.2. Then the CLT
panel was tested in a simple supported three-point bending test setup as described in section
3.3.2.1. The panel was tested in both panel directions, major and minor directions. Then
the panel was turned so that the other face side of the panel was facing up and the panel
was tested in both directions again. During the test, data was recorded from the strain
gauges parallel to the test span and from LVDTs measuring the deflection at centre span.
The data from the strain gauges, the LVDTs and the load cell were recorded by a Vishay
System 5000 data logger with ten strain channels and ten high-level voltage channels. The
calibration data for strain gauges was provided by the manufacturer. The data from the
LVDTs was analysed by using Equation 3.7. Employing Hooke’s law (Equation 3.22) and
under the assumption of a linear behaviour within a layer, the stress distribution within the
CLT panel was established using the localized moduli of elasticity established previously
from the single-layer tests by Equation 3.24 and the data from the strain gauge
measurements from the single-layer panel tests. Furthermore, static plate twisting tests as
described in section 3.3.2.2 and static plate bending tests as described in section 3.3.2.3
were undertaken with the 3-layer CLT panel. In both test setups the data was recorded
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using the same recording equipment as for the three-point bending tests of the 3-layer CLT
panel. As before, Hooke`s law (Equation 3.22) and the local moduli of elasticity were used
in combination with the acquired data from the strain gauges to evaluate the stress
distribution within the CLT panel in these test situations.

3.4

Lamella Phase

This section describes the processes of the materials during the lamella stage. It gives
information about the dimensioning process as well as the evaluation of the board
characteristics. All of these processes were undertaken after the completion of the
conditioning of the lumber. In between processing steps the boards were stored in the
conditioning chamber to maintain the moisture content.

3.4.1

Dimensioning of the Lumber

After the completion of the conditioning process, the boards were planned and sawn to
constant dimensions. This was done to allow easier handling during further processing
stages. First, one flat side of the board was planned by a surface planning machine. Then
the boards were planned down to the desired thickness. After the thickness planning
process was completed, one narrow side of the boards was planned. The narrow sides were
planned in a rectangular angle to the flat sides of the boards. The boards were trimmed to
the desired width using a circular saw bench. In the end the laminates were cut to their
length using a chop saw. Major defects in the boards were removed during the
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dimensioning process, if possible. The boards of the first phase, used for the fully-edgeglued (FEG) single-layer panels, were dimensioned to a length of 1500mm, a width of
128mm and a thickness of 19mm. The boards of the second phase, used for the semi-edgeglued (SEG) single-layer panels, were dimensioned to a length of 1494mm, a width of
131m and a thickness of 19mm.

3.4.2

Evaluation of Lumber Characteristics

The characteristics of the lumber were evaluated after the dimensioning process. The
evaluated characteristics were the board weight, growth ring orientation, modulus of
elasticity (E) and shear modulus (G). The board weight was determined by the use of a
weight scale with a readability 0.01g. With the measured board weight and the known
dimensions, the board density was calculated. For the growth ring orientation the boards
were distinguished into three groups, namely boards with a flat-sawn growth ring
orientation, boards with a quarter-sawn growth ring orientation, and boards with a growth
ring orientation of about 45° (rift-sawn). The growth ring orientation of the boards was
evaluated by visual judgment. Figure 3.20 shows the different growth ring orientations.
The modulus of elasticity and the shear modulus of the boards were determined by freefree beam tests as described in section 3.3.1.1.
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Figure 3.20: Three growth ring orientations

3.4.3

Lumber Grouping and Laminate Dimensioning

The boards were grouped to form single-layer panels. The grouping was based on the
evaluated characteristics of the boards, namely their modulus of elasticity (E), shear
modulus (G) and their growth ring orientation (flat-sawn, quarter-sawn and rift-sawn
(about 45°)). Boards within a group had similar characteristics. Laminates were cut out of
the boards using a circular saw bench. In order to investigate the influence of laminate
width on layer characteristics, three laminate widths were included, 120mm, 76mm and
32mm, while keeping the thickness constant. All laminates cut from one group had the
same width and thickness. Between the different groups the aspect ratio (width-to-
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thickness) varied: about 8:1, 5:1 and 2:1. Boards with major defects were excluded,
exchanged or cut to a smaller laminate width in order to allow removal of the defects or to
distribute the defects over the final layer. Therefore all laminates within a group had similar
elastic properties (E and G values), growth ring orientation (flat-sawn, quarter-sawn and
about 45°) and aspect ratio (about 8:1, 5:1 and 2:1).

3.5

Single-Layer Phase

The processes during the single-layer stage are described in the following section. The
section gives information about the grouping and gluing process of the laminates to singlelayer panels. Further the section describes the difference between the two single-layer
types, fully-edge-glued (FEG) single-layers and semi-edge-glued (SEG) single-layers.
Information about the dimensioning process is provided. In addition the section gives
information about the methods used for the evaluation of the single-layer characteristics
and describes how the gained information was used.

3.5.1

Single-Layer Gluing

The grouping of the laminates by elastic modulus, shear modulus, aspect ratio and growth
ring pattern (as described in section 3.4.3) provided the basis for the investigation of the
influence of these laminate characteristics on the layer overall characteristics. Minimizing
the variation of the selected properties within each group and therefore within each layer
leads to “homogenized” layers with similar laminate characteristics. The laminates within
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the groups were glued together to form single-layer panels. Two types of single-layer
panels were formed, fully-edge-glued (FEG) and semi-edge-glued (SEG). The singlelayers were formed using a one-component and a two-component structural polyurethane
adhesive. Further information about the adhesive can be found in section 3.1.2. Only four
FEG single-layers were formed using the two-component structural polyurethane adhesive.
For both single-layer types the order of the laminates within a layer was randomly chosen.
To minimize surface distortion and cupping, the laminates were edge-glued together with
alternating pith location. In case of a change in moisture content the alternating pith
location of adjacent laminates led to less surface distortion and cupping of the single-layer
panel and therefore better dimensional stability.

Fully-Edge-Glued Single-Layer
Fully-edge-glued (FEG) single-layer panels were formed by laminates glued together at
their narrow edge. The laminates within FEG single-layers were glued together over the
whole length of the laminates. The gluing process of the FEG single-layer panels was
undertaken at a company outside the research facilities. This was done since the company
could provide a mechanical press that allowed the gluing and curing of multiple panels per
day. The glue was applied manually and then spread over the whole narrow edge surface
of the laminates. Then the single-layers were assembled in the mechanical press rack, and
pressure was applied. The pressure was applied by threaded steel bars and the use of a
pneumatic wrench. The pressure in the pneumatic system of the wrench was set to a
pressure of about 0.60N/mm2. In order to ensure flushing of the laminates, the laminates
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were held down to the rack by a hydraulic stamp during the application of the pressure.
The pressure was maintained overnight, so that all FEG single-layer panels were exposed
to at least 12 hours of pressure during the curing process. In total 55 FEG layers were
produced, four with the two-component structural polyurethane adhesive and 51 with the
one-component structural polyurethane adhesive. Figure 3.21 shows a picture of the press
used during the gluing process.

Figure 3.21: Press for the edge-gluing process of the fully-edge-glued panels

Semi-Edge-Glued Single-Layer
Semi-edge-glued (SEG) single-layer panels were formed by laminates partially glued
together at their narrow edge. The laminates within SEG single-layers were glued together
with a minimum of local glue spots. SEG layers were used to simulate non-edge-glued
layers in CLT. The minimum local gluing area was needed to enable the structure to be
tested as a layer during the single-layer stage. The glue was applied at three locations on
the narrow edges of the laminates, over a length of 40mm at the ends of the laminates and
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over a length of 50mm in the centre of the laminates. The gluing process of the SEG singlelayer panels was undertaken within the research facilities. The pressure was applied locally
in the area of the glue locations. This was done by the use of bar clamps with a large span.
The one-component structural polyurethane adhesive was applied manually and then
spread over the glue areas. Then the single-layers were assembled. Wooden pieces were
clamped across the panel surface near the glue areas in order to ensure flushing of the
laminates, then the pressure was applied by the long span bar clamps. The pressure was
maintained overnight, all SEG single-layer panels were exposed to at least 12 hours of
pressure during the curing process. In total 54 SEG layers were produced with the onecomponent structural polyurethane adhesive. Figure 3.22 shows a drawing indicating the
gluing locations (red lines) for the semi-edge-glued single-layer panels.

Figure 3.22: Schematic drawing of the gluing locations for the semi-edge-glued panels
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Dimensioning of the Single-Layer Panels

After the completion of the gluing process, the single-layer panels were re-sized to uniform
dimensions. First the panel plane of the layers was levelled and dimensioned to a constant
thickness by using a large scale belt sanding machine. This was undertaken at a company
outside the research facilities since the width of the layers exceeded the capacity of the
machines in the research laboratory. The FEG single-layer panels were sanded down to a
thickness of 15.4mm, and the SEG single-layer panels were sanded down to a thickness of
15.8mm. The difference in thicknesses of the two layer types resulted from tolerances of
the sanding machine and the fact that the sanding processes of the two layer types took
place in two different sessions. After the sanding the width of the panels was re-sized. First,
one narrow edge of the panels was planned on a surface planning machine. The narrow
edge was planned in a 90° angle to the panel plane of the layers. Then the layers were
trimmed to the final width on a circular saw bench. Both panel types were dimensioned to
a width of 588mm. Finally the single-layer panels was trimmed on the circular saw bench.
The FEG layers were trimmed to a length of 1220mm, and the SEG layers were cut to a
length of 1460mm. The additional length of the SEG layers accounted for the local glue
spots. By increasing the panel length the glue spots could be cut off in the 3- and 5-layer
CLT stage, leaving CLT panels made from non-edge-glued layers. After the dimensioning
process, the FEG layers had a length of 1220mm, a width of 588mm and a thickness of
15.4mm, while the SEG layers had a length of 1460mm, a width of 588mm and a thickness
of 15.8mm. The elastic characteristics of the panels were evaluated in several tests with
these dimensions. Due to the geometrical capacities of the testing machine the dimensions
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of the FEG single-layer panels had to be changed for the static evaluation of the modulus
of elasticity perpendicular to the grain (E22) and the in-plane shear modulus (G12). Only
FEG single-layer panels were tested in these tests as the SEG single-layers did not provide
enough stability for the execution of these tests. The panels were cut to a length of 600mm
for the evaluation of the E22 value. For the evaluation of the G12 value the panels were
squared with a length and width of 588mm. After the completion of measuring the modulus
of elasticity parallel to the grain (E11), the SEG single-layers were sawn into two pieces
with a length of about 720mm each. The saw line was located in the middle of the centred
local glue area. This way the laminates within the SEG single-layer panels were glued
together at their ends, maintaining the panel structure.

3.5.3

Evaluation of Single-Layer Characteristics

This section gives information about the evaluation processes of the single-layer
characteristics. From the grouping and gluing stage, the aspect ratio, the growth ring
orientation and the inter-laminate gluing type of the laminates within the single-layers are
known. The panel weight was determined by the use of a weight scale. With the measured
panel weights and the known dimensions, the density of the panels was calculated based
on Equation 2.5. The modulus of elasticity in grain direction (E11), the modulus of elasticity
perpendicular to the grain in the plate plane (E22) and the in-plane shear modulus (G12)
were evaluated for both layer types by modal and static test methods, and by finite element
analysis. The number of performed tests is presented in Chapter 4.
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Definition of Single-Layer Axes
Here the axes used for the description of the single-layer properties are given. Direction
one (1) is defined as the direction parallel to the grain of the layer. Direction two (2) is
defined as the in-plane direction perpendicular to the grain of the layer. Direction three (3)
is defined as the out-of-plane direction perpendicular to the grain of the layer. The
definition of the axes can be seen in Figure 3.23.

Figure 3.23: Definition of single-layer axes

Modal Testing of Single-Layer Panels
All single-layer plate specimens were tested by modal testing using the procedures
described in sections 3.3.1.2 and 3.3.1.3. The tests were conducted to determine the singlelayers elastic parameters (E11, E22, G12). During the modal tests the FEG single-layer panels
had a length of 1220mm, a width of 588mm and a thickness of 15.4mm. The SEG singlelayers had a length of 1460mm, a width of 588mm and a thickness of 15.8mm. At this
length the SEG single-layers had three local glue areas, as described in section 3.5.1.2. For
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the purpose of being able to generate the mode shapes from the collected data, a grid of
impact points was marked on all single-layer panels. For the FEG single-layer panels the
grid points in grain direction were spaced at 200mm to each other. For the SEG singlelayer panels the grid points in grain direction were spaced at 240mm to each other. The
grid points perpendicular to the grain for both types were spaced at 100mm to each other.
All 36 grid points were tested for the first few panels of both panel types. After reviewing
the first test results it was decided that the natural frequencies and mode shapes could be
identified by impacting only the 20 grid points closest to the edges of the panels. The 16
grid points closest to the centre of the panels were not impacted. Figure 3.24 shows a
schematic drawing of a panel and the grid points.

Figure 3.24: Single-layer grid point arrangements
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Finite Element Modeling of Single-Layer Panels
Finite element (FE) models of the free-free panel tests were developed as described in
section 3.3.1.2. The commercial FE software ABAQUS (Dassault Systemes, 2011) was
used for the modelling. The model had the outer dimensions and density of the respective
single-layer panels. The single-layer panels were modelled as shell elements with the
corresponding thickness of the single-layer panels. The model was meshed with shell
element with four nodes and reduced-integration (S4R) at a mesh size of 10mm. In the FE
model for the free-free panel tests the elastic properties (E11, E22 and G12) were adjusted in
an iterative process to match the natural frequencies of the panels determined in the two
modal test setups. The evaluated dimensions and the panel densities were used in the
models. For all the other properties needed for the model, namely the out-of-plane modulus
of elasticity perpendicular to the grain (E33), the in-plane shear modulus parallel to the grain
(G13), the in-plane shear modulus perpendicular to the grain (G23), and the three Poisson’s
ratios (ν12, ν13, ν23) assumptions were made. Especially the Poisson’s ratio ν23 is affected
by the change of the growth ring orientation. Work by Garab et al. (2010) and by Kawahara
et al. (2015) pointed out that growth ring orientation, the modulus of elasticity in radial
direction (ER), the modulus of elasticity in the tangential direction (ET), the shear modulus
in the radial-tangential plane (GRT) and the Poisson’s ratio νRT affected the Poisson’s ratio
ν23. The same FE model was employed to determine the Poisson’s ratios for the different
growth ring orientations as mentioned in 3.3.1.3. The related properties for the FE model
can be seen in Table 3.1. Figure 3.25 shows the influence of rotation of the wood on the
Poisson’s ratios needed in the FE models. It can be seen that the FEM model shows good
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agreement with the values calculated based on Garab et al. (2010) and by Kawahara et al.
(2015).
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Figure 3.25: Influence of growth ring angle on Poisson’s ratio

Furthermore a sensitivity study to evaluate the influence of model parameters on the FE
model was undertaken. In the sensitivity study the natural frequencies were first calculated
based on reference material properties, before each of the FE model’s nine material
properties were individually increased by 10%. The corresponding natural frequencies
were compared to the ones calculated based on the reference values. Figure 3.26 shows the
sensitivity of the natural frequencies in the FE model towards the different material
properties. It can be seen that the model is mainly affected by the three evaluated material
properties, E11, E22 and G12. Therefore it is reasonable to use assumed values from the
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literature for those properties other than E11, E22 and G12. This approach was adopted
throughout the FE analysis for all single-layer panels. Table 3.5 shows the assumed values
for the out-of-plane modulus of elasticity perpendicular to the grain (E33), the in-plane
shear modulus parallel to the grain (G13), the in-plane shear modulus perpendicular to the
grain (G23), and the three Poisson’s ratios (ν12, ν13, ν23). The value for the out-of-plane
modulus of elasticity perpendicular to the grain (E33) and the in-plane shear modulus
parallel to the grain (G13) were assumed to be equal to the in-plane modulus of elasticity
perpendicular to the grain (E22) and the out-of-plane shear modulus parallel to the grain
(G12), respectively.
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Figure 3.26: Sensitivity of natural frequencies to material properties in FE model
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Table 3.5: Assumed properties for single-layer finite element analysis

E33
[N/mm2]

G13
[N/mm2]

Same
value
as E22

Same
value
as G12

G23
[N/mm2]

up
45°
flat

50

ν12
[-]

ν13
[-]

ν23
[-]

0.372

0.467

0.435

0.420

0.420

0.802

0.467

0.372

0.240

The FE model for the free-free panel tests can be seen in Figure 3.27. The shell element
was supported by pinned supports at the location of the suspension of the panels. The
pinned support only restrained movement in direction 1, all other movements and rotations
were not restrained.

2
3
1

Figure 3.27: Finite element model for free-free panel tests
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Static Testing of Single-Layers
The elastic properties of the single-layer panels were evaluated by static tests. Static tests
with different setups and boundary conditions were undertaken. The employed static tests
include three-point static bending, static plate twisting and planar shear tests.

Static three-point out-of-plane bending tests as described in section 3.3.2.1 were performed
to evaluate the E11 values of both single-layer panel types, FEG and SEG. The test span
was 1100mm and the specimens were loaded at a displacement rate of 8.0mm/min. Further
three-point out-of-plane bending tests were performed to evaluate the E22 values of FEG
single-layer panels. Bending tests for the evaluation of the E22 values of the SEG layers
were not conducted since the local spot gluing of the SEG layers did not provide enough
stability to perform bending tests perpendicular to the grain. The test span for the E22
evaluation of the FEG single-layer panels was 500mm and the specimens were loaded at a
displacement rate of 0.75mm/min. Due to the geometrical limitations of the MTS 810
Material Test System the FEG single-layers had to be cut in half to perform the bending
tests for the E22 value evaluation.

The three-point bending tests using strain gauges for the evaluation of E11 and E22 of three
single-layer panels as described in sections 3.3.2.1 and 3.3.2.5 were undertaken for selected
FEG panels. The test span was 500mm and the specimen was loaded at a displacement rate
of 0.5mm/min. Each panel was tested in E11 and E22 directions twice, once with each side
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of the panel facing upwards. This was done to evaluate the behaviour of the material in the
strain gauge area when located in the tension and compression zone in a bending setup.
Static plate twisting tests as described in section 3.3.2.2 were performed on selected FEG
single-layer panels. The twisting tests were undertaken to evaluate the G 12 value of the
panels. A total of 28 panels with different laminate aspect ratio and growth ring orientation
combinations were tested. The span between the supports was 800mm and the distance
between the loading points was 800mm. The tests were performed at a displacement rate
of 3.0mm/min. The relative deflections of all four quarter points with respect to the centre
were measured and the G12 values were evaluated.

After the completion of the full panel static bending and twisting tests planar shear tests
were undertaken with single-layer panels that were not used to form 3- and 5-layer CLT
panels. Planar shear tests in accordance with ASTM D2718-00 (ASTM International,
ASTM D2718-00, 2006) were undertaken as described in section 3.3.2.4. A total of six
single-layer panels were used to form the specimens, three FEG and three SEG panels.
From each panel one specimen in the major strength direction and three specimens in the
minor strength direction were formed. In total six single-layer strips were tested in order to
evaluate the global out-of-plane shear modulus parallel to the grain (G13), three from FEG
layers and three from SEG layers. For the evaluation of the global out-of-plane shear
modulus perpendicular to the grain (G23) 18 specimen were tested, half from FEG layers
and the other half from SEG layers. Further the global shear strengths (fv,13 and fv,23) in
both directions were evaluated. Strips in both grain directions were tested. The tests were
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performed at a loading rate 0.5mm/min until the specimen failed. The load and the
displacements were recorded as well as the failure mode. The two measurements from the
LVDTs were averaged for the calculation of the global G value. The peak load was used
to evaluate the global shear strength.

3.5.4

Analysis of Acquired Single-Layer Data

The data from the different tests was used to analyse the effects of the aspect ratio, the
growth ring orientation and the edge-gluing situation on the E11, E22, and G12 of singlelayer panels. Further, the effects of the described parameters on the G13 and G23 and fv,13
and fv,23 were evaluated. The evaluated properties were compared with each other. The
analysis of data and results are discussed Chapter 4.

Besides the mentioned analysis, the gained information about the single-layer panels was
used as basis for the multi-layer CLT phase (see section 3.5). The different single-layer
panel values were used to calculate overall CLT bending stiffness values E11, E22, as well
as G12. These calculated values were then compared with the test results from the multilayer CLT phase.

3.6

Multi-Layer CLT Phase

This section covers the 3- and 5-layer CLT phase. It provides information about the
arrangement of layers for the 3- and 5-layer CLT and the gluing process. Further the
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different test methods for the evaluation of the characteristics of the 3- and 5-layer CLT
panels are described.

3.6.1

Layer Arrangements for Multi-Layer CLT

For all 3- and 5-layer CLT panels the layers were arranged with alternating grain direction
between adjacent layers. The grain directions of adjacent layers were perpendicular to each
other. Within a CLT panel, the layers were arranged in a symmetrical lay-up to the CLT’s
neutral axis. Layers at the same distance from the CLT’s neutral axis were cut from the
same full-size single-layer panel, therefore these layers had the same laminates and
laminate arrangement within them. The centre layers of the CLT panels were layers from
different full-size single-layer panels. In general the 3- and 5-layer CLT panels were
arranged from layers within the same grouping, this means that the layers within the CLT
panels generally had the same laminate aspect ratio, growth ring orientation and edgegluing type (FEG or SEG). In total 20 FEG and 19 SEG 3-layer CLT panels were
fabricated. For the 5-layer CLT, 12 FEG and 11 SEG panels were produced. Furthermore,
four 3-layer CLT panels with layers from different groups were arranged. As for the other
CLT panels, layer arrangement was symmetrical where the outer layers were cut from the
same full-size single-layer panel. For all of these four arrangements the edge-gluing type
(FEG or SEG) of the outer layers differed from the middle layer in the same panel. Further
the laminate aspect ratio and the growth ring orientation of the outer layers could differ
from those of the middle layer in the same panel.
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Multi-Layer CLT Gluing

In this section information of the 3- and 5-layer CLT gluing process is given. At this stage
the FEG single-layers had a length of about 600mm (except the ones that had been tested
in static twist tests for G12, these ones had a length of 588mm), a width of 588mm and a
thickness of 15.4mm. The SEG single-layer panels had a length of about 720mm, a width
of 588m and a thickness of 15.8mm. At a length of 720mm the laminates within the SEG
single-layers were still bonded together at their ends by the local glue spots. This ensured
that all laminate positions within the single-layers were the same as during the evaluation
of the single-layer characteristics. Even in a non-edge-glued CLT production, it is
reasonable to assume that due to the applied pressure in manufacturing and the expanding
nature of the polyurethane adhesive a certain quantity of glue from the face-gluing will
squeeze into the gaps between adjacent laminates. In order to avoid such accidental edgegluing in the SEG layers the gaps between adjacent laminates were taped off with an acrylic
adhesive coated polypropylene tape, commonly used in joint sealing of house wrapping
material. A strip of 8mm to 10mm sealing tape was applied over the gaps of the SEG
panels. All gluing areas were marked and cleaned from dust and other particles that would
influence good bonding of the glue. In the CLT gluing process only the one-component
structural polyurethane adhesive was used. A glue spread rate of 250g/m2 per glue line was
applied to the gluing area. The glue was spread evenly over the gluing area with broad
plastic scraper. In the process the glue was spread on one glue area of one of the adjacent
layers, then the other neighbouring layer was laid onto the layer with the applied glue
spread. The position of two layers was stabilized by pin nails in the corners of the layers.
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In the 5-layer CLT gluing process previously tested, undamaged 3-layer CLT panels were
used for the three middle layers of the 5-layer CLT panels. Within the recommended work
time of 45 minutes four 3-layer CLT panels or three 5-layer CLT panels were assembled
before the bonding pressure was applied. The CLT panels were arranged within a
Diffenbacher press machine (see Figure 3.28). Between the different CLT panels polyvinyl
chloride plastic sheets were placed to avoid the different CLT panels gluing together. The
press surfaces of the machine are equipped with heating elements, which allowed for a
constant temperature (22°C) during the pressing process. A pressure of 1.0N/mm2 was
applied. The pressure was maintained for the first 3 hours of the curing process. After the
pressure release the CLT panels were stored in the conditioning chamber for at least another
12 hours before further processing. In total 20 FEG and 19 SEG layer-based 3-layer CLT
panels were glued. In total 12 FEG and 11 SEG layer-based 5-layer CLT panels were glued.
In addition four 3-layer CLT panels with layers from different groups were glued.
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Figure 3.28: Diffenbacher press, used for face-gluing of the CLT panels

Figure 3.29 illustrates the face-gluing process of a 3-layer CLT panel made from SEG
single-layer panels. First the gaps between laminates were taped of by an acrylic adhesive
coated polypropylene tape, then the glue was applied and the panels are pressed. After the
curing process the CLT panel was sized to its final dimensions. It can be seen that the local
glue spots of the SEG single-layer panels were cut off during the sizing.
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Figure 3.29: Gluing process of SEG CLT panels (including sizing)

3.6.3

Multi-Layer CLT Dimensioning

After the completion of the face-gluing process the CLT panels were stored for at least 12
hours before further processing. First, the surfaces of the outer layers were cleaned of
hardened glue with a scraper. This glue often occurred on the surfaces due to glue that was
pressed through knots. Unlike the gaps between SEG layer laminates, knots were not taped
since they were considered natural features. After the cleaning of the surfaces the CLT
panels were trimmed on the circular saw bench. All 3-layer CLT panels were sized to a
length and width of 570mm, the 5-layer CLT panels were sized to a length and width of
560mm.
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Evaluation of Multi-Layer CLT Characteristics

This section gives information about the evaluation processes of the 3- and 5-layer CLT
characteristics. The E11, E22 and G12 were evaluated for different 3- and 5-layer CLT panel
types by modal and static test methods, and by FE analysis. Furthermore, the out-of-plane
shear modulus and strength parallel to the grain of the outer layers (G13 and fv,13) and the
out-of-plane shear modulus and strength perpendicular to the grain of the outer layer (G23
and fv,23) were evaluated in planar shear tests. The number of performed tests is presented
in Chapter 5.

Definition of Multi-Layer CLT Axes
Here the axes used for the description of the 3- and 5-layer CLT panel properties are given.
Direction one (1) is defined as the direction parallel to the grain of the outer layers.
Direction two (2) is defined as the in-plane direction perpendicular to the grain of the outer
layers. Direction three (3) is defined as the out-of-plane direction perpendicular to the grain
of the outer layers. The definition of the axes can be seen in Figure 3.30.
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Figure 3.30: Definition of multi-layer CLT axes

Modal Testing of Multi-Layer CLT Panels
All 3- and 5-layer CLT panels were tested in free-free modal panel tests as described in
section 3.3.1.2. The tests were conducted to determine the CLT panel’s elastic parameters
(E11, E22, and G12). During the modal tests, the 3-layer CLT panels had a length of 570mm
and a width of 570mm, the 5-layer CLT panels had a length of 560mm and a width of
560mm. The thickness of the CLT panels varied. The 3-layer CLT panels made from FEG
single-layer panels had a thickness between 46.1 and 46.4mm, 3-layer CLT panels made
from SEG single-layer panels had a thickness between 48.5 and 48.7mm. The 5-layer CLT
panels made from FEG single-layer panels had a thickness between 76.9 and 77.2mm, 5layer CLT panels made from SEG single-layer panels had a thickness between 74.4 and
80.9mm. The 3-layer CLT panels that were made from both, FEG and SEG single-layer
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panels had a thickness between 47.1 and 47.7mm. For the purpose of being able to generate
the mode shapes from the collected data, a grid of impact points was marked on all CLT
panels. The grid points in the directions parallel and perpendicular to the grain were spaced
at 90mm to each other. All 36 grid points were tested for a few panels of both 3- and 5layer CLT. After reviewing the first test results it was decided that the natural frequencies
and mode shapes could be identified by impacting only the 20 grid points closest to the
edges of the panels. The 16 grid points closest to the centre of the panels were not impacted.
Figure 3.31 shows a schematic drawing of a panel and the grid points.

Figure 3.31: Multi-layer CLT grid point arrangements
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Finite Element Modeling of Multi-Layer CLT Panels
The 3- and 5-layer CLT panels were modelled in a finite element (FE) program to evaluate
the elastic properties using the natural frequencies measured in the modal test in the freefree modal test setup presented in section 3.3.1.2. The commercial FE software ABAQUS
(Dassault Systemes, 2011) was used for the modelling. A FE model with one single solid
cross-section was developed. The model had the outer dimensions of the corresponding
CLT panels and was modelled as 3D deformable elements. The 3D deformable elements
were meshed with a three-dimensional hexahedral element with reduced-integration
elements (C3D8R). The model had a thickness corresponding to those of the 3- and 5-layer
CLT panels. The 3D deformable element was meshed with a mesh size of 7.5mm for the
FEG single-layer based CLT panels and 8mm for the SEG single-layer based CLT panels.

The panels were modelled as one solid cross-section where material properties (E11, E22,
G12) were adjusted in an iterative process until the natural frequencies and mode shapes
(f1,1, f2,0, f0,2) from the FE analysis match the values measured in the laboratory tests. the
laboratory tests. Assumptions were made for the other elastic properties other than E11, E22
and G12. The value for E33 was assumed to be equal to the E22 value. Due to the multi-layer
arrangement with alternating grain directions, the G13 and the G23 values as well as the
Poisson’s ratios have to be “smeared” over the cross-section. For G13 of the layers it was
assumed that it is equal to G12 of the layers, and for G23 a value of 50N/mm2 was assumed
(see Table 3.6). Guelzow (2008) and Bodig and Jayne (1995) provide equations to calculate
these for multi-layered cross-sections (see Table 3.7). The equations presented in Table 3.7
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apply to symmetrical CLT panel lay-up only. The Poisson’s ratios used in the FE
calculations of the multi-layer CLT panels were determined by equations given in Table
3.7.

Table 3.6: Assumed properties for multi-layer CLT finite element analysis

E33
[N/mm2]

G13
[N/mm2]

Same
value
as E22

Same
value
as G12

G23
[N/mm2]

up
45°
flat

50

ν12
[-]

ν13
[-]

ν23
[-]

0.372

0.467

0.435

0.420

0.420

0.802

0.467

0.372

0.240

Table 3.7: Equations for the determination of “smeared” Poisson’s ratios (Guelzow, 2008)

3-layer CLT
𝐺13 𝐺23 ℎ
2𝐺23 ∙ ℎ⁄3 + 𝐺13 ∙ ℎ⁄3
𝐺23 𝐺13 ℎ
∗
𝐺23
=
2𝐺13 ∙ ℎ⁄3 + 𝐺23 ∙ ℎ⁄3
(𝑎1 + 𝑎3 )𝜈12 + 𝑎2 𝜈21
∗
𝜈12
=
ℎ
(𝑎
)𝜈
+
𝑎
1
3 21 + 𝑎2 𝜈12
∗
𝜈21
=
ℎ
(𝑎
)𝜈
+
𝑎
1
3
13 + 𝑎2 𝜈23
∗
𝜈13
=
ℎ
(𝑎
)𝜈
+
𝑎
1
3 31 + 𝑎2 𝜈32
∗
𝜈31
=
ℎ
(𝑎
)𝜈
+
𝑎
1
3 23 + 𝑎2 𝜈13
∗
𝜈23
=
ℎ
(𝑎
)𝜈
+
𝑎
1
3
32 + 𝑎2 𝜈31
∗
𝜈32
=
ℎ

5-layer CLT

∗
𝐺13
=

𝐺13 𝐺23 ℎ
3𝐺23 ∙ ℎ⁄5 + 2𝐺13 ∙ ℎ⁄5
𝐺23 𝐺13 ℎ
∗
𝐺23
=
3𝐺13 ∙ ℎ⁄5 + 2𝐺23 ∙ ℎ⁄3
(𝑎1 + 𝑎3 + 𝑎5 )𝜈12 + (𝑎2 + 𝑎4 )𝜈21
=
ℎ
(𝑎1 + 𝑎3 + 𝑎5 )𝜈21 + (𝑎2 + 𝑎4 )𝜈12
=
ℎ
(𝑎1 + 𝑎3 + 𝑎5 )𝜈13 + (𝑎2 + 𝑎4 )𝜈23
=
ℎ
(𝑎1 + 𝑎3 + 𝑎5 )𝜈31 + (𝑎2 + 𝑎4 )𝜈32
=
ℎ
(𝑎1 + 𝑎3 + 𝑎5 )𝜈23 + (𝑎2 + 𝑎4 )𝜈13
=
ℎ
(𝑎1 + 𝑎3 + 𝑎5 )𝜈32 + (𝑎2 + 𝑎4 )𝜈31
=
ℎ
∗
𝐺13
=

∗
𝜈12
∗
𝜈21
∗
𝜈13
∗
𝜈31
∗
𝜈23
∗
𝜈32
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Where 𝐺𝑖𝑗∗ is the shear moduli of the multi-layer CLT panel in N/mm2, 𝐺𝑖𝑗 and 𝐺𝑗𝑖 are the
shear moduli of a layer dependent on its orientation in the overall coordinate system in
∗
N/mm2, ℎ is the overall thickness of the multi-layer CLT in mm. 𝜈𝑖𝑗
is the Poisson’s ratio

of the multi-layer CLT panel, 𝜈𝑖𝑗 and 𝜈𝑗𝑖 are the Poisson’s ratios of a layer dependent on
its orientation in the overall coordinate system, and 𝑎𝑖 is the thickness of a layer based on
its location within the multi-layer CLT panel in mm.

“Smeared” Poisson’s ratios were calculated using the Poisson’s ratios give in Table 3.6
and assuming layer thicknesses of 15.4mm for the FEG layers and a thickness of 15.8mm
for the SEG layers. Table 3.8 shows the Poisson’s ratios used in the FE model for the
different CLT panels.
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Table 3.8: Poisson’s ratio used for multi-layer CLT panel calculations

3-layer CLT
up

45°

flat

ν12*

0.256

0.288

0.321

ν13*

0.456

0.547

0.328

ν23*

0.446

0.675

0.284

3-layer Mixed CLT
F-S-F

S-F-S

ν12*

0.286

0.291

ν13*

0.550

0.545

ν23*

0.672

0.677

5-layer CLT
up

45°

flat

ν12*

0.232

0.262

0.292

ν13*

0.454

0.573

0.319

ν23*

0.448

0.649

0.293

Static Testing of Multi-Layer CLT Panels
The elastic properties of the multi-layer CLT panels were evaluated by static tests. Static
tests with different setups and boundary conditions were conducted. Three-point static
bending, static plate twisting, plate bending and planar shear tests were performed.
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The static three-point out-of-plane bending tests as described in section 3.3.2.1 were
undertaken in both in-plane directions of the multi-layer CLT panels, namely direction one
and direction two. The tests were undertaken to evaluate the global E11 and E22 values of
the CLT panels. Both directions were tested in the same test setup. The test span was
500mm. The 3-layer CLT panels were loaded at a displacement rate of 0.5mm/min. For
the 5-layer CLT panels the displacement rate was 0.2mm/min. The 3-layer bending tests
were run until both LVDTs in the centre read at least a deflection of 3mm, the 5-layer tests
ran until both LVDTs measured at least a deflection of 1.25mm. In total 43 3-layer CLT
panels were tested in both directions, 20 FEG based, 19 SEG based and 4 Mix-based panels.
For the 5-layer CLT 23 panels were tested in both ways, 12 FEG-based and 11 SEG-based
panels.

Static plate twisting tests as described in section 3.3.2.2 were performed on selected 3- and
5-layer CLT panels. The twisting tests were undertaken to evaluate the G12 value of the
panels. A total of 21 3-layer CLT panels and 23 5-layer CLT panels made from layers with
different laminate aspect ratio, growth ring orientation and edge-gluing type combinations
were tested. The group of 3-layer CLT panels consisted of ten FEG layer based panels,
nine SEG layer based panels and two panels made from FEG and SEG layers. Twelve FEG
layer-based 5-layer CLT panels and eleven SEG based 5-layer CLT panels were tested.
The span between the diagonally located supports was 750mm and the distance between
the diagonally located loading points was 750mm. The 3-layer CLT tests were performed
at a displacement rate of 2.0mm/min, the 5-layer CLT test were undertaken at a
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displacement rate of 1.0mm/min. The relative deflections of all four quarter points with
respect to the centre were measured and the G12 values were calculated.

The 3- and 5-layer CLT panels were tested in two-way static bending tests with all sides
simply supported as described in section 3.3.2.3. The distance between the supports on
opposite sides were 500mm in both directions. The load was applied at a displacement rate
of 1.0mm/min for the 3-layer CLT tests and 0.5mm/min for the 5-layer CLT.

The normal stress distribution across the CLT’s cross section in both panel directions in
different static test setups was evaluated by strain gauges as described in section 3.3.2.5.
In all test setups the 3-layer CLT panel had a length and a width of 560mm and a thickness
of 46.2mm. The data from the strain gauges, the LVDTs and the load cell were recorded
by a Vishay System 5000 data logger system equipped with ten strain gauge channels and
then high-level voltage channels. First static three-point bending tests in both directions
were undertaken (see section 3.3.2.1). Both directions were tested with the same test setup
and each direction was tested twice, once with each panel side facing upwards. The test
span was 500mm and the specimen was loaded at a displacement rate of 0.5/min. The tests
were stopped when both LVDTs read at least a displacement of 3mm. The three-point
bending tests were followed by static plate twisting tests (see section 3.3.2.2). Again, the
panel directions were tested in the same test setup and each direction was tested twice, once
with each panel side facing upwards. The span between the diagonally located loading
points was 750mm, as well as the span between the diagonally located support points.

127

Chapter 3

Methodology

LVDTs measured the relative deflection between the quarter points of the diagonals to the
centre point of the plate. The specimen was loaded at a displacement rate of 0.5mm/min
and the tests ran until the LVDT in the centre read a displacement of 3mm. Then the panel
was tested in plate bending tests as described in section 3.3.2.3. The panel was tested twice
in each direction, once with each panel side being the loading face and once with each
panel side being the supported side. The load was applied in the centre of the panel by a
pivot loading point with a diameter of 82mm. The span between the parallel supports was
500mm, the load was applied at a load rate of 0.5mm/min and the tests were undertaken
until the displacement of the centre was 3mm. The acquired strain gauge data from the tests
was analysed as described in section 3.3.2.5.

After the completion of the static bending and twisting tests planar shear tests were
undertaken. Two different test setups were employed as described in section 3.3.2.4. In
total sixteen 3-layer CLT panels and fourteen 5-layer CLT panels were cut into strips in
order to evaluate the global out-of-plane shear modulus parallel to the grain of the outer
layers (G13) and the global out-of-plane shear modulus perpendicular to the grain of the
outer layers (G23). Further the global shear strength (fv,13 and fv,23) in both directions was
evaluated. Strips in both grain directions were tested. The tests were performed at a loading
rate 0.5mm/min until the specimen failed. The load and the displacements were recorded
as well as the failure mode. The two measurements from the LVDTs were averaged for the
calculation of the global G value. The peak load was used to evaluate the global shear
strength.
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Determination of Multi-Layer CLT Planar Shear Stiffness
Due to the layered build-up with alternating grain direction and woods low rolling shear
modulus the deformation behaviour of CLT in bending is highly affected by shear
deformation, as mentioned before in sections 2.3.1.4 and 3.3.2.1. This is especially
pronounced for shorter spans like in the conducted bending tests (see sections 3.3.2.1 and
3.6.4.4). Generally, the shear stiffness of the multi-layer CLT based on the planar shear
test, (𝐺𝐴)𝑝𝑙𝑎𝑛𝑎𝑟 , can be calculated based on Equation 3.25.
(𝐺𝐴)𝑝𝑙𝑎𝑛𝑎𝑟 = 𝐺13 𝐴 𝑜𝑟 𝐺23 𝐴

Equation 3.25

where 𝐴 is the overall cross-sectional area of the multi-layer CLT panel in the
corresponding direction.

The Timoshenko beam theory is often adopted to account for the deformation of beams
with a high shear component. The shear deformation is addressed using a shear form factor,
which compensates for the assumption of a constant shear strain over the cross-section.
The shear correction factor is the reciprocal value of the shear form factor and is defined
as the average shear strain within a section to the shear strain at its centroid. Timoshenko
suggested a shear correction factor of 2/3 for rectangular homogeneous isotropic solid
beams (Timoshenko, 1921). Commonly used values are 5/6 (Reissner, 1945) or π2/12
(Midlin, 1951), or Poisson’s ratio related values (Cowper, 1966). The alternating layer
arrangement of CLT leads to more complicated transverse shear strain distributions (see
section 2.3.1.4) and therefore the values mentioned above are not applicable to CLT. The
overall bending and shear stiffness are calculated based on the properties of the layers and
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their location within the layup as presented earlier in Equation 2.13. The effective shear
stiffness within the Timoshenko beam theory is calculated by adjusting the shear stiffness,
(𝐺𝐴)𝑒𝑓𝑓 , with the so-called shear correction factor κ as shown in Equation 3.26. The shear
correction factor compensates for the assumption of a constant shear strain across a crosssection.
𝑛

𝑛

(𝐺𝐴)𝑒𝑓𝑓 = κ ∑ 𝐺𝑖 ∙ 𝐴𝑖 = κ ∑ 𝐺𝑖 ∙ 𝑏𝑖 ∙ 𝑡𝑖
𝑖=1

Equation 3.26

𝑖=1

where κ is the shear correction factor, 𝐺𝑖 is the shear modulus of the 𝑖-th layer, 𝑏𝑖 is the
width of the 𝑖-th layer and 𝑡𝑖 is the thickness of the 𝑖-th layer.

As mentioned before, the shear correction factor commonly used for solid isotropic
rectangular cross-sections is not applicable to CLT due to the alternating lay-up and the
resulting stepwise strain distribution. As described earlier in section 2.3.1.4 a shear
correction factor for CLT can be calculated based on Equation 2.6 and Equation 2.7.
Combining the equations with Equation 3.26 leads to Equation 3.27
𝑛

𝑛

(𝐺𝐴)𝑒𝑓𝑓 = κ𝐶𝐿𝑇 ∑ 𝐺𝑖 ∙ 𝐴𝑖 = κ𝐶𝐿𝑇 ∑ 𝐺𝑖 ∙ 𝑏𝑖 ∙ 𝑡𝑖
𝑖=1

Equation 3.27

𝑖=1

where κ𝐶𝐿𝑇 is the shear correction factor for CLT, 𝐺𝑖 is the shear modulus, 𝑏𝑖 is the width
and 𝑡𝑖 is the thickness of the 𝑖-th layer respectively.

The shear analogy method considers the different moduli of elasticity and shear moduli of
the individual layers for nearly all system configurations (e.g., number of layers, span-to-
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depth ratios). The bending stiffness of a CLT panel is calculated using the same equations
as presented in the Timoshenko beam theory section (Equation 2.13). The effective shear
stiffness is calculated based on Equation 2.8.

The results from the flexural tests were combined with results from the modal tests to
determine the shear stiffness of the CLT panels. Besides the equation for the apparent
modulus of elasticity, 𝐸𝑎𝑝𝑝 (Equation 3.7), ASTM D198 provides an equation for the
evaluation of the shear-free modulus of elasticity. Equation 3.8 shows the calculation for
the determination of a shear-free modulus of elasticity 𝐸 in three-point bending. Rewriting
Equation 3.8 by applying the Timoshenko shear correction factor κ (5/6 for rectangular
cross-sections) and replacing the resulting shear stiffness term κ𝑏𝑡𝐺 with (𝐺𝐴)𝑒𝑓𝑓
(Equation 3.26) leads to Equation 3.28.
𝑃𝑙 3

𝐸=

4𝑏𝑡 3 ∆ (1 −

𝑃𝑙
)
4 ∙ (𝐺𝐴)𝑒𝑓𝑓 ∆

Equation 3.28

The equation for the apparent modulus of elasticity, 𝐸𝑎𝑝𝑝 (Equation 3.7) can be substituted
into Equation 3.28. Rearranging Equation 3.28 afterwards, the effective shear stiffness
(𝐺𝐴)𝑒𝑓𝑓 can be calculated under the assumption that the effects of shear on the modulus
of elasticity evaluated by the modal tests, 𝐸𝑚𝑜𝑑𝑎𝑙 , are negligible. Equation 3.29 shows the
calculation of the effective shear stiffness from flexure tests, (𝐺𝐴)𝑒𝑓𝑓,𝑓𝑙𝑒𝑥 .
(𝐺𝐴)𝑒𝑓𝑓,𝑓𝑙𝑒𝑥 =

𝑃𝑙
𝐸𝑎𝑝𝑝
4∆ (1 − 𝐸
)
𝑚𝑜𝑑𝑎𝑙
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where 𝐸𝑎𝑝𝑝 is the apparent modulus of elasticity as shown in Equation 3.7 and 𝐸𝑚𝑜𝑑𝑎𝑙 is
the modulus of elasticity measured from modal testing.

3.6.5

Analysis of Acquired Multi-Layer CLT Data

The data from the different CLT tests was used to analyse the effects of the laminate aspect
ratio, the growth ring orientation and the edge-gluing situation on the overall properties of
multi-layer CLT. The modulus of elasticity parallel to the grain of the outer layers (E11),
the modulus of elasticity perpendicular to the grain of the outer layers (E22), and the inplane shear modulus (G12) of CLT panels were compared with each other. Further, the
effects of the described parameters on the out-of-plane shear modulus in the major and
minor strength direction (G13, G23) and the related shear strength (fv,13, fv,23) were evaluated.
Furthermore, the evaluated data was used to determine the shear correction factor κ𝐶𝐿𝑇
based on the laboratory tests. The analysis of test data and results are described in Chapter
5.
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Chapter 4
4

Influence of Laminate Characteristics on Layer Properties

In this chapter the results of the different laminate and single-layer test procedures
described in chapter 3 are presented. The chapter presents results from the laminate and the
single-layer phase.

Modal laminate tests were conducted to evaluate the laminates modulus of elasticity
parallel to the grain, as well as the laminates shear modulus. Furthermore, the laminates
density, aspect ratio (width-to-thickness ratio) and growth ring orientation were recorded.
Modal and static tests were performed on the single-layer panels. The elastic moduli
parallel and perpendicular to the grain were evaluated as well as the in- and out-of-plane
shear properties. The results were analysed with respect to the laminate characteristics
mentioned before to provide information about how laminate characteristics influence the
single-layer performance. Different test methods were employed to evaluate the different
methods and to ensure that reasonable results are used for the evaluation of the influence
of the laminate characteristics.

In addition, the evaluated single-layer results were used for the calculation of theoretical
multi-layer CLT properties in Chapter 5.
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Laminate Results

Timber boards were tested in modal testing in free-free beam conditions as described in
sections 3.3.1.1 and 3.4.2. A total of 786 timber boards were tested, 371 boards were used
for fabricating the FEG single-layer panels, and 415 boards for the SEG single-layer panels.
Table 4.1 gives an overview of some characteristics of the tested timber boards, such as
the evaluated E and G values as well as the density.

Table 4.1: Overview of some characteristics of the tested timber board

E
[N/mm2]
G
[N/mm2]
Density
[kg/m3]

FEG
SEG
All
FEG
SEG
All
FEG
SEG
All

Average

Minimum

Maximum

9861
9026
9420
858.
609
727
449
406
426

4326
4863
4326
76
75
75
339
315
315

20811
29858
29858
4601
3135
4601
552
513
552

Standard
deviation
2355
1893
2164
509
279
423
40
35
44

Figure 4.1 to Figure 4.3 show different property distributions for the two sets of tested
boards. Figure 4.1 shows a plot of modulus of elasticity (E) versus density for the boards
used for the FEG and SEG single-layer panels. In general it can be said that the boards
follow a certain trend in the E value to density relationship. It can be seen that the tested
boards follow a similar trend as the modulus of elasticity to specific gravity relationship
taken from the Wood Handbook for wood with a MC of 12% (Forest Products Laboratory
(U.S.), 2010), here indicated as the black reference line (Ref.). Equation 4.1 shows the
equation for the reference line. Furthermore, a power regression and the related equation
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are displayed (Reg.). The related R2 value is low due to the scatter, but the trend can be
seen.

20000
FEG

SEG

E = 20946∙(ρ/1000)0.9607

Ref.

Reg.

R2 = 0.24

17500

E [N/mm2]

15000
12500
10000

7500
5000
2500
0
300

350

400

450
Density [kg/m3]

500

550

600

Figure 4.1: E versus density plot of tested timber boards

𝜌 0.84
𝐸 = 20500 (
)
1000

Equation 4.1

Where 𝐸 is the modulus of elasticity in N/mm2, and 𝜌 is the density of the board in kg/m3.
Figure 4.2 shows a plot of shear modulus (G) versus density for the boards used for the
FEG and SEG single-layer panels. In general it can be said that the boards follow a certain
trend in the G value to density relationship. The relationship can be described by combining
the modulus of elasticity to density relationship (Equation 4.1) with the shear modulus to
modulus of elasticity ratio taken from the Wood Handbook (Forest Products Laboratory
(U.S.), 2010), here indicated as the black reference line (Ref.). Equation 4.2 shows the
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equation for the reference line. The same regression line as in Figure 4.1 is shown,
multiplied by a factor of 0.0625 as in Equation 4.2. The related R2 value shows poor
correlation, which is due to some outliers and the fact that the regression line is based on
Equation 4.1 and an E/G ratio of 1/16 found in the literature (Forest Products Laboratory
(U.S.), 2010).
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Figure 4.2: G versus density plot of tested timber boards

𝐺𝐿𝑅 𝐺𝐿𝑇
𝜌 0.84
𝜌 0.84
𝐸𝐿 + 𝐸𝐿
𝐺 = 20500 (
)
∙(
)
∙ 0.0625
) = 20500 (
1000
2
1000

Equation 4.2

Where 𝐺 is the shear modulus in N/mm2, and 𝜌 is the density of the board in kg/m3. The
𝐺𝐿𝑅 ⁄𝐸𝐿 and the 𝐺𝐿𝑇 ⁄𝐸𝐿 ratios were averaged in order to address all growth ring
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orientations. According to the Wood Handbook the 𝐺𝐿𝑅 ⁄𝐸𝐿 ratio for Sitka spruce is 0.064,
the 𝐺𝐿𝑇 ⁄𝐸𝐿 ratio for Sitka spruce is 0.061 (Forest Products Laboratory (U.S.), 2010).
Figure 4.3 shows a plot of modulus of elasticity (E) versus shear modulus (G) for the boards
used for the FEG and SEG single-layer panels. In general the data presents itself as a cloud.
The cloud is located in relatively good alignment with modulus of elasticity to shear
modulus relationship taken from the Wood Handbook for wood with a MC of 12% (Forest
Products Laboratory (U.S.), 2010), here indicated as the black reference line (Ref.).
Equation 4.3 shows the equation for the reference line. It can be seen that the reference
relationship does not fit the presented data. This is potentially mainly due to the poor fit of
the G values to the related reference line.
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Figure 4.3: E versus G plot of tested timber boards
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𝐺𝐿𝑅 𝐺𝐿𝑇
𝐸 + 𝐸𝐿
𝐺 =𝐸∙( 𝐿
) = 𝐸 ∙ 0.0625
2

Equation 4.3

Where 𝐺 is the shear modulus in N/mm2, and 𝐸 is the modulus of elasticity in N/mm2. The
𝐺𝐿𝑅 ⁄𝐸𝐿 and the 𝐺𝐿𝑇 ⁄𝐸𝐿 ratios were averaged in order to address all growth ring
orientations. According to the Wood Handbook the 𝐺𝐿𝑅 ⁄𝐸𝐿 ratio for Sitka spruce is 0.064,
the 𝐺𝐿𝑇 ⁄𝐸𝐿 ratio for Sitka spruce is 0.061 (Forest Products Laboratory (U.S.), 2010).

4.2

Single-Layer Results

In this section the results from the different single-layer tests are presented. The tests
include two modal tests with different boundary conditions, finite element (FE) modeling
and various static tests. The undertaken tests can be found in sections 3.3 and 3.5.3. The
tested panels were labeled before the tests. The label provides information about the width
of the laminates within the panels (“120” for 120mm, “76” for 76mm, “32” for 32mm), the
growth ring orientation of the laminates within the panels (“up” for quarter-sawn laminates,
“flat” for flat-sawn laminates, and “45” for laminates with a growth ring orientation of
45°), and the type of edge-gluing situation (“FEG” for fully-edge-glued panels, “SEG” for
semi-edge-glued panels). For example a single-layer panel with the label “76-up-SEG”
would indicate a semi-edge-glued panel made from quarter-sawn laminates with a width
of 76mm. A total of 109 single-layer panels were formed, including 55 FEG single-layer
panels and 54 SEG single-layer panels. At this stage the SEG single-layers had three local
glue areas, as described in section 3.5.1.2. Table 4.2 gives information about the number
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and the dimensions of tested panels with respect to the type of edge-gluing (FEG or SEG),
and the width and the growth ring orientation of their laminates.

Table 4.2: Overview of the tested single-layer panels and their dimensions

Label

Number

120-up-FEG
120-45-FEG
120-flat-FEG
76-up-FEG
76-45-FEG
76-flat-FEG
32-up-FEG
32-45-FEG
32-flat-FEG
120-up-SEG
120-45-SEG
120-flat-SEG
76-up-SEG
76-45-SEG
76-flat-SEG
32-up-SEG
32-45-SEG
32-flat-SEG

4.2.1

4
6
3
5
8
4
8
12
5
6
7
4
10
7
4
5
8
3

Length
[mm]

Width
[mm]

Thickness
[mm]

1220

588

15.4

1460

588

15.8

Average Laminate Properties

To characterize the properties of the “homogenized” single-layer panels the average values
of some properties of the laminates within the single-layer panels were calculated. The
selected properties are modulus of elasticity parallel to the grain (Eaverage), shear modulus
(Gaverage), modulus of elasticity parallel to the grain to shear modulus ratio ((E/G)average),
and density (ρaverage). The average and standard deviation values of the properties of

139

Chapter 4

Influence of Laminate Characteristics on Layer Properties

laminates within the single-layers were calculated after the grouping, gluing and sizing
process of the layers.

The average modulus of elasticity parallel to the grain of the laminates within the singlelayers (Eaverage) and the average shear modulus of the laminates within the single-layers
(Gaverage) were evaluated based on the results from the free-free beam modal tests as
described in 3.3.1.1 and 3.4.2. The average E/G ratio of the laminates within a layer
((E/G)average) were evaluated from the same data. Figure 4.4 and Figure 4.5 show the
average E values and the corresponding standard deviation of the FEG and SEG singlelayer panels respectively. It can be seen that the average E values for both, FEG and SEG
single-layer panels vary as a result of an attempt to produce homogeneous single-layers
within a group which have a range of E values rather than similar values. It can be seen
that the average E values of the layers range from about 6000N/mm2 to about 15000N/mm2.
This range exceeds the commonly assumed range of E values at the high and low end, but
generally the E values are reasonable. Furthermore, the graph shows that the standard
deviation is relatively small, leading to a maximum coefficient of variation of 17.03%. The
average coefficient of variation for all single-layer panels was 4.34%.
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Figure 4.4: Average E values and related standard deviation of all FEG single-layer panels
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Figure 4.5: Average E values and related standard deviation of all SEG single-layer panels

Figure 4.6 and Figure 4.7 show the average G values and the corresponding standard
deviation of the FEG and SEG single-layer panels respectively. The shear moduli range
between around 400N/mm2 to about 1100N/mm2. As for the modulus of elasticity the range
of shear moduli exceeds the commonly assumed range of shear moduli, but generally show
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reasonable results. The highest coefficient of variation for the shear modulus was 77.4%.
The average coefficient of variation for all single-layer panels was 12.06%.
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Figure 4.6: Average G values and related standard deviation of all FEG single-layer panels
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Figure 4.7: Average G values and related standard deviation of all SEG single-layer panels
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Figure 4.8 and Figure 4.9 show the average density of the laminates of the FEG and SEG
single-layer panels and the corresponding standard deviation. The density of the laminates
was evaluated by Equation 2.5 during the free-free beam modal tests as described in
sections 3.3.1.1 and 3.4.2. For both panel types in general the average density within the
groups are similar. The average density of the single-layer panels range from about
350kg/m3 to around 500kg/m3. Some panels show a rather high density values, but
generally the densities of the single-layers are reasonably. The standard deviations of both
panel types are similar to each other. The highest calculated coefficient of variation for a
density of a laminate to the average density of the corresponding single-layer was at
12.85%. The average coefficient of variation for all single-layer panels was 5.87%.
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Figure 4.8: Average density and related standard deviation of all FEG single-layer panels
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Figure 4.9: Average density and related standard deviation of all FEG single-layer panels

Table 4.3 gives an overview of the coefficient of variations of the different average
characteristics for the two different panel types. The table provides information about the
average coefficient of variation, the minimum and maximum coefficient of variation, as
well as the standard deviation of the coefficient of variation of the different characteristics
for both panel types and the total.
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Table 4.3: Overview of the coefficient of variation of laminate properties to average layer properties

Eaverage
[%]
Gaverage
[%]
(E/G)average
[%]
ρaverage
[%]

4.2.2

FEG
SEG
All
FEG
SEG
All
FEG
SEG
All
FEG
SEG
All

Average

Minimum

Maximum

5.86
2.80
4.34
15.42
8.64
12.06
11.01
8.34
9.69
6.29
5.45
5.87

0.73
0.41
0.41
3.98
2.65
2.65
1.70
1.92
1.70
2.23
1.41
1.41

17.03
6.78
17.03
77.40
22.25
77.40
41.33
40.60
41.33
12.85
10.57
12.85

Standard
deviation
3.13
1.52
2.90
15.05
3.80
11.53
7.69
5.49
6.82
2.24
2.10
2.21

Modulus of Elasticity Parallel to the Grain E11

Modal tests with free-free boundary conditions and with one side-simply supported
boundary conditions were undertaken on all single-layer panels. The test description and
procedure can be found in sections 3.3.1.2, 3.3.1.3 and 3.5.3.2. Further all single-layers
were tested in static three-point bending tests as described in sections 3.3.2.1 and 3.5.3.4.
In addition three FEG single-layer panels equipped with strain gauges were tested in threepoint bending tests to evaluate their local modulus of elasticity as described in section
3.3.2.5. The evaluated modulus of elasticity parallel to the grain (E11) of the single-layer
from the different test procedures were compared to each other. As a base for the
comparison the average modulus of elasticity parallel to the grain of the laminates within
the single-layer panel (Eaverage) as described in 4.2.1 was used.
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Figure 4.10 to Figure 4.21 show the results of the single-layer tests. They show
comparisons of the results from the various combinations of laminate width and growth
ring orientation for the single-layer panels. The increases in E11 value with respect to the
Eaverage value (of the laminates) for each layer from the three different test methods, namely
free-free modal panel test (see section 3.3.1.2), one side-simply supported modal test (see
section 3.3.1.3), and three-point bending test (see section 3.3.2.1), are presented by three
adjacent bars within a set from left to right. The black markers are associated with the axis
on the right and indicate the Eaverage values of the corresponding layer. In all figures from
Figure 4.10 to Figure 4.21, the layers within a group are arranged by their Eaverage values,
the highest Eaverage values on the left decreasing to the right. The graphs for both panel types
show a tendency towards a larger increase in E11 compared to Eaverage with a lower Eaverage
value of the laminates in the layer. This indicates that a system effect is stronger for lower
grade material and that theoretically a single-layer from lower grade material could achieve
the same E11 value as higher grade material.
Figure 4.10 to Figure 4.15 show the results for the FEG single-layer panels based on
different laminate criteria. Figure 4.10 to Figure 4.12 show the results based on the laminate
growth ring orientation for three different laminate width (32mm, 76mm, 120mm). Figure
4.13 to Figure 4.15 show the results based on the laminate width for three different growth
ring orientations (flat-sawn, about 45°, quarter-sawn). In general, the results from the three
test methods are fairly close to each other. Results based on the modal testing with one
edge simply supported tend to show the lowest value, while results based on static threepoint bending show a tendency to be the highest for a panel. It can be seen that laminates
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with the smallest aspect ratio (width 32mm) (Figure 4.10), a flat growth ring orientation
(Figure 4.13) or a growth ring orientation of about 45° (Figure 4.14) show higher increase
in E11 compared with laminate average E. For the quarter-sawn panels (Figure 4.15) the
results of the different test methods are not as close as for the other combinations. At the
smallest aspect ratio (width 32mm) (Figure 4.10), there is generally an increase for E11
compared with average laminate E, whereas for the other two aspect ratios (width 76mm
(Figure 4.11) and 120mm (Figure 4.12)) the trend is not clear. The E11 values of the FEG
panels determined by three-point bending tests show good agreement with the ones from
modal tests. The maximum, minimum, the average difference in percentage and the
standard deviation of E11 values determined by the one side-simply supported modal tests
and the free-free modal panel tests to the ones from the three-point bending tests are
presented in Table 4.4. The average difference of E11 determined by the one side-simply
supported modal tests to E11 determined by the three-point bending tests is about -5.7%.
For the E11 value determined by free-free modal panel tests the average deviation to the
ones based on three-point bending tests is about -0.3%.
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Figure 4.10: Increase of E11 to Eaverage of FEG layers with laminate width 32mm
(Left – one side-simply supported modal; Middle – free-free modal; Right – static bending)
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Figure 4.11: Increase of E11 to Eaverage of FEG layers with laminate width 76mm
(Left – one side-simply supported modal; Middle – free-free modal; Right – static bending)
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Figure 4.12: Increase of E11 to Eaverage of FEG layers with laminate width 120mm
(Left – one side-simply supported modal; Middle – free-free modal; Right – static bending)
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Figure 4.13: Increase of E11 to Eaverage of FEG layers with flat-sawn laminates
(Left – one side-simply supported modal; Middle – free-free modal; Right – static bending)
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Figure 4.15: Increase of E11 to Eaverage of FEG layers with quarter-sawn laminates
(Left – one side-simply supported modal; Middle – free-free modal; Right – static bending)
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Table 4.4: Difference in percentage between modal test results and static test results of FEG singlelayer panels

Average
One side-simply supported modal tests
Free-free modal tests

-5.7%
-0.3%

Minimum Maximum
-14.1%
-3.0%

4.4%
7.9%

Standard
deviation
3.9%
1.9%

Figure 4.16 to Figure 4.21 show the results for the SEG single-layer panels based on
different laminate criteria. Figure 4.16 to Figure 4.18 show the results based on the laminate
growth ring orientation for three different laminate width (32mm, 76mm, and 120mm).
Figure 4.19 to Figure 4.21 show the results based on the laminate width for three different
growth ring orientations (flat-sawn, 45°, quarter-sawn). Generally the E11 from different
methods show lower agreement compared with those for the FEG panels. Results based on
the one side-simply supported modal tests tend to show the lowest value, while results
based on the three-point bending tests always lead to the highest value for a panel and
always show an increase in comparison to Eaverage. Besides the lower level of agreement
between the different test methods the other observations that can be made for the SEG
panels are similar to those for FEG panels. The smaller aspect ratio results (width 32mm)
(Figure 4.16) are more consistent with increased E11 across all cases whereas the trend is
less clear for panels made with quarter-sawn boards (Figure 4.21). The results based on the
one side-simply supported modal tests show a tendency to a decrease of E11 in comparison
to Eaverage. The E11 values of the SEG panels determined by three-point bending tests in
accordance to the three-point bending tests show a higher deviation to the results from the
modal tests than the ones from the FEG panels. The maximum, minimum, the average
difference in percentage and the standard deviation of E11 values determined by the one
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side-simply supported modal tests and the free-free modal panel tests to the ones from the
three-point bending tests are presented in Table 4.5. The average deviation of E11 values
determined by the one side-simply supported modal tests to the ones from the three-point
bending tests is about -15.7%. For the E11 value determined by the free-free modal panel
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tests the average deviation to the ones based on the three-point bending tests is -4.7%.
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Figure 4.17: Increase of E11 to Eaverage of SEG layers with laminate width 76mm
(Left – one side-simply supported modal; Middle – free-free modal; Right – static bending)
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Figure 4.16: Increase of E11 to Eaverage of SEG layers with laminate width 32mm
(Left – one side-simply supported modal; Middle – free-free modal; Right – static bending)
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Figure 4.18: Increase of E11 to Eaverage of SEG layers with laminate width 120mm
(Left – one side-simply supported modal; Middle – free-free modal; Right – static bending)
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Figure 4.19: Increase of E11 to Eaverage of SEG layers with flat-sawn laminates
(Left – one side-simply supported modal; Middle – free-free modal; Right – static bending)
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Figure 4.20: Increase of E11 to Eaverage of SEG layers with 45° laminates
(Left – one side-simply supported modal; Middle – free-free modal; Right – static bending)
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Figure 4.21: Increase of E11 to Eaverage of SEG layers with quarter-sawn laminates
(Left – one side-simply supported modal; Middle – free-free modal; Right – static bending)

Table 4.5: Difference in percentage between modal test results and static test results of SEG singlelayer panels

Average
One side-simply supported modal tests
Free-free modal tests

-15.7%
-4.7%

Minimum Maximum
-29.8%
-8.2%

-4.4%
2.3%

Standard
deviation
4.4%
2.0%

A statistical evaluation of the test data was undertaken to evaluate if the single-layer
modulus of elasticity parallel to the grain can be predicted from component properties and
characteristics. A non-linear multiple regression analysis was undertaken to determine the
relationships and significance of the laminate properties on the single-layer E11 value. The
evaluated laminate properties were average laminate density (ρaverage), the aspect ratio
(AR), the growth-ring orientation (GRO) and the edge-gluing situation (EGS). The
software “RStudio” was used to perform the statistical analysis. In the statistical model the
average density of the laminate values and the aspect ratios were taken as numerical values,
while values were assigned to the different growth ring orientations. The growth ring
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orientation of about 45° was taken as a base value and was assigned a value of “0”, flatsawn laminates were assigned a value of “-1” and quarter-sawn laminates a value of “+1”.
The edge-gluing situation was addressed similarly. Fully-edge-glued layers (FEG) were
assigned a value of “+1” while a value of “0” was used for semi-edge-glued layers (SEG).
Here the SEG layers are used as a base value.

The aspect ratio showed no statistical significance on the E11 values of the single-layers.
Therefore the adopted model can be described as in Equation 4.4.
𝐸11,𝑚𝑜𝑑𝑎𝑙

𝜌𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝛽2
= 𝛽1 (
) + 𝛽3 𝐺𝑅𝑂{−1,0, +1} + 𝛽4 𝐸𝐺𝑆{0, +1}
1000

Equation 4.4

Where 𝐸11,𝑚𝑜𝑑𝑎𝑙 is the modulus of elasticity parallel to the grain evaluated from the freefree modal tests in N/mm2, 𝛽𝑖 are the different coefficients, 𝜌𝑎𝑣𝑒𝑟𝑎𝑔𝑒 is the average density
of the laminates in kg/m3, 𝐺𝑅𝑂 is the assigned value for the growth ring orientation, and
𝐸𝐺𝑆 is the assigned value for the edge-gluing situation.

Table 4.6 shows the investigated coefficients 𝛽𝑖 , the related standard error and the p-values.
The table shows that all p-values show high significance for the evaluated model. The
coefficients are based on a total of 55 FEG- and 54 SEG panel results.
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Table 4.6: Results from linear multiple regression for E11

Coefficient
Value
Standard Error
p-Value
53559
7260.2
3.93E-11
𝛽1
1.813
0.151
< 2.00E-16
𝛽2
-651.85
140.30
9.86E-06
𝛽3
-1565.99
292.94
5.28E-07
𝛽4
Note: Based on a total of 109 results (55 FEG results and 54 SEG results)

Figure 4.22 shows the estimated E11 values determined by the statistical model plotted
against the actual E11 values determined by modal laboratory tests in free-free boundary
conditions. Further the figure includes a control line presenting the actual E11 values and a
best fit trend line for the data points. It can be seen that the assumed model shows good
agreement with the control line and that the slope of the best fit trend line is close to one.
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Figure 4.22: Estimated E11 values against actual E11 values

In addition to the previously mentioned tests three selected single-layer panels were
prepared with strain gauges as described in section 3.3.2.5. Each panel was equipped with
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four strain gauges, one parallel and one perpendicular to the grain in the central area of
each plane face. All of the selected panels were edge-glued panels (FEG) with a laminate
width of 120mm and a growth ring orientation of about 45°. The panels were tested in static
three-point bending tests. Each panel was tested twice, once with each of the panel sides
being in compression and once in tension during the bending tests. The deflections of the
panels were measured by two LVDTs and the data of the strain gauges for the
corresponding directions were recorded. Figure 4.23 shows a comparison of the E values
parallel to the grain of the of the single-layer panels that were equipped with strain gauges.
The figure shows the average E11 values of the laminates within the panels (Laminate
Average), the E11 values determined two modal testing approaches, namely simply
supported conditions (SFFF) and free-free boundary conditions (FFFF), from three-point
bending tests with a span of 1100mm (static), the E11 values determined by the strain
gauges on each side of the panel (Strain Gauge 1 and Strain Gauge 2), and three-point
bending tests with a span of 500mm during the strain gauge tests (Static, SG).
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Figure 4.23: E11 values of layers with strain gauges

Figure 4.24 gives a comparison of the E11 values evaluated by the different methods
compared to the E11 values determined by static three-point bending tests in percent.
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Figure 4.24: E11 values of layers with strain gauges compared to E11 values from static bending

In Figure 4.23 and Figure 4.24, it can be seen that the E11 values determined by the strain
gauges and the static tests during the strain gauge tests are in general smaller compared to
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the results from the other tests. The reason can be found in the shorter test span during the
three-point bending tests (1100mm during static tests (reference) and 500mm during strain
gauge tests) and the related stronger influence of shear deformation. Furthermore, the
results from the strain gauges are local measurements over a gauge length of about 12.7mm
only and therefore the results are affected by the local properties at the specific location.

4.2.3

Modulus of Elasticity Perpendicular to the Grain E22

The modulus of elasticity perpendicular to the grain (E22) of all single-layer panels were
evaluated in modal tests with free-free boundary conditions and with one side-simply
supported boundary conditions. The description and test procedure can be found in sections
3.3.1.2, 3.3.1.3 and 3.5.3.2. Further all FEG single-layers were also tested in static threepoint bending tests as described in sections 3.3.2.1 and 3.5.3.4. Three FEG single-layer
panels were equipped with strain gauges in the direction perpendicular to the grain and
then tested in three-point bending tests to evaluate their local E22 values as described in
section 3.3.2.5. The SEG single-layer panels were not tested in three-point bending since
the SEG panels’ structural integrity did not allow for this test procedure. Since the modulus
of elasticity perpendicular to the grain of the laminates could not be determined in the freefree beam tests, the modulus of elasticity perpendicular to the grain (E22) of the single-layer
from the different test procedures were compared to each other.

Figure 4.25 to Figure 4.36 present the modulus of elasticity perpendicular to the grain
results of the different single-layer tests. The figures show comparisons of the results of
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the single-layers with various combinations of laminate width and growth ring orientation.
Figure 4.25 to Figure 4.30 show the results for the FEG single-layer panels based on
different laminate criteria. The evaluated E22 values of the layers from the three different
test methods, namely free-free modal panel tests (see section 3.3.1.2), one side-simply
supported modal tests (see section 3.3.1.3), and three-point bending tests (see section
3.3.2.1), are presented by three adjacent bars within a set, from left to right. Figure 4.25 to
Figure 4.27 present the results based on the growth ring orientations for three different
laminate width (32mm, 76mm, 120mm). Figure 4.28 to Figure 4.30 show the results based
on the laminate width for three different growth ring orientation (flat-sawn, 45°, quartersawn). The E22 values of the single-layers are within the range of about 150N/mm2 to about
500N/mm2. In general it can be seen that no test method constantly presents way higher or
lower results than others. Only results obtained from the one side-simply supported modal
test method shows occasionally higher values than the related values from the other two
test methods. No other trends regarding aspect ratio or growth ring orientation were
observed. The maximum, minimum, the average deviation and the standard deviation of
E22 values determined by the one side-simply supported modal tests and the free-free modal
panel tests to the ones from the three-point bending tests are presented in Table 4.7. The
average deviation of E22 values determined by the one side-simply supported modal test to
the ones from the three-point bending test is about 22.4%. For the E22 value determined by
the free-free modal panel tests the average deviation to the ones based on the three-point
bending tests is 11.5%.
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Figure 4.25: E22 values for FEG single-layer panels with a laminate width of 32mm
(Left – one side-simply supported modal; Middle – free-free modal; Right – static bending)
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Figure 4.26: E22 values for FEG single-layer panels with a laminate width of 76mm
(Left – one side-simply supported modal; Middle – free-free modal; Right – static bending)
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Figure 4.27: E22 values for FEG single-layer panels with a laminate width of 120mm
(Left – one side-simply supported modal; Middle – free-free modal; Right – static bending)

160

Chapter 4

Influence of Laminate Characteristics on Layer Properties

600

32mm

76mm

120mm

E22 [N/mm2]

500
400
300
200
100
0
Figure 4.28: E22 values for FEG single-layer panels with flat-sawn laminates
(Left – one side-simply supported modal; Middle – free-free modal; Right – static bending)
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Figure 4.29: E22 values for FEG single-layer panels with laminates of a growth ring orientation of 45°
(Left – one side-simply supported modal; Middle – free-free modal; Right – static bending)
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Figure 4.30: E22 values for FEG single-layer panels with quarter-sawn laminates
(Left – one side-simply supported modal; Middle – free-free modal; Right – static bending)
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Table 4.7: Deviation of modal test results to static test results of FEG single-layer panels

Average
One side-simply supported modal tests
Free-free modal tests

22.4%
11.5%

Minimum Maximum
-47.1%
-43.1%

162.9%
60.6%

Standard
deviation
38.1%
21.5%

Figure 4.31 to Figure 4.36 show the results for the SEG single-layer panels based on
different laminate criteria. The evaluated E22 values for each layer from two different test
methods, namely free-free modal panel tests (see section 3.3.1.2) and one side-simply
supported modal tests (see section 3.3.1.3), are presented by two adjacent bars within a set,
from left to right. No static bending test results are presented since the SEG panels
structural integrity did not allow for static bending tests. Figure 4.31 to Figure 4.33 show
the results based on the laminate growth ring orientation for three different laminate width
(32mm, 76mm, 120mm). Figure 4.34 to Figure 4.36 show the results based on the laminate
width for three different growth ring orientations (flat-sawn, 45°, quarter-sawn). The range
of E22 values is between 20N/mm2 and 200N/mm2. Among all figures it can be seen that
the results from the two test methods are within the same range. No method shows
consistently higher values than the other one. No significant trends where recognised from
the test data. Table 4.8 shows the average, minimum, maximum E22 values, as well as the
standard deviation for the SEG single-layer tests of both methods. The average E22 value
for the one side-simply supported modal plate tests is 72.5N/mm2 with a standard deviation
of 28.9N/mm2. For the free-free modal plate tests the average E22 value is 60.8N/mm2, the
standard deviation is 18.5N/mm2.
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Figure 4.31: E22 values for SEG single-layer panels with a laminate width of 32mm
(Left – one side-simply supported modal; Right – free-free modal)
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Figure 4.32: E22 values for SEG single-layer panels with a laminate width of 76mm
(Left – one side-simply supported modal; Right – free-free modal)
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Figure 4.33: E22 values for SEG single-layer panels with a laminate width of 120mm
(Left – one side-simply supported modal; Right – free-free modal)
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Figure 4.34: E22 values for SEG single-layer panels with flat-sawn laminates
(Left – one side-simply supported modal; Right – free-free modal)
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Figure 4.35: E22 values for SEG single-layer panels with laminates of a growth ring orientation of 45°
(Left – one side-simply supported modal; Right – free-free modal)
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Figure 4.36: E22 values for SEG single-layer panels with quarter-sawn laminates
(Left – one side-simply supported modal; Right – free-free modal)
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Table 4.8: Deviation of modal test results to static test results of FEG single-layer panels

Average
One side-simply supported modal tests
[N/mm2]
Free-free modal tests
[N/mm2]

Minimum Maximum

Standard
deviation

72.5

21.8

196.5

28.9

60.8

35.1

123.8

18.5

As for the major direction, a statistical evaluation of the test data was undertaken to
evaluate the predictability of the single-layer modulus of elasticity perpendicular to the
grain. As before, a non-linear multiple regression analysis was undertaken to determine the
relationships and significance of the laminate properties on the single-layer E22 value. The
evaluated laminate properties were the average density of the laminates (ρaverage), the aspect
ratio (AR), the growth-ring orientation (GRO) and the edge-gluing situation (EGS). The
same software was used and values were assigned to the growth ring orientation (flat-sawn
=-1, 45°=0, quarter-sawn =+1) and the edge-gluing situation (FEG=+1, SEG=0). The
adopted model is presented in Equation 4.5.
𝐸22,𝑚𝑜𝑑𝑎𝑙 = 𝛽1 (

𝜌𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝛽2
) + 𝐴𝑅(𝛽3 (1 − 𝐸𝐺𝑆{0, +1}) + 𝛽4 𝐸𝐺𝑆) + 𝛽5 𝐺𝑅𝑂{−1,0, +1}
1000

Equation 4.5

where 𝐸22,𝑚𝑜𝑑𝑎𝑙 is the modulus of elasticity perpendicular to the grain evaluated from the
free-free modal tests in N/mm2, 𝛽𝑖 are the different coefficients, 𝜌𝑎𝑣𝑒𝑟𝑎𝑔𝑒 is the average
density of the laminates in kg/m3, 𝐴𝑅 is the aspect ratio of the laminates, 𝐸𝐺𝑆 is the
assigned value for the edge-gluing situation, and 𝐺𝑅𝑂 is the assigned value for the growth
ring orientation.
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Table 4.9 shows the investigated coefficients 𝛽𝑖 , the related standard error and the p-values.
The table shows that all p-values show high significance with a value smaller than 0.05 for
the evaluated model with exception of 𝛽5, but the coefficient was kept in the equation since
it still increases the precision of the model. The coefficients are based on a total of 55 FEGand 54 SEG panel results.

Table 4.9: Results from linear multiple regression for E22 based on the single-layer dataset

Coefficient
Value
Standard Error
p-Value
2619.9
1151.9
2.50E-02
𝛽1
3.123
0.548
1.13E-07
𝛽2
-15.31
2.86
5.10E-07
𝛽3
11.13
3.20
7.00E-04
𝛽4
11.81
8.05
0.145
𝛽5
Note: Based on a total of 109 results (55 FEG results and 54 SEG results)

Figure 4.37 shows the estimated E22 values determined by the statistical model plotted
against the actual E22 values determined by modal laboratory tests in free-free boundary
conditions. Further the figure includes a control line presenting the actual E22 values and a
best fit trend line for the data points. The slope is close to one.
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Figure 4.37: Estimated E22 values against actual E22 values

It can be seen in Figure 4.37 that Equation 4.5 and the coefficients presented in Table 4.9
do not represent the results accurately, particularly the SEG layer results. Therefore, the
analysis was repeated with two different sets of results, FEG and SEG results. Eliminating
all edge-gluing related terms from Equation 4.5 leads to Equation 4.6.
𝐸22,𝑚𝑜𝑑𝑎𝑙 = 𝛽1 (

𝜌𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝛽2
) + 𝛽3 𝐴𝑅 + 𝛽4 𝐺𝑅𝑂{−1,0, +1}
1000

Equation 4.6

where 𝐸22,𝑚𝑜𝑑𝑎𝑙 is the modulus of elasticity perpendicular to the grain evaluated from the
free-free modal tests in N/mm2, 𝛽𝑖 are the different coefficients, 𝜌𝑎𝑣𝑒𝑟𝑎𝑔𝑒 is the average
density of the laminates in kg/m3, 𝐴𝑅 is the aspect ratio of the laminates, and 𝐺𝑅𝑂 is the
assigned value for the growth ring orientation.

Table 4.10 and Table 4.11 show the investigated coefficients 𝛽𝑖 , the related standard error
and the p-values for the FEG and SEG panels respectively. The tables show that most p-
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values show significance with a value smaller than 0.05 for the evaluated model. The
coefficients that exceeded a value of 0.05 were kept in the equation since they still increase
the precision of the model. The coefficients are based on a total of 55 FEG- and 54 SEG
panel results.

Table 4.10: Results from linear multiple regression for E22 based on the FEG dataset

Coefficient
Value
282.4
𝛽1
1.203
𝛽2
-3.89
𝛽3
21.72
𝛽4
Note: Based on a total of 55 FEG results

Standard Error
249.0
0.397
2.96
9.25

p-Value
2.79E-03
3.83E-03
0.195
2.28E-02

Table 4.11: Results from linear multiple regression for E22 based on the SEG dataset

Coefficient
Value
230.9
𝛽1
2.136
𝛽2
5.66
𝛽3
1.32
𝛽4
Note: Based on a total of 54 SEG results

Standard Error
262.7
1.272
0.86
2.55

p-Value
0.384
9.93E-02
2.89E-08
0.608

Figure 4.38 and Figure 4.39 show the estimated E22 values determined by the statistical
model plotted against the actual E22 values determined by modal laboratory tests in freefree boundary conditions for the FEG and SEG panels respectively. Further the figures
includes a control line presenting the actual E22 values and a best fit trend line for the data
points. It can be seen that the assumed models shows similar trend. The slopes are close to
one.
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Figure 4.38: Estimated E22 values against actual E22 values for FEG panels

150

E22,modal = 0.9925∙E22,est + 0.476
R² = 0.48

E22,modal [N/mm2]

125
100
75
50

25
0
0

25

50

75
E22,est

100

125

150

[N/mm2]

Figure 4.39: Estimated E22 values against actual E22 values for SEG panels

As mentioned, three selected single-layer panels were prepared with strain gauges as
described in section 3.3.2.5. Each of the panels was equipped with four strain gauges, one
parallel and one perpendicular to the grain in the central area of each plane face. As
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mentioned in the previous section, all selected panels were edge-glued panels and had a
laminate width of 120mm and a 45° growth ring orientation. The panels were tested in
static three-point bending tests perpendicular to the grain. Each panel was tested twice,
once with each of the panel sides being in compression and once in tension during the
bending tests. The deflections of the panels were measured by two LVDTs and the data of
the strain gauges for the direction perpendicular to the grain were recorded. Figure 4.40
shows a comparison of the E values perpendicular to the grain of the of the single-layer
panels with strain gauges. The figure shows the E22 values determined from various tests:
modal test with one simply supported end (SFFF), modal test with free-free boundary
conditions (FFFF), three-point bending test with deflection measured by LVDTs (static),
three-point bending test with strain gauges on each side of the panel (Strain Gauge 1 and
Strain Gauge 2), and three-point bending test with a span of 500mm during the strain gauge
tests (Static, SG). It can be seen that the E22 values determined by the different test methods
are similar to each other. All results are fairly comparable to each other with the exception
of the modal test results of panel 120-5-06.2 and the static test results of panel 120-45-02.2.
The results from the SFFF test of panel 120-5-06.2 are low compared to the other test
results of the panel, while the FFFF results are rather high. For panel 120-45-02.2 the result
from the static bending test are lower than the other values.
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Figure 4.40: E22 values of layers with strain gauges

4.2.4

In-Plane Shear Modulus G12

The in-plane shear modulus G12 of the single-layers were evaluated with the moduli of
elasticity parallel and perpendicular to the grain during the modal tests with free-free
boundary conditions and with one side-simply supported boundary conditions. The test
description and procedure can be found in sections 3.3.1.2, 3.3.1.3 and 3.5.3.2. Further
selected FEG single-layers were tested in static twisting tests as described in sections
3.3.2.2 and 3.5.3.4. The SEG single-layer panels were not tested in static twisting since
their structural integrity did not allow for this test procedure. The evaluated in-plane shear
moduli (G12) of the single-layer from the different test procedures were compared to each
other.

Figure 4.41 to Figure 4.54 show the results of the single-layer tests. They show
comparisons of the results from the various combinations of laminate width and growth
ring orientation for the single-layer panels. Figure 4.41 to Figure 4.46 show the results for
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the FEG single-layer panels based on different laminate criteria. The G12 values for each
layer from the three different test methods, namely the average G value of the laminates
within the layers determined by the free-free modal beam tests (see section 3.3.1.1), the
free-free modal panel tests (see section 3.3.1.2) and the one side-simply supported modal
tests (see section 3.3.1.3), are presented by three adjacent bars within a set, from left to
right. Figure 4.41 to Figure 4.43 show the results based on the laminate growth ring
orientation for the three laminate width respectively (32mm, 76mm, 120mm). Figure 4.44
to Figure 4.46 show the results based on the laminate width for the three growth ring
orientation respectively (flat-sawn, 45°, quarter-sawn). The G12 values vary from
370N/mm2 to 1100N/mm2. In general it can be said that the results from the different test
methods are fairly close to each other within the same single-layer panel. In almost all cases
it can be seen that the free-free modal plate tests lead to the smallest value for a singlelayer panel. No specific trend can be recognised in regards to aspect ratio and growth ring
orientation. Table 4.12 shows the deviation of G12 values determined by the one sidesimply supported modal test and the free-free modal panel test from the Gaverage values of
the laminates determined by the free-free modal test. The average deviation of G12
determined by the one side-simply supported modal test to Gaverage value is 11.7%. For the
G12 value determined by free-free modal panel tests the average deviation to the Gaverage
value is -4.3%.
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Figure 4.41: G12 values for FEG single-layer panels with a laminate width of 32mm
(Left – average G; Middle – one side-simply supported modal; Right – free-free modal)

1200

flat-sawn

45°

quarter-sawn

G12 [N/mm2]

1000
800
600
400
200
0
Figure 4.42: G12 values for FEG single-layer panels with a laminate width of 76mm
(Left – average G; Middle – one side-simply supported modal; Right – free-free modal)
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Figure 4.43: G12 values for FEG single-layer panels with a laminate width of 120mm
(Left – average G; Middle – one side-simply supported modal; Right – free-free modal)
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Figure 4.44: G12 values for FEG single-layer panels with flat-sawn laminates
(Left – average G; Middle – one side-simply supported modal; Right – free-free modal)
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Figure 4.45: G12 values for FEG single-layer panels with laminates of a growth ring orientation of 45°
(Left – average G; Middle – one side-simply supported modal; Right – free-free modal)
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Figure 4.46: G12 values for FEG single-layer panels with quarter-sawn laminates
(Left – average G; Middle – one side-simply supported modal; Right – free-free modal)
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Table 4.12: Deviation of G12 modal test results to Gaverage values of FEG single-layer panels

Average
One side-simply supported modal tests
Free-free modal tests

11.7%
-4.3%

Minimum Maximum
-18.3%
-28.0%

77.1%
45.1%

Standard
deviation
21.4%
17.6%

Figure 4.47 shows a comparison of G values from different tests methods for selected FEG
single-layer panels. As mentioned before, only FEG single-layer panels were tested in
static twisting test since the minimum edge-gluing of the SEG single-layer panels did not
allow for static twisting tests. A total of 28 FEG single-layer panels were tested in static
twisting tests. At least two panels of each aspect ratio-growth ring orientation combination
were tested. From left to right the four bars within a set represent the results of a singlelayer panel, namely the average G value from the free-free modal beam tests (see section
3.3.1.1), the G12 value from the free-free modal panel tests (see section 3.3.1.2) (here
FFFF), the G12 value from the one side-simply supported modal tests (see section 3.3.1.3)
(here SFFF), and the G12 value evaluated by static twisting tests (see section 3.3.2.2) (here
static). At a closer look it can be seen that some neighboring panels within an aspect ratiogrowth ring orientation combination show the same results for the average G value from
the free-free modal beam tests as well as for the G12 values from the one side-simply
supported modal tests and the free-free modal panel tests. This is due to the fact that these
panels have been cut from the same single-layer panel after the completion of the modal
tests and the static evaluation of the E11 values. Therefore, two panels cut from the same
single-layer panel have the same results for average G from the free-free modal beam tests,
and the same G12 values from the one side-simply supported modal tests and the free-free

175

Chapter 4

Influence of Laminate Characteristics on Layer Properties

modal panel tests. The results from the static twisting tests differ. It can be seen that in the
majority of the cases the results from the different test methods are fairly close to each
other. With a few exceptions the results follow certain trends when compared to each other.
In general the free-free modal plate tests (FFFF) produce the lowest values for the
presented values. In the majority of the cases the one side-simply supported modal plate
tests (SFFF) show the highest results.
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Figure 4.47: G12 values for FEG single-layer panels from different test methods

Figure 4.48 shows the deviation of the G12 values of the single-layer panels for the different
test method to the average G values of the laminates from the free-free modal test. For all
test methods the majority of the values can be found within a range of ±10%. As mentioned
before in most cases the free-free modal panel tests (FFFF) produced the lowest values,
while the one side-simply supported modal panel tests (SFFF) produced the highest values.
The numerical results of Figure 4.46 are shown in Table 4.13.
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Figure 4.48: Deviation of G12 value compared to Gaverage for different test methods

Table 4.13: Deviation of G12 value compared to Gaverage for different test methods

Average
One side-simply supported modal tests
Free-free modal tests
Static twisting tests

7.0%
-7.1%
5.8%

Minimum Maximum
-8.2%
-22.5%
-11.6

52.0%
32.5%
39.4%

Standard
deviation
10.5%
11.4%
12.4%

Figure 4.49 to Figure 4.54 show the results for the SEG single-layer panels based on
different laminate criteria. The G12 values for each layer from the three different test
methods, namely the average G value of the laminates within the layers determined by the
free-free modal beam test (see section 3.3.1.1), the free-free modal panel test (see section
3.3.1.2), and the one side-simply supported modal test (see section 3.3.1.3), are presented
by three adjacent bars within a set, from left to right. Figure 4.49 to Figure 4.51 show the
results based on the laminate growth ring orientation for laminate width of 32mm, 76mm,
120mm respectively. Figure 4.52 to Figure 4.54 show the results based on the laminate
width for the different growth ring orientation (flat-sawn, 45°, quarter-sawn). In general it
can be said that the results from the different test methods are fairly close to each other
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within the same single-layer panel. In almost all cases the one side-simply supported modal
plate test leads to the smallest value for a single-layer panel, with exception of the panels
with the largest aspect ratio (120mm). Further it can be seen that the results from the one
side-simply supported modal panel tests get closer to the ones from the other two test
methods with an increasing aspect ratio. No specific trend can be recognised in regards to
aspect ratio and growth ring orientation. Table 4.14 shows the deviation of G12 values
determined by the one side-simply supported modal tests and the free-free modal panel
tests to the Gaverage values. The average deviation of G12 determined by the one side-simply
supported modal tests to Gaverage value is about -14.5%. For the G12 value determined by
free-free modal panel tests the average deviation to the Gaverage value is about -12.7%.
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Figure 4.49: G12 values for SEG single-layer panels with a laminate width of 32mm
(Left – average G; Middle – one side-simply supported modal; Right – free-free modal)
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Figure 4.50: G12 values for SEG single-layer panels with a laminate width of 76mm
(Left – average G; Middle – one side-simply supported modal; Right – free-free modal)
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Figure 4.51: G12 values for SEG single-layer panels with a laminate width of 120mm
(Left – average G; Middle – one side-simply supported modal; Right – free-free modal)
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Figure 4.52: G12 values for SEG single-layer panels with flat-sawn laminates
(Left – average G; Middle – one side-simply supported modal; Right – free-free modal)

179

Chapter 4

Influence of Laminate Characteristics on Layer Properties

800

32mm

700

76mm

120mm

G12 [N/mm2]

600
500
400
300
200
100
0
Figure 4.53: G12 values for SEG single-layer panels with laminates of a growth ring orientation of 45°
(Left – average G; Middle – one side-simply supported modal; Right – free-free modal)
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Figure 4.54: G12 values for SEG single-layer panels with quarter-sawn laminates

(Left – average G; Middle – one side-simply supported modal; Right – free-free modal)

Table 4.14: Deviation of G12 modal test results to Gaverage values of SEG single-layer panels

Average
One side-simply supported modal tests
Free-free modal tests

-14.5%
-12.7%

Minimum Maximum
-49.8%
-48.7%

35.1%
27.0%

Standard
deviation
17.2%
15.6%

As for before for the moduli of elasticity, a statistical model was developed based on the
test data to predict the single-layer in-plane shear modulus. The influence of the different
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laminate characteristics on the in-plane shear modulus was analysed in a non-linear
multiple regression analysis. The evaluated laminate properties were average laminate
density (𝜌average), the aspect ratio (AR), the growth-ring orientation (GRO) and the edgegluing situation (EGS). The same software and value assignments for the growth ring
orientation and edge-gluing situation were used as in the previous regression models were
used. The adopted model is as in Equation 4.7
𝐺12,𝑚𝑜𝑑𝑎𝑙 = 𝛽1 (

𝜌𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝛽2
) + 𝛽3 𝐴𝑅(1 − 𝐸𝐺𝑆{0, +1}) + 𝛽4 𝐺𝑅𝑂{−1,0, +1}
1000

Equation 4.7

Where 𝐺12,𝑚𝑜𝑑𝑎𝑙 is the in-plane shear modulus evaluated from the free-free modal test in
N/mm2, 𝛽𝑖 are the different coefficients, 𝜌𝑎𝑣𝑒𝑟𝑎𝑔𝑒 is the average density of the laminates in
kg/m3, 𝐴𝑅 is aspect ratio of the laminates, 𝐸𝐺𝑆 is the assigned value for the edge-gluing
situation, and 𝐺𝑅𝑂 is the assigned value for the growth ring orientation.

Table 4.15 shows the investigated parameters, their coefficients 𝛽𝑖 , the related standard
error and the p-values. The table shows that all p-values are highly significant. The
coefficients are based on a total of 55 FEG- and 54 SEG panel results.

Table 4.15: Results from linear multiple regression for G12

Coefficient
Value
Standard Error
p-Value
3273.8
582.6
1.59E-07
𝛽1
1.971
0.222
1.81E-14
𝛽2
-8.74
3.36
1.07E-02
𝛽3
31.04
10.72
4.62E-03
𝛽4
Note: Based on a total of 109 results (55 FEG results and 54 SEG results)
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Figure 4.55 shows the estimated G12 values determined by the statistical model plotted
against the actual G12 values determined by modal laboratory tests in free-free boundary
conditions. The figure also includes a control line presenting the actual G12 values as well
as a trend line for the data points. It can be seen that the assumed model shows good
agreement with the control line and that the slope of the trend line is close to one.
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Figure 4.55: Estimated G12 values against actual G12 values

4.2.5

Out-of-Plane Shear Modulus G13 and G23

The global out-of-plane shear modulus parallel to the grain (G13) and the global out-ofplane shear modulus perpendicular to the grain (G23) of selected single-layer panels were
evaluated using static test setups in accordance with ASTM D2718-00 (ASTM
International, ASTM D2718-00, 2006). The static planar shear tests were undertaken as
described in sections 3.3.2.4 and 3.5.3.4. In the test setup the load was applied by
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aluminium plates attached to the specimens. Here four samples were formed from each
panel, one parallel to the grain and three perpendicular to the grain. A total of six singlelayer panels were tested, three FEG single-layer panels and three SEG single-layer panels.
Table 4.16 gives an overview of the tested specimens in terms of laminate width, growth
ring orientation and edge-gluing situation, as well as the number of samples in each test
direction. From the table it can be seen that only a small amount of tests were undertaken
for the shear parallel to the grain as the focus was rather on the shear perpendicular to the
grain, the so called rolling shear. A total of six tests parallel to the grain and 18 tests
perpendicular to the grain were undertaken.

Table 4.16: Overview of the tested single-layer panels and their dimensions

Label
120-45-FEG
76-flat-FEG
32-45-FEG
120-45-SEG
76-up-SEG
32-45-SEG
120-45-FEG
76-flat-FEG
32-45-FEG
120-45-SEG
76-up-SEG
32-45-SEG

Number
1
1
1
1
1
1
3
3
3
3
3
3

Direction

Length
[mm]

Width
[mm]

Thickness
[mm]

//

400

152

15.4

//

400

152

15.8

⊥

400

152

15.4

⊥

400

152

15.8

Figure 4.56 presents the shear modulus parallel to the grain (G13) evaluated in the planar
shear tests. Values are within the range about 660N/mm2 and 1000N/mm2. Furthermore,
the average E values of the corresponding single-layer panels are presented (red squares
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based on the right axis). Based on limited number of samples, the results here can only be
seen as tentative, not conclusive. The presented data suggests that a growth ring orientation
of 45° is beneficial for the shear modulus parallel to the grain (G13), while the aspect ratio
and the edge-gluing situation seem to have little effect on the shear modulus. When
comparing the data for the panels made from laminates with a width of 120mm and 32mm
with the ones made with a laminate width of 76mm it can be seen that the average E values
of the laminates of the panels made from 32mm laminates are lower than the ones of the
panels made from 76mm laminates. The average laminate E values of the 120mm
laminated panels are similar to the ones from the 76mm laminate panels (once higher, once
lower). The fact that material with a lower E value shows a higher shear modulus indicates
that a growth ring orientation of about 45° has a beneficial effect on the shear moduli of
the material. Comparing the corresponding shear modulus parallel to the grain (G13) shows
higher values for the panels made from 120mm and 32mm laminates. As mentioned before,
a reason could be the different growth ring orientations. The 120mm and 32mm laminate
panels were made from laminates with a growth ring orientation of about 45° while the
76mm laminate panels were made from laminates from flat-sawn (flat) or quarter-sawn
(up) laminates. A comparison of the panels made from 120mm wide laminates with the
32mm laminated panels shows that the 120mm laminate made panels show a higher
average E value than the panels made from 32mm laminates. When looking at the shear
modulus parallel to the grain of these panels the data does not allow for any sound
suggestions of trends. Regarding the edge-gluing situation the shear modulus parallel to
the grain of the SEG based layers show higher values than the FEG based panels, at similar
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average E values, aspect ratios and growth ring orientation, with exception of the panel
made from 76mm laminates. As mentioned before, due to the low number of data points
these trends can only be seen as suggestive observations.
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Figure 4.56: G13 and Eaverage values of selected single-layer panels

Figure 4.57 presents the shear modulus perpendicular to the grain (G23) evaluated in the
planar shear tests and the average shear modulus of the three samples from the same panel
(average G23). Values are within the range of about 90N/mm2 and 460N/mm2. Furthermore,
the average E values of the corresponding single-layer panels are presented. As before for
the parallel direction, the data shows a beneficial effect of laminates with a growth ring
orientation of about 45°. Similar results can be seen in the work of Aicher and Drill-Langer
(Aicher & Dill-Langer, 2000) as well as Goerlacher (Goerlacher, 2002). The data also
shows a small positive effect when adjacent laminates are edge-glued. Furthermore, the
data suggests that there could be a beneficial effect of small aspect ratio on the shear moduli
perpendicular to the grain. As for the parallel direction, when looking at the data for the
panels made from laminates with a width of 120mm and 32mm and the ones made with a
laminate width of 76mm it can be seen that the average E values of the laminates of the
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panels made from 32mm laminates are lower than the ones of the panels made from 76mm
laminates. The average laminate E values of the 120mm laminated panels are similar to the
ones from the 76mm laminate panels (once higher, once lower). As before, the lower grade
material of the 32mm wide laminates shows higher shear moduli compared to the 76mm
wide material. This can be due to a beneficial effect of the growth ring orientation of about
45°.Comparing the average shear moduli perpendicular to the grain (average G23) shows
higher values for the panels made from 120mm and 32mm laminates. Again, the reason
could be the different growth ring orientations. The 120mm and 32mm laminate panels
were made from laminates with a growth ring orientation of about 45° while the 76mm
laminate panels were made from laminates from flat-sawn (flat) or quarter-sawn (up)
laminates. When looking into the edge-gluing variation it can be seen that edge-gluing has
a positive effect on the shear modulus perpendicular to the grain. Comparing panels with
the same aspect ratios with each other shows that FEG panels achieve higher average shear
moduli perpendicular to the grain than SEG panels, while having similar average E values.
Looking at the effect of aspect ratios the data suggests that a small aspect ratio is beneficial
for the shear modulus perpendicular to the grain. The 120mm laminated samples and the
32mm ones are within the same group of growth ring orientation (45°) and for each aspect
ratio a set of FEG and SEG samples exist. Comparing the results of these two aspect ratios
shows that the 32mm laminated panels reach a similar average shear modulus
perpendicular to the grain as the 120mm samples while having lower average E values.
This can be seen for both edge-gluing types. It has to be noted that the 120mm laminated
samples, particularly the edge-glued (FEG) samples, show a large variation in the measured
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shear modulus perpendicular to the grain (G23). Due to this large variation in results for G23
and the small number of samples within each test set the suggested trend in a beneficial
effect of a smaller aspect ratio has to be considered carefully.
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Figure 4.57: G23 and Eaverage values of selected single-layer panels

No significant correlations were found in the statistical evaluation. This is probably due to
the relatively small datasets. A trend of a positive effect regarding the growth ring
orientation can be seen, where laminates with a growth ring orientation about 45° show
generally higher rolling shear modulus. This is in line with the results found in the
literature. It should be noted, that the samples with a growth ring orientation about 45° also
were formed from laminates with higher average E values.

4.2.6

Shear Strength fv,13 and fv,23

The global shear strength parallel to the grain (fv,13) and perpendicular to the grain (fv,23) of
selected single-layer panels were evaluated using a static planar shear test method. The
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planar shear test setups are described in sections 3.3.2.4 and 3.5.3.4. In the test setup the
load was applied by aluminium plates bonded to the specimens. Four test specimens were
formed from each panel, one parallel to the grain and three perpendicular to the grain. A
total of six single-layer panels were tested, three FEG single-layer panels and three SEG
single-layer panels. Table 4.16 gives an overview of the test specimens in terms of laminate
width, growth ring orientation and edge-gluing situation, as well as number of samples in
each test direction. From Table 4.16 it can be seen that only a small number of tests were
conducted for the shear parallel to the grain as the focus was on the shear perpendicular to
the grain, the so-called rolling shear. A total of six tests parallel to the grain and 18 tests
perpendicular to the grain were undertaken. Figure 4.58 presents the shear strength parallel
to the grain (fv,13) evaluated in the planar shear tests. Values are within the range of about
5.0N/mm2 and 9.3N/mm2. Furthermore, the average E values of the corresponding singlelayer panels are presented. Based on the available amount of samples and tests the related
data can only be seen as suggestive, not as conclusive. Comparing the results in relationship
to the average E values the presented data suggests that a small aspect ratio is beneficial to
the shear strength parallel to the grain (fv,13), furthermore the use of flat-sawn laminates
appears unfavourable. The 120mm laminated specimens and the 32mm ones are within the
same group of growth ring orientation (45°) and for each aspect ratio a set of FEG and SEG
specimens exist. Comparing the results of these two aspect ratios shows that the 32mm
laminated panels reach a higher shear strength parallel to the grain as the 120mm samples
while having lower average E values. This can be seen for both edge-gluing types.
Furthermore, the results suggest a negative effect of flat-sawn laminates. The sample made
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from flat-sawn laminates had the highest average E value of all samples but showed the
lowest shear strength parallel to the grain. Due to the small amount of data these
observations can only be seen as suggestive.
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Figure 4.58: fv,13 and Eaverage values of selected single-layer panels

No significant correlations were found in the statistical evaluation. This is probably due to
the small datasets.

Figure 4.59 presents the shear strength perpendicular to the grain (fv,23) evaluated in the
planar shear tests and the average shear strength of the three samples from the same panel
(average fv,23, black triangles). Values are within the range of about 1.0N/mm2 and
2.7N/mm2. Furthermore, the average E values of the corresponding single-layer panels are
presented (red squares). As before for the parallel direction, the data shows a beneficial
effect of edge-gluing. Other effects are less obvious. For the edge-gluing variations it can
be seen that edge-gluing has a positive effect on the shear strength perpendicular to the
grain. Comparing panels with the same aspect ratios with each other shows that FEG panels
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achieve higher average shear moduli perpendicular to the grain than SEG panels, while
having similar average E values.
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Figure 4.59: fv,23 and Eaverage values of selected single-layer panel

A statistical evaluation of the test data was undertaken to evaluate if the single-layer shear
strength perpendicular to the grain can be predicted. A non-linear multiple regression
analysis was undertaken to determine the relationships and significance of the laminate
properties on the single-layer fv,23 value. The evaluated laminate properties were the
average density of the laminates (𝜌average), the aspect ratio (AR), the growth-ring orientation
(GRO) and the edge-gluing situation (EGS). The same software was used as in previous
statistical evaluations. As before, the growth ring orientation and edge-gluing situation
were assigned numerical values. The adopted model is shown in Equation 4.8.
𝑓𝑣,23 = 𝛽1 (

𝜌𝑎𝑣𝑒𝑟𝑎𝑔𝑒 0.9607
)
+ 𝛽2 𝐸𝐺𝑆{0, +1} + 𝛽3 𝐴𝑅(1 − 𝐸𝐺𝑆{0, +1}) + 𝛽4 𝐺𝑅𝑂{−1,0, +1}
1000
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Where 𝑓𝑣,23 is the shear strength perpendicular to the grain evaluated from the planar shear
tests in N/mm2, 𝛽𝑖 are the different coefficients, 𝜌𝑎𝑣𝑒𝑟𝑎𝑔𝑒 is the average density of the
laminates in kg/m3, 𝐴𝑅 is the aspect ratio of the laminates, 𝐸𝐺𝑆 is the assigned value for
the edge-gluing situation, and 𝐺𝑅𝑂 is the assigned value for the growth ring orientation.
Table 4.17 shows the investigated parameters, their coefficients 𝛽𝑖 , the related standard
error and the p-values. Table 4.17 shows that all p-values show significance for the
evaluated model with values close to 0.05. The coefficients are based on a total of nine
FEG- and nine SEG panel results.

Table 4.17: Results from linear multiple regression for fv,23

Coefficient
Value
Standard Error
2.506
0.519
𝛽1
1.192
0.257
𝛽2
0.083
0.041
𝛽3
0.249
0.129
𝛽4
Note: Based on a total of 18 results (9 FEG results and 9 SEG results)

p-Value
2.67E-04
3.84E-04
6.03E-02
7.41E-02

Figure 4.60 shows the estimated fv,23 values determined by the statistical model plotted
against the actual fv,23 values determined by modal laboratory tests in the planar shear test.
Further the figure includes a control line presenting the actual fv,23 values and a trend line
for the data points. The assumed model shows a reasonable trend, the slope of the trend
line is close to one.
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R2 = 0.74
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Figure 4.60: Estimated fv,23 values against actual fv,23 values

4.3

Discussion

Here the results of the different single-layer panel tests are discussed. The key findings
from the previous sections are highlighted and potential implications of these results are
indicated.

The global modulus of elasticity parallel to the grain (E11) of the single-layer panels are
presented in section 4.2.2. The E11 values were evaluated using three different tests, modal
tests with one-side-simply supported boundary conditions (SFFF), modal tests with freefree boundary conditions (FFFF) and static three-point bending tests. The results are
summarized in Table 4.18. The table presents the average test results, as well as the
maximum and minimum values, and the standard deviations. The results are presented for
the average E value of the laminates within a single later (Eaverage), the test results from the
one side-simply supported modal tests (E11,SFFF), the free-free modal tests (E11,FFFF) and the
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static three-point bending tests (E11,static). In the table and section 4.2.2 it can be seen that
there is an increase in E11 values across all test methods compared to average E values of
the laminates. From the test results it can be seen that the modal tests with one side-simply
supported boundary conditions are not ideal for testing SEG single-layer panels. The unglued gaps between adjacent laminates seem to affect the results in these boundary
conditions, particularly for quarter-sawn laminates. Furthermore, the test results show a
trend towards a higher increase in E11 value compared to the average laminate E values
with a decreasing Eaverage. This means that lower grade material can potentially achieve the
same single-layer E11 values as panels made from higher grade materials. The reason for
this trend could be the fact that lower grade materials have lower E values due to damages
within the fibre arrangements, such as cracks, knots or other reasons for fibre
misalignments. In the single-layer assembly with several laminates it is unlikely that the
damages of the individual laminates are all located within the same area. This leads to
laminates reinforcing adjacent laminates in damaged areas.

A statistical prediction model was developed based on the test results from the free-free
modal tests. The model is non-linear and is mainly driven by the density of the laminates.
Furthermore, the growth ring orientation and the edge-gluing situation of the laminates are
included. The model shows good agreement with the test data.
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Table 4.18: Summary of E11 test results

FEGLayer

SEGLayer

Eaverage
E11,SFFF
E11,FFFF
E11,static
Eaverage
E11,SFFF
E11,FFFF
E11,static

Average
[N/mm2]
10005
10341
10919
10965
9160
8985
10152
10655

Maximum
[N/mm2]
14805
15250
15616
15704
12193
12050
13378
13907

Minimum
[N/mm2]
5872
6891
7564
7690
6392
5998
7202
7544

StDev
[N/mm2]
1957
1782
1778
1838
1377
1397
1429
1528

The global modulus of elasticity perpendicular to the grain (E22) are presented in section
4.2.3. The single-layer E22 values were evaluated using three different test methods. Two
modal test setups were used to determine the E22 properties of the layers, the one sidesimply supported modal tests and free-free modal tests. In addition, the FEG single-layers
were tested in three-point static bending tests. The SEG single-layers were not tested in
static three-point bending since the local glue spots between adjacent laminates do not
provide enough structural integrity for these tests. The results from the different E22 tests
are summarized in Table 4.19. The table presents the average, maximum, minimum E22
values as well as the related standard deviations from the one side-simply supported modal
tests (E22,SFFF), the free-free modal tests (E22,FFFF) and the static three-point bending tests
(E22,static). The different test methods produce similar results within the two different type
of edge-glued panels. It can be seen that there is a large difference in global E22 values
between the fully-edge glued single-layer panels (FEG) and the semi-edge-glued panels
(SEG). This is reasonable since the gaps between adjacent laminates within the SEG layers
do not allow for the transfer of any tensile resistance and therefore lead to higher
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deformations. All strain has to be transferred by the local glue areas. Within the SEG results
it can be seen that the E22 value tends to increase with increasing laminate width. This as
well is reasonable since a larger laminate with leads to less gaps over the layer width, and
therefore less locations with low stiffness.

A non-linear statistical model was developed. The model addresses the laminate density,
as well as the aspect ratio and growth ring orientation of the laminates, and the edge-gluing
situation. The model shows good agreement with the test data from the free-free modal
tests and covers the large difference in E22 values between FEG and SEG single-layer
panels well.

Table 4.19: Summary of E22 test results

FEGLayer
SEGLayer

E22,SFFF
E22,FFFF
E22,static
E22,SFFF
E22,FFFF

Average
[N/mm2]
311
284
264
72.5
60.8

Maximum
[N/mm2]
505
430
482
196.5
123.8

Minimum
[N/mm2]
149
154
148
21.8
35.1

StDev
[N/mm2]
91.4
55.3
74.5
29.2
18.6

The global in-plane shear moduli (G12) of the single-layer panels were evaluated based on
three different tests as presented in section 4.2.4. The G12 values of all panels were
evaluated during the one side-simply supported and free-free modal tests. Furthermore, the
G12 values of selected FEG single-layer panels were evaluated using static twisting tests
based on ASTM D3044. SEG single-layer panels were not tested in static tests since the
panels structural integrity did not allow for the tests due to the missing glue lines. The
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average, maximum and minimum G12 results as well as the associated standard deviations
are summarized in Table 4.20. The different test methods yield similar results within the
two different edge-gluing types. As for the E22 values, it can be seen that the edge-gluing
situation affects the global in-plane shear moduli. The FEG panels show higher G12 values
compared to the SEG panels. This can be expected since the missing glue between adjacent
laminates in the SEG single-layers allows the individual laminates to move separately to
each other, leading to small rotations with respect to each other and gap development.
Similarly to the E22 results, within the SEG single-layer test results a trend towards a
decreasing global in-plane shear modulus with decreasing laminate width can be observed.
This is reasonable since a larger laminate width results in fewer gaps within the SEG singlelayer panels.

A non-linear statistical model similar to the E22 model was developed, considering the
laminate density, the aspect ratio and growth ring orientation of the laminates as well as
the edge-gluing situation of the panels. The model shows good agreement with the test
results from the free-free modal tests.

Table 4.20: Summary of G12 test results

FEGLayer
SEGLayer

G12,SFFF
G12,FFFF
G12,static
G12,SFFF
G12,FFFF

Average
[N/mm2]
818
702
796
472
483

Maximum
[N/mm2]
1042
908
970
680
649
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Minimum
[N/mm2]
594
437
648
334
267

StDev
[N/mm2]
102
93.7
101
75.1
68.9

Chapter 4

Influence of Laminate Characteristics on Layer Properties

The planar shear moduli parallel and perpendicular to the grain of the outer layers (G13 and
G23 respectively) were evaluated based on ASTM D2718-00 as presented in section 4.2.5.
The average, maximum and minimum G13 and G23 values as well as the related standard
deviations are presented in Table 4.21. Only very limited test data is available, but a clear
difference between G13 and G23 values can be seen. For the G13 values the SEG test results
actually exceeded the FEG results, which is a bit surprising given that SEG materials
density was generally lower. The G23 results are more what was expected. The FEG panels
show higher results than the SEG panel tests. It is assumed that the edge-glued laminates
within the FEG panels are beneficial towards the G23 values, helping to spread out the load
more evenly. Furthermore, the SEG panels were tested with taped off gaps, leading to less
gluing area for the epoxy. This could affect the results further by leading to higher stresses
in the bond line between aluminium plates and SEG panel. In addition the data suggests
that a growth ring orientation of about 45° is beneficial. Generally it can be said that
particularly the G23 values are significantly higher than the once commonly assumed in the
literature. Further tests would be needed to build a comprehensive data base to determine
appropriate G23 values.

Due to the small data set no statistical prediction model could be developed for the G13 and
G23 values.
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Table 4.21: Summary of G13 and G23 test results

G13,static
G23,static

FEG
SEG
FEG
SEG

Average
[N/mm2]
753
874
262
188

Maximum
[N/mm2]
809
991
457
272

Minimum
[N/mm2]
662
713
148
88.4

StDev
[N/mm2]
80.1
144
92.6
74.0

The planar shear strengths parallel and perpendicular to the grain (fv,13 and fv,23
respectively) were evaluated from the failure loads acquired in the planar shear tests based
on ASTM D2718-00 mentioned earlier. A summary of the test results with the average,
maximum, minimum and standard deviation values for the fv,13 and fv,23 values with respect
to the edge-gluing types is presented in Table 4.22. Similarly to the planar shear moduli a
significant difference between the major and minor direction can be seen. In the difference
between FEG and SEG panel results in the major direction is relatively small indicating
that edge-gluing has a small, to no effect on the fv,13 results. In the minor direction the FEG
panels show higher values compared to the SEG panels, suggesting that edge-gluing is
beneficial for the shear strength. As mentioned before the SEG panels were tested with
taped off gaps, and therefore less gluing area for the epoxy was available. Higher stresses
in the bond line between aluminium plates and SEG panel could cause lower SEG test
results.

Due to the limited amount of fv,13 test data, no statistical model could be developed. The
additional data for the fv,23 results allowed for the development of a non-linear statistical
prediction model. The model includes the laminate density, aspect ratio and growth ring
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orientation, as well as the edge-gluing situation. The agreement with the test data is good,
but additional data points would be beneficial to re-define the model.

Table 4.22: Summary of fv,13 and fv,23 test results

fv,13,static
fv,23,static

FEG
SEG
FEG
SEG

Average
[N/mm2]
6.83
6.36
2.22
1.54

Maximum
[N/mm2]
9.32
7.04
2.72
2.12
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Minimum
[N/mm2]
4.94
5.66
1.78
0.99

StDev
[N/mm2]
2.25
0.69
0.29
0.33
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5.1

Multi-Layer CLT Results

The results from the different multi-layer CLT tests are presented here. The tests include a
modal test with free-free boundary conditions, finite element (FE) modeling and various
static tests. The test procedures have been discussed in sections 3.3 and 3.6.4 and their subsections. All tested panels were labeled before the tests. The label provides information
about the width of the laminates within the panels (“120” for 120mm, “76” for 76mm, “32”
for 32mm), the growth ring orientation of the laminates within the panels (“up” for quartersawn laminates, “flat” for flat-sawn laminates, “45” for laminates with a growth ring
orientation of 45°) and the number of layers (3 or 5), and the type of edge-gluing situation
(“FEG” for fully-edge-glued panels, “SEG” for semi-edge-glued panels). For example a
multi-layer panel with the label “76-up-SEG-3L” indicates a 3-layer CLT panel made from
semi-edge-glued panel with quarter-sawn laminates and a width of 76mm.
A total of 43 3-layer CLT panels were formed, 20 FEG based 3-layer CLT panels, 19 SEG
3-layer CLT panels and four 3-layer CLT panels with mixed layers were produced. All
panels were symmetrical in their layup in that the outer layers were cut and obtained from
the same single-layer panel. One mixed 3-layer CLT panel with SEG outer layers and a
FEG inner layer (S-F-S) and three mixed 3-layer CLT panels with FEG outer layers and
SEG inner layer (F-S-F) were fabricated. Table 5.1 gives information about the number
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and the dimensions of tested panels with respect to the type of edge-gluing (FEG, SEG,
S-F-S or F-S-F), the width and the growth ring orientation of the laminates.

Table 5.1: Overview of the tested 3-layer CLT panels and their dimensions

Label
120-up-FEG
120-45-FEG
120-flat-FEG
76-up-FEG
76-45-FEG
76-flat-FEG
32-up-FEG
32-45-FEG
32-flat-FEG
120-up-SEG
120-45-SEG
120-flat-SEG
76-up-SEG
76-45-SEG
76-flat-SEG
32-up-SEG
32-45-SEG
32-flat-SEG
Mix (S-F-S)
Mix (F-S-F)

Number of
Specimens
2
2
1
1
4
1
4
3
2
2
2
2
3
3
1
2
2
2
1
3

Length
[mm]

Width
[mm]

Thickness
[mm]

570

570

46

570

570

49

570
570

570
570

48
47

For the 5-layer panels a total of 23 panels were formed, including 12 FEG and 11 SEG
based CLT panels. All panels were symmetrical in their layup with respect to the core layer.
Table 5.2 gives information about the number and the dimensions of tested panels with
respect to the type of edge-gluing (FEG or SEG), the width and the growth ring orientation
of the laminates. It can be seen that the thickness within the SEG 5-layer CLT panel group
shows some variation. This is due to an incident during one of the face-gluing sessions. In

201

Chapter 5

Influences of Layer Characteristics on CLT Properties

this set the applied bonding pressure was too high, which led to a permanent deformation
of three 5-layer CLT panels. One FEG and two SEG 5-layer CLT panels were affected.
The SEG based CLT panels show a large deformation in thickness, while the deformation
in the FEG based CLT panel was rather small. The sets of the affected three panels are
marked with an asterisk (*) in Table 5.2.

Table 5.2: Overview of the tested 5-layer CLT panels and their dimensions

Number of
Length
Width
Thickness
Specimens
[mm]
[mm]
[mm]
120-up-FEG
1
120-45-FEG
1
120-flat-FEG
1
76-up-FEG
1
561
561
77
76-45-FEG
2
32-up-FEG*
2
32-45-FEG
2
32-flat-FEG
2
120-up-SEG*
2
120-45-SEG
1
120-flat-SEG
1
76-up-SEG
3
561
561
74 - 81
76-45-SEG*
1
32-up-SEG
2
32-45-SEG
1
* Set includes deformed panels due to use of higher than targeted applied bonding
pressure
Label

5.1.1

Calculated Global Stiffness Properties

Global stiffness properties, namely the modulus of elasticity parallel to the grain of the
outer layers (E11), the modulus of elasticity perpendicular to the grain of the outer layers
(E22) and the in-plane shear modulus (G12), of the formed 3- and 5-layer CLT panels were
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calculated. For the calculations the evaluated single-layer properties were used. The
calculations were undertaken based on the shear analogy method in accordance to (Winter
et al., 2008). The general procedure of the shear analogy method for layered plates where
all layers have the same width is described in the following. First, the location of the centre
of stiffness is calculated. This is done using Equation 2.12. The global modulus of elasticity
parallel to the grain of the outer layers (E11) and the global modulus of elasticity
perpendicular to the grain of the outer layers (E22) are calculated using Equation 5.1.

𝐸𝑒𝑓𝑓 =

∑𝑛𝑖=1 (𝐸𝑖 ∗

𝑏𝑖 ∗ ℎ𝑖3
2
12 + 𝐸𝑖 ∗ 𝑏𝑖 ∗ ℎ𝑖 ∗ 𝑧𝐶,𝑖 )
3
𝑏𝑡𝑜𝑡𝑎𝑙 ∗ ℎ𝑡𝑜𝑡𝑎𝑙
12

Equation 5.1

Where 𝐸𝑒𝑓𝑓 is the global modulus of elasticity in N/mm2, 𝐸𝑖 is the modulus of elasticity of
the layer 𝑖 in N/mm2, 𝑏𝑖 is the width of layer 𝑖 in mm, ℎ𝑖 is the thickness of the layer 𝑖 in
mm, 𝑧𝐶,𝑖 is the distance of the centre of stiffness of the layer 𝑖 from the centre of stiffness
in mm, 𝑏𝑡𝑜𝑡𝑎𝑙 is the width of the overall cross-section in mm, and ℎ𝑡𝑜𝑡𝑎𝑙 is the thickness of
the overall cross-section in mm.

The global in-plane shear modulus (G12) is calculated using Equation 5.2.

𝐺12,𝑒𝑓𝑓 =

∑𝑛𝑖=1 (𝐺12,𝑖 ∗

ℎ𝑖3
2
∑𝑛
6 ) + 𝑖=1(2 ∗ 𝐺12,𝑖 ∗ ℎ𝑖 ∗ 𝑧𝐶,𝑖 )
3
ℎ𝑡𝑜𝑡𝑎𝑙
6

Equation 5.2

Where 𝐺12,𝑒𝑓𝑓 is the global in-plane shear modulus in N/mm2, 𝐺12,𝑖 is the in-plane shear
modulus of the layer 𝑖 in N/mm2, ℎ𝑖 is the thickness of the layer 𝑖 in mm, 𝑧𝐶,𝑖 is the distance
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of the centre of stiffness of the layer 𝑖 from the centre of stiffness of the full cross-section
in mm, and ℎ𝑡𝑜𝑡𝑎𝑙 is the thickness of the overall cross-section in mm.
The total thickness ℎ𝑡𝑜𝑡𝑎𝑙 of the multi-layer CLT panels did not always match the
theoretical thickness calculated based on the thickness of the layers within the multi-layer
CLT panels. In these cases a calculated layer thickness ℎ𝑖 was replaced by ℎ𝑖∗ , which was
used to calculate the properties using Equation 5.1 and Equation 5.2. The adjusted layer
thickness ℎ𝑖∗ was calculated based on the proportional ratio of the layer thickness ℎ𝑖 to the
calculated multi-layer CLT thickness ℎ𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒 as expressed in Equation 5.3.
ℎ𝑖∗ =

ℎ𝑖
ℎ𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒

ℎ𝑡𝑜𝑡𝑎𝑙

Equation 5.3

Where ℎ𝑖∗ is the adjusted layer thickness of layer 𝑖 in mm, ℎ𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒 is the calculated
thickness of the multi-layer CLT panel based on the layer thickness in mm, ℎ𝑡𝑜𝑡𝑎𝑙 is the
actual thickness of the multi-layer CLT panel in mm, and ℎ𝑖 is the thickness of layer 𝑖 in
mm.

Since for most multi-layer CLT panels all layers within a panel had the same thickness, the
adjusted layer thickness ℎ𝑖∗ could be calculated by the total CLT panel thickness divided
by the number of layers within the panel as shown in Equation 5.4.
ℎ𝑖∗ =

ℎ𝑡𝑜𝑡𝑎𝑙
𝑛

Equation 5.4

Where ℎ𝑖∗ is the adjusted thickness of layer 𝑖 in mm, ℎ𝑡𝑜𝑡𝑎𝑙 is the total thickness of the
multi-layer CLT panel in mm, and 𝑛 is the number of layers within the multi-layer CLT
panel.
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Evaluated Global Properties

In this section the calculated global properties based on test measurements are presented.
In addition to those properties mentioned in 5.1.1, the out-of-plane shear moduli (G13 and
G23) and planar shear strength values (fv,0 and fv,90) were evaluated for selected specimen.

Modulus of Elasticity Parallel to the Grain of the Outer Layer, E11
The moduli of elasticity parallel to the grain of the outer layers (E11) of the multi-layer CLT
panels were evaluated using modal test and static test methods. The modal tests were
undertaken with free-free boundary conditions as described in sections 3.3.1.2 and 3.6.4.2.
Three-point bending tests were conducted as described in sections 3.3.2.1 and 3.6.4.4.
Figure 5.1 presents calculated and measured E11 values for the 3-layer CLT panels. The
figure includes E11 values calculated using Equation 5.1. The calculated E11 values are
based on the average E values of the laminates (Laminate) and also the E values measured
by the free-free modal tests of the single-layer panels (Layer). The calculated values based
on the laminates (Laminate) only consider the outer layers for the 3-layer CLT panels. This
is due to the fact that the E values perpendicular to the grain were not measured for the
single laminates. Further, the figure shows the results from finite element modelling based
on the measured frequencies from the free-free modal tests of the CLT panels
(Modal/FEM). As a comparison to the E11 values from the modal tests, values based on the
Euler beam theory are displayed (Euler). These values were determined based on the
natural frequency f2,0, the dimensions and the specimen density. The results were
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determined using Equation 5.5. The E values evaluated in static three-point bending tests
(Static). In the Figure 5.1 it can be seen that the values calculated based on the average
laminate E values usually show lower results than the ones calculated based on the E values
of the layers. This reflects the findings from the single-layer results that showed an increase
in the modulus of elasticity of the layers compared to the average E values of the laminates.
When reviewing the results from the modal tests in combination with the FEM analysis it
can be seen that these results show the highest values for the majority of the FEG based
panels. For the SEG based panels the values calculated based on the layer properties show
the highest values. Some of the modal test results appear rather high, which is possibly due
to misreadings of some of the natural frequencies which can affect the results of the FE
model. Comparing the modal results with the Euler results shows that some of the modal
test results exceed the Euler results significantly and might not be realistic. Generally the
modal test results and the Euler based results follow the same trend, which is reasonable
given that both results are driven by the same natural frequency, geometry and density.
Further the figure shows results from the static three-point bending, presented by the black
horizontal bars. The results from the three-point bending tests show significantly lower
values for E11. The reason for this can be found in the test setup with relatively thick panel
being tested at a short test span. As mentioned before, the span-to-thickness ratio of CLT
in out-of-plane bending parallel to the grain can have a significant influence on the
deformation behaviour for ratios under 30. For the tested 3-layer CLT panels the average
span-to-thickness ratios were at 10.81 for the FEG layered panels and 10.30 for the SEG
layered panels. For span-to-thickness ratios of around 10, Fellmoser and Blass (2004)
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reported a reduction of the measured panel stiffness of about 50% due to the influence of
shear deformation. This value of 50% is comparable to the value. The red bars in Figure
5.1 represent the results from the static tests under the assumption that with the given spanto-thickness ratio the measured stiffness is only about 50% of the actual stiffness (Static
50%). It can be seen that for some specimens this assumption leads to results that match
the calculated values well, but in general the increased static values remain below the
calculated values.
𝐸𝐸𝑢𝑙𝑒𝑟

𝜌𝑓 2 𝑙 4
= 0.95 2
ℎ

Equation 5.5

Where 𝜌 is the specimen density in kg/m3, 𝑓 is the natural frequency associated with the
appropriate mode shape in Hz, 𝑙 is the specimen length in m, and ℎ is the thickness of the
specimen in m.
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Figure 5.1: Calculated and measured E11 values of 3-layer CLT panels
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Table 5.3 gives an overview of stiffness ratios between the E values measured by static
three-point bending tests and the values from the calculation based on the average laminate
properties, the layer properties and the values based on the modal tests in combination with
the FEM analysis. It can be seen that the ratios across the different panel types are widely
distributed within a range from 18.9% to 79.8%. The ratios for individual panels within a
group are similar, which is due to the generally good agreement between the evaluated E
values based on the average laminate properties, the layer properties and the values based
on the modal tests in combination with the FEM analysis.
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Table 5.3: Overview of moduli of elasticity ratios parallel to the grain of 3-layer CLT

Label
120-up-FEG
120-45-FEG
120-flat-FEG
76-up-FEG
76-45-FEG
76-flat-FEG
32-up-FEG
32-45-FEG
32-flat-FEG
120-up-SEG
120-45-SEG
120-flat-SEG
76-up-SEG
76-45-SEG
76-flat-SEG
32-up-SEG
32-45-SEG
32-flat-SEG
Mix (S-F-S)
Mix (F-S-F)
Avg.
FEG
CoV
Avg.
SEG
CoV

Number of
Specimens
2
2
1
1
4
1
4
3
2
2
2
2
3
3
1
2
2
2
1
3
20
19

E11,Static/E11,Laminate
[%]
30.2 - 58.5
28.5 - 68.7
52.8
61.4
32.0 - 60.9
62.8
27.1 - 79.8
28.2 - 79.6
30.7 - 57.8
39.4 - 52.2
30.0 - 48.9
31.0 - 58.7
29.5 - 52.9
27.6 - 49.2
53.9
24.9 - 42.4
27.5 - 48.8
26.6 - 49.9
35.9
26.6 - 34.4
46.4
38.3
39.7
28.3

E11,Static/E11,Layer
[%]
29.6 - 57.2
25.6 - 64.9
48.21
65.5
29.6 - 57.8
58.8
26.9 - 67.0
27.2 - 65.6
27.1 - 53.0
32.2 - 47.4
27.0 - 44.6
26.6 - 51.8
27.2 - 49.8
25.3 - 47.2
45.4
24.3-38.9
24.3 - 43.0
23.1 - 44.2
33.7
23.5 - 29.9
42.7
37.6
35.6
28.4

E11,Static/E11,Modal/FEM
[%]
28.1 - 51.9
18.9 - 52.8
49.7
56.5
26.1 - 51.0
55.3
24.5 - 56.2
21.6 - 53.2
28.1 - 57.8
34.5 - 55.4
24.7 - 45.7
31.3 - 59.2
29.9 - 49.9
26.0 - 51.2
50.1
32.8 - 53.0
25.1 - 48.0
26.3 - 51.5
36.7
21.1 - 26.6
38.3
37.4
39.7
29.8

Figure 5.1 shows large differences for the static tests of panels with similar characteristics,
when viewed with respect to the other results. This becomes even more evident when
looking at Table 5.3 where the static test results are used for comparison of the different
test methods. The reason for the large differences of the static tests possibly lies within
some calibration problems during the tests. The 3-layer CLT tests were performed in two
phases which were about three months apart from each other. Figure 5.2 shows the test
results from the two test phases. It can be seen that the results from test phase 1 are
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significantly higher than the ones recorded during phase 2. Comparing the LVTD
measurements with the cross head movement of the corresponding tests shows that the
ratios between the LVDT measurements and the cross head movements during phase 1 are
significantly smaller than the ones found during phase 2. Based on this it could be assumed
that the calibration of the LVDTs during phase 1 was not accurate.
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3000
2500
2000

Phase 2

Phase 1

1500
3-Layer FEG
1000
3-Layer SEG
500
3-Layer Mix
0

Figure 5.2: E11 values of 3-layer CLT based on test phase

A possible approach to correct the possible calibration error is to adjust the measurements
of phase 1 by a correction factor. Unfortunately none of the panels has been tested in both
phases, therefore a correction factor has to be assumed. A correction factor was assumed
based on the ratios of the EEuler values to the Estatic values. The average EEuler/Estatic ratio of
phase 1 was 1.389 (StDev 0.44), while the average ratio of the phase 2 was 2.524 (StDev
0.22). The EEuler results were chosen as they are the results least sensitive to calibration
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issues and post processing. Based on these ratios a correction factor 𝑘𝑠𝑡𝑎𝑡𝑖𝑐 of 1.389 / 2.524
= 0.551 was assumed. The test results obtained during test phase 1 were multiplied by the
correction factor 𝑘𝑠𝑡𝑎𝑡𝑖𝑐 . Equation 5.6 and Equation 5.7 describe the determination for the
assumed correction factor 𝑘𝑠𝑡𝑎𝑡𝑖𝑐 .
𝑘𝑠𝑡𝑎𝑡𝑖𝑐 =

𝑎𝑣𝑔(𝐸𝐸𝑢𝑙𝑒𝑟 ⁄𝐸𝑠𝑡𝑎𝑡𝑖𝑐 )𝑝ℎ𝑎𝑠𝑒 1
𝑎𝑣𝑔(𝐸𝐸𝑢𝑙𝑒𝑟 ⁄𝐸𝑠𝑡𝑎𝑡𝑖𝑐 )𝑝ℎ𝑎𝑠𝑒 2

𝐸𝑠𝑡𝑎𝑡𝑖𝑐,𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 = 𝑘𝑠𝑡𝑎𝑡𝑖𝑐 𝐸𝑠𝑡𝑎𝑡𝑖𝑐

Equation 5.6

Equation 5.7

Where 𝑘𝑠𝑡𝑎𝑡𝑖𝑐 is the correction factor for the 3-layer test results from phase 1,
𝑎𝑣𝑔(𝐸𝐸𝑢𝑙𝑒𝑟 ⁄𝐸𝑠𝑡𝑎𝑡𝑖𝑐 )𝑝ℎ𝑎𝑠𝑒 1 is the average of the ratio of the E-values based on Euler theory
and the E values from the static tests of the panels tested in phase 1,
𝑎𝑣𝑔(𝐸𝐸𝑢𝑙𝑒𝑟 ⁄𝐸𝑠𝑡𝑎𝑡𝑖𝑐 )𝑝ℎ𝑎𝑠𝑒 2 is the average of the ratio of the E-values based on Euler theory
and the E values from the static tests of the panels tested in phase 2, and 𝐸𝑠𝑡𝑎𝑡𝑖𝑐,𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 is
the corrected E value of the panels tested in phase 1.

Applying the correction factor 𝑘𝑠𝑡𝑎𝑡𝑖𝑐 to the test results from phase 1 leads to much more
reasonable results. Figure 5.3 shows the corrected results in comparison to the other test
results. It can be seen that the static test results show more consistent results.
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Figure 5.3: Calculated and measured E11 values of 3-layer CLT panels with corrected static E11

Consequently the corrected static test results lead to more consistent stiffness ratios
between the E values measured by static three-point bending tests and the values from the
calculation based on the average laminate properties, the layer properties and the values
based on the modal tests in combination with the FEM analysis. It can be seen that the
ratios across the different panel types are distributed within a range from 18.9% to 43.9%.
Table 5.4 shows the stiffness ratios between the different test methods with the corrected
static test results.
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Table 5.4: Overview of corrected moduli of elasticity ratios parallel to the grain of 3-layer CLT

Label
120-up-FEG
120-45-FEG
120-flat-FEG
76-up-FEG
76-45-FEG
76-flat-FEG
32-up-FEG
32-45-FEG
32-flat-FEG
120-up-SEG
120-45-SEG
120-flat-SEG
76-up-SEG
76-45-SEG
76-flat-SEG
32-up-SEG
32-45-SEG
32-flat-SEG
Mix (S-F-S)
Mix (F-S-F)
Avg.
FEG
CoV
Avg.
SEG
CoV

Number of
Specimens
2
2
1
1
4
1
4
3
2
2
2
2
3
3
1
2
2
2
1
3
20
19

E11,Static/E11,Laminate
[%]
30.2 - 32.2
28.5 - 37.8
29.1
33.8
32.0 - 35.4
34.6
27.1 - 43.9
28.2 - 43.8
30.7 - 31.8
28.7 - 39.4
26.9 - 30.0
31.0 - 32.3
29.5 - 30.8
27.6 - 29.8
29.7
23.4 - 24.9
26.8 - 27.5
26.6 - 27.5
35.9
26.6 - 34.4
33.3
13.5
28.9
11.3

E11,Static/E11,Layer
[%]
29.6 - 31.5
25.6 - 35.7
26.5
36.1
29.6 - 31.8
32.4
26.9 - 36.9
27.2 - 36.1
27.1 - 29.2
26.1 - 32.2
24.5 - 27.0
26.6 - 28.5
27.2 - 28.6
25.3 - 26.0
25.0
21.4 - 24.3
23.7 - 24.3
23.1 - 24.3
33.7
23.5 - 29.9
30.6
11.0
25.9
9.0

E11,Static/E11,Modal/FEM
[%]
28.1 - 28.6
18.9 - 29.1
27.4
31.1
26.1 - 28.2
30.4
24.5 - 31.0
21.6 - 29.3
28.1 - 31.8
30.5 - 34.5
24.7 - 25.1
31.3 - 32.6
29.9 - 31.4
26.0 - 28.2
27.6
29.2 - 32.8
25.1 - 26.4
26.3 - 28.4
36.7
21.1 - 26.6
27.4
11.3
28.7
9.8

Similarly to Figure 5.3, Figure 5.4 presents calculated and measured E11 values for the 5layer CLT panels. The figure includes E11 values calculated using Equation 5.1. As for the
3-layer panels, the calculated E11 values are based on the average E values of the laminates
(Laminate) and on the E values measured by the free-free modal tests of the single-layer
panels (Layer). The calculated values based on the laminates (Laminate) only consider the
layers with the grain direction orientation parallel to the outer layers. This is due to the fact
that the E values perpendicular to the grain were not measured for the single laminates.
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The figure also shows the results from finite element modelling based on the measured
frequencies from the free-free modal tests of the CLT panels (Modal/FEM), as well as
Euler theory based results calculated based on Equation 5.5 (Euler). The E values evaluated
in static three-point bending tests (Static). In the figure it can be seen that the values
calculated based on the average laminate E values usually show lower results than the ones
calculated based on the E values of the layers. This reflects the findings from the singlelayer results that showed an increase in the modulus of elasticity of the layers compared to
the average E values of the laminates. The Modal/FEM results show the highest values of
all results. For some panels the results are more than twice as high as the calculated values
based on the laminate and the layer results. Comparing with the Euler based results it
becomes clear that the modal test results are not realistic, but as before for the 3-layer
results, follow the same trend as the Euler based results. Further the figure shows results
from the static three-point bending, presented by the black horizontal bars. The results from
the three-point bending tests show significantly lower values for E11. The reason for this
can be found in the test setup with relatively thick panel being tested at a short test span.
As mentioned before, the span-to-thickness ratio of CLT in out-of-plane bending parallel
to the grain can have a significant influence on the shear related deformation behaviour for
ratios under 30. For the tested 5-layer CLT panels the average span-to-thickness ratios were
between 6.48 and 6.50 for the FEG layered panels and between 6.18 and 6.72 for the SEG
layered panels. As mentioned before, some of the 5-layer CLT panels were damaged during
the gluing process and were exposed to a too high pressure. This led to the wide range
within the span-to-thickness ratio within the SEG 5-layer CLT panel set. For span-to-
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thickness ratios of around 6.0, Fellmoser and Blass (2004) reported a reduction of the
measured panel stiffness of up to 80% due to the influence of shear deformation. The red
bars in Figure 5.4 represent the results from the static tests under the assumption that with
the give span-to-thickness ratio the measured stiffness is only about 80% of the actual
stiffness (Static 80%). It can be seen that for some specimen this assumption leads to results
that match the calculated values well, but in general the increased static values remain
below the calculated values. The 5-layer static test results did not show any sign of
calibration issues.
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Figure 5.4: Calculated and measured E11 values of 5-layer CLT panels

Table 5.5 gives an overview of stiffness ratios between the E values evaluated by static
three-point bending tests and the values from the calculation based on the average laminate
properties, the layer properties and the values based on the modal tests in combination with

215

Chapter 5

Influences of Layer Characteristics on CLT Properties

the FEM analysis. It can be seen that the ratios across the different panel types are widely
distributed within a range from 6.3% to 23.0%. The different ratios for the sets “Laminate”
and “Layer” for the individual panels are similar, which is due to the generally good
agreement between the evaluated E values for these two groups. The ratios for the set
“Modal/FEM” are lower since this set yielded higher E values than the other two sets.

Table 5.5: Overview of moduli of elasticity ratios parallel to the grain of 5-layer CLT

Label
120-up-FEG
120-45-FEG
120-flat-FEG
76-up-FEG
76-45-FEG
32-up-FEG
32-45-FEG
32-flat-FEG
120-up-SEG
120-45-SEG
120-flat-SEG
76-up-SEG
76-45-SEG
32-up-SEG
32-45-SEG
Avg.
FEG
CoV
Avg.
SEG
CoV

Number of
Specimens
1
1
1
1
2
2
2
2
2
1
1
3
1
2
1
12
11

E11,Static/E11,Laminate
[%]
18.9
12.6
13.7
23.0
14.8 - 15.1
17.4 - 19.5
13.4 - 15.3
14.5 - 21.3
11.2-12.9
12.2
12.8
13.1 - 15.9
13.8
13.5 - 15.0
12.3
16.6
19.3
13.4
9.5

E11,Static/E11,Layer
[%]
16.6
11.9
13.0
18.8
14.0 - 14.5
15.8 - 17.5
13.0 - 14.4
14.1 - 17.6
11.0 - 13.0
11.3
11.1
12.7 - 15.9
12.0
13.1 - 14.3
11.1
15.1
13.7
12.6
11.7

E11,Static/E11,Modal/FEM
[%]
9.8
13.9
9.8
13.8
9.6 - 10.5
12.7 - 13.4
7.4 - 8.1
10.7 - 13.8
7.7 - 10.2
6.3
8.9
7.9 - 11.3
8.5
12.5 - 16.3
7.1
11.1
19.9
9.6
28.6

As previously mentioned, the evaluated E11 values from the modal tests (E11,modal) yield
unrealistically high results, which becomes clear when comparing the results to the
calculated results based on the Euler theory (3-layer CLT in Figure 5.3, 5-layer CLT in
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Figure 5.4). In Figure 5.5 the E11,modal values are plotted against the corresponding Euler
values (E11,Euler) with respect to the number of layers and the edge-gluing situation, a linear
relationship between the modular values and the Euler based values can be seen. This
indicates that the approach using modal testing in combination with FEM analysis seems
to work in principle. The figure indicates that the slope of the linear relationship increases
with the number of layers. This is due to the decreasing length-to-thickness ratio of the
tested panels and the associated level of sensitivity to shear deformation. In the FEM model
assumptions were made for the shear moduli in the major and minor direction. These
assumptions were made based on the shear moduli measured in the planar shear tests. The
small length-to-thickness ratio makes the FEM sensitive to small changes in the shear
moduli values. Therefore, shear moduli assumptions that are incorrect by a small margin
can lead to relatively large changes in measured E11 values. Zhou suggested minimum
length-to-thickness ratios of 40, 35 and 30 for 3-, 5- and 7-layer CLT, respectively, in order
to obtain results with little effect of the transverse shear modulus (Zhou, 2018).
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Figure 5.5: Relationship between modal E11 values and values based on Euler beam theory

A statistical evaluation of the test data was undertaken to evaluate if the CLT overall
modulus of elasticity parallel to the grain can be predicted from component properties and
characteristics. A non-linear multiple regression analysis was undertaken to determine the
relationships and significance of the laminate properties on the overall CLT E11 value for
both 3-layer and 5-layer CLT panels. The evaluated laminate properties were average layer
density (ρlayer i), the aspect ratios (AR), the growth-ring orientation (GRO) and the edgegluing situation (EGS) of the layers. As before, “RStudio” was used to perform the
statistical analysis. The same definitions for the variables were used as was in the singlelayer phase. The density of the layers and the aspect ratios were taken as numerical values,
while values were assigned to the different growth ring orientations (45° = 0, flat-sawn
laminates = -1, and quarter-sawn laminates = +1). The edge-gluing situation was addressed
similarly. Fully-edge-glued layers (FEG) were assigned a value of “+1” while a value of
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“0” was used for semi-edge-glued layers (SEG). Here the SEG layers are used as a base
value.

The adopted model can be described as in Equation 5.8. It should be noted that the modulus
of elasticity parallel to the grain based on the Euler beam theory (E11,Euler) was used to
evaluate the coefficients for the model. As stated before, the values from the modal tests
are not realistic and therefore are not presented here. An analysis of the modal test results
did show that there is no significant influence of the aspect ratio, the growth ring orientation
and the edge-gluing situation on the modal test results.

𝐸11,𝐸𝑢𝑙𝑒𝑟

𝜌𝑙𝑎𝑦𝑒𝑟 1 𝛽2
𝜌𝑙𝑎𝑦𝑒𝑟 3
(𝛽1 ( 1000 ) ∙ (𝐼1 + 𝐴1 ∙ 𝑎12 ) + 𝛽3 ( 1000 ) ∙ 𝐼3 )
=
𝐼𝑡𝑜𝑡𝑎𝑙

Equation 5.8

Where 𝐸11,𝐸𝑢𝑙𝑒𝑟 is the modulus of elasticity parallel to the grain determined based on the
Euler beam theory in N/mm2, 𝛽𝑖 are the different coefficients, 𝜌𝑙𝑎𝑦𝑒𝑟 1 is the density of the
outer layers in kg/m3, 𝜌𝑙𝑎𝑦𝑒𝑟 3 is the density of middle layer of a 5-layer CLT panel in
kg/m3, 𝐼𝑖 is the secondary moment of inertia of layer 𝑖 in mm4, 𝐴𝑖 is the cross-section area
of layer 𝑖 in mm2, 𝑎𝑖 is the distance of the center of layer 𝑖 to the neutral axis of the overall
cross-section in mm, and 𝐼𝑡𝑜𝑡𝑎𝑙 is the overall secondary moment of inertia in mm4.

Table 5.6 shows the investigated coefficients 𝛽𝑖 , the related standard error and the p-values.
The table shows that all p-values show high significance for the developed model. The
coefficients are based on a total of 23 3-layer FEG panels, 20 3-layer SEG panels, 12 5layer FEG panels and 11 5-layer SEG panel.
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Table 5.6: Results from linear multiple regression for E11

Coefficient
Value
Standard Error
52770
5.62E+03
𝛽1
1.518
0.133
𝛽2
-364248
4.72E+04
𝛽3
Note: Based on a total of 66 results (35 FEG results and 31 SEG results)

p-Value
1.33E-13
< 2E-16
1.09E-10

It can be noted that the perpendicular layers of the CLT panels (middle layer of the 3-layer
CLT and second and fourth layers of the 5-layer CLT panels) are not included in the
statistical model. The perpendicular layers did not show any statistical significance to the
model and were therefore not included. This is because the contribution of the
perpendicular layers on the overall stiffness of CLT panels is very small in general. For
CLT panels with constant layer thickness and an assumed layer property ratio of E11/E22 of
16, the contribution of the perpendicular layers is about 0.24% for a 3-layer CLT and 1.62%
for a 5-layer CLT panel. The contribution increases with the number of layers, but even for
a 9-layer CLT panels the contribution of the perpendicular layers is just about 3%.

Figure 5.6 shows the estimated E11 values determined by the statistical model plotted
against the E11 values determined by the Euler beam theory. Further the figure includes a
control line presenting the actual E11 values and a best fit trend line for the data points. It
can be seen that the assumed model shows good agreement with the control line and that
the slope of the best fit trend line is close to one.
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Figure 5.6: Estimated E11 values against Euler E11 values of the CLT panels

Modulus of Elasticity Perpendicular to the Grain of the Outer Layer, E22
The moduli of elasticity perpendicular to the grain of the outer layers (E22) of the multilayer CLT panels were evaluated using modal test and static test methods. The modal tests
were undertaken with free-free boundary conditions as described in sections 3.3.1.2 and
3.6.4.2. Three-point bending tests were conducted as described in sections 3.3.2.1 and
3.6.4.4.

Figure 5.7 presents calculated and measured E22 values for the 3-layer CLT panels. The
figure includes E22 values calculated by Equation 5.1. The calculated E22 values are based
on the average E values of the laminates (Laminate) and on the E values measured by the
free-free modal tests of the single-layer panels (Layer). The calculated values based on the
laminates (Laminate) only consider the middle layer for the 3-layer CLT panels. This is

221

Chapter 5

Influences of Layer Characteristics on CLT Properties

due to the fact that the E values perpendicular to the grain were not measured for the single
laminates. Further, the figure shows the results from finite element modelling based on the
measured frequencies from the free-free modal tests of the CLT panels (Modal/FEM) and
the E values evaluated in static three-point bending tests (Static). In the figure it can be
seen that the values calculated based on the average laminate E values usually show
significantly lower results than the ones calculated based on the E values of the layers.
There are two reasons for this. First, the fact that only the E11 values of the middle layers
were used to calculate the laminate based E22 values of the 3-layer panels while all three
layers contribute in the layer based calculation. Second, the findings from the single-layer
results showed an increase in the E11 of the layers compared to the average E values of the
laminates, therefore higher values were used in the layer based calculations. When
reviewing the results from the modal tests in combination with the FEM analysis it can be
seen that these results show the highest values for all panels. Further the figure shows
results from the static three-point bending, presented by the black horizontal bars. The
results from the three-point bending tests show good agreement to the values calculated
based on the layers. The panels with mixed layer arrangement (made from FEG and SEG
layer) show similar trends than the panels with the same outer layer type, meaning that the
mixed panels with FEG outer layers (F-S-F) show similar tendencies than the FEG layer
based 3-layer panels, while the mixed panel with SEG outer layers (S-F-S) shows a
behaviour similar to SEG based 3-layer panels. Generally it can be seen that the FEG based
3-layer CLT panels show higher global E22 values compared to the SEG based panels. This
is reasonable since the outer layers of the SEG based panels have gaps between adjacent
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laminates. The gaps do not allow for the transfer of any tensile force perpendicular to the
grain, which occurs in a bending situation. The tensile force has to be transferred in the
outer fibres of the adjacent parallel layer. Therefore the internal moment arm that splits the
bending moment into a tensile and a compression force is smaller within a SEG based CLT
panel.

The red bars present corrected static test results based on the assumption of a 5% influence
of shear deformation in the perpendicular direction, which has been calculated for the given
span-to-thickness ratio of around 10.
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Figure 5.7: Calculated and measured E22 values of 3-layer CLT panels

Table 5.7 gives an overview of stiffness ratios between the E values evaluated by static
three-point bending tests and the values from the calculation based on the average laminate
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properties, the layer properties and the values based on the modal tests in combination with
the FEM analysis. It can be seen that the ratios across the different panel types are widely
distributed within a range from 83.3% to 277.2%. Good agreement can be found between
the values evaluated in static tests and the values determined by calculations based on the
layer properties, as well as between the static values and the ones from modal tests. The
agreement between the values evaluated by static tests and the ones calculated based on
the laminate properties is less good. This is due to the fact that the values calculated by
laminate properties only account for the middle layer of a panel since this is the only layer
with a parallel grain direction to the considered overall direction.
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Table 5.7: Overview of moduli of elasticity ratios perpendicular to the grain of 3-layer CLT

Label
120-up-FEG
120-45-FEG
120-flat-FEG
76-up-FEG
76-45-FEG
76-flat-FEG
32-up-FEG
32-45-FEG
32-flat-FEG
120-up-SEG
120-45-SEG
120-flat-SEG
76-up-SEG
76-45-SEG
76-flat-SEG
32-up-SEG
32-45-SEG
32-flat-SEG
Mix (S-F-S)
Mix (F-S-F)
Avg.
FEG
CoV
Avg.
SEG
CoV

Number of
Specimens
2
2
1
1
4
1
4
3
2
2
2
2
3
3
1
2
2
2
1
3
20
19

E22,Static/E22,Laminate
[%]
160.8 - 177.7
158.5 - 207.7
242.2
211.6
172.8 - 277.2
241.5
183.2 - 219.8
208.7 - 221.2
168.3 - 198.5
154.6 - 155.8
138.8 - 166.4
146.4 - 167.4
130.4 - 138.2
128.9 - 146.3
168.2
109.8 - 118.6
130.8 - 137.7
126.6 - 131.8
191.6
150.4 - 198.2
204.8
15.0
140.2
11.4

E22,Static/E22,Layer
[%]
95.0 - 100.8
91.2 - 115.4
101.3
102.9
95.6 - 106.4
106.2
91.9 - 104.8
92.5 - 100.8
94.1 - 104.0
109.0 - 119.1
96.5 - 112.6
104.9 - 113.1
104.3 - 116.4
98.1 - 109.7
120.2
94.9 - 101.4
91.2 - 92.5
100.2 - 103.7
120.4
83.4 - 91.5
99.3
6.0
104.9
8.0

E22,Static/E22,Modal/FEM
[%]
71.2 - 84.3
71.8 - 86.6
84.9
86.0
76.3 - 85.4
94.7
72.6 - 83.6
77.2 - 86.1
76.9 - 85.1
87.4 - 97.4
83.5 - 92.7
83.6 - 87.1
77.0 - 94.3
81.1-92.7
92.5
82.6 - 85.9
85.6 - 91.4
86.1 - 95.1
81.2
71.1 - 78.5
80.4
7.5
87.3
6.4

The E22 results of the 3-layer panels were evaluated during the same phases as the E11
results and therefore the E22 results measured in phase 1 are likely compromised by LVDT
calibration issues. Similarly to the E11 results of phase 1, the E22 results from phase one
were corrected by a correction factor. As before, the correction factor was assumed based
on the ratios of the EEuler values to the Estatic values. The average EEuler/Estatic ratio of phase
1 was 1.042 (StDev 0.08), while the average ratio of the phase 2 was 1.163 (StDev 0.07).
Based on these ratios a correction factor 𝑘𝑠𝑡𝑎𝑡𝑖𝑐 of 1.042 / 1.163 = 0.896 was assumed. The
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test results obtained during test phase 1 were multiplied by the correction factor 𝑘𝑠𝑡𝑎𝑡𝑖𝑐 .
Equation 5.6 and Equation 5.7 describe the determination for the assumed correction factor
𝑘𝑠𝑡𝑎𝑡𝑖𝑐 .

Applying the correction factor 𝑘𝑠𝑡𝑎𝑡𝑖𝑐 to the E22 test results from phase 1 leads small
changes. Figure 5.8 shows the corrected results in comparison to the other test results. The
E22 results are generally less effected by the calibration issue since the measured values are
significantly smaller compared to the E11 tests.
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Figure 5.8: Calculated and measured E22 values of 3-layer CLT panels with corrected static E22

Consequently the corrected static test results lead to more consistent stiffness ratios
between the E values measured by static three-point bending tests and the values from the
calculation based on the average laminate properties, the layer properties and the values
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based on the modal tests in combination with the FEM analysis. Table 5.8 shows the
stiffness ratios between the different test methods with the corrected static test results.

Table 5.8: Overview of corrected moduli of elasticity ratios perpendicular to the grain of 3-layer
CLT

Label
120-up-FEG
120-45-FEG
120-flat-FEG
76-up-FEG
76-45-FEG
76-flat-FEG
32-up-FEG
32-45-FEG
32-flat-FEG
120-up-SEG
120-45-SEG
120-flat-SEG
76-up-SEG
76-45-SEG
76-flat-SEG
32-up-SEG
32-45-SEG
32-flat-SEG
Mix (S-F-S)
Mix (F-S-F)
Avg.
FEG
CoV
Avg.
SEG
CoV

Number of
Specimen
2
2
1
1
4
1
4
3
2
2
2
2
3
3
1
2
2
2
1
3
20
19

E22,Static/E22,Laminate
[%]
159.3 - 160.8
158.5 - 186.2
217.2
189.6
172.8 - 248.7
216.5
179.7 - 219.8
194.9 - 221.2
168.3 - 177.9
138.6 - 155.8
138.8 - 149.1
146.4 - 150.0
123.9 - 137.8
128.9 - 131.1
150.7
106.3 - 109.8
117.3 - 137.7
118.2 - 126.6
191.6
150.4 - 198.2
194.6
13.6
133.0
10.3

E22,Static/E22,Layer
[%]
90.4 - 95.0
91.2 - 103.5
90.8
92.2
95.4 - 96.7
95.2
91.9 - 99.1
90.3 - 98.1
93.2 - 94.1
106.8 - 109.0
96.5 - 100.9
101.4 - 104.9
104.3 - 105.9
98.1 - 100.4
107.7
90.9 - 94.9
81.7 - 92.5
92.9 - 100.2
120.4
83.4 - 91.5
94.4
3.2
99.6
6.7

E22,Static/E22,Modal/FEM
[%]
71.2 - 75.6
71.8 - 77.6
76.1
77.1
76.3 - 77.8
84.9
72.6 - 77.3
77.2 - 77.5
76.3 - 76.9
87.3 - 87.4
83.1 - 83.5
78.1 - 83.6
77.0 - 84.5
81.1 - 83.1
82.9
77.0 - 82.6
81.9 - 85.6
85.3 - 86.1
81.2
71.1 - 78.5
71.2
2.7
82.8
3.6

The calculated and measured E22 values of the 5-layer CLT panels are presented in Figure
5.9. The calculated E22 values are based on Equation 5.1. As before, the calculated values
are based on the average E values of the laminates (Laminate) and on the E values measured
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by the free-free modal tests of the single-layer panels (Layer). The calculated values based
on the laminates (Laminate) only consider the layers with the grain direction orientation
parallel to the outer layers since no E values perpendicular to the grain of the laminates
were evaluated. Furthermore, the figure shows the results from the free-free modal tests
evaluated by FE modelling (Modal/FEM) and the results from the static bending tests
(Static). As in the previous graphs, it can be seen that the values calculated based on the
laminate properties are lower than the ones calculated based on the layer properties. This
reflects the findings from the single-layer results that showed an increase in the modulus
of elasticity of the layers compared to the average E values of the laminates. The
Modal/FEM results show the highest results. In addition, the figure shows results from the
static three-point bending, presented by the black horizontal bars. The results from the
three-point bending tests show significantly lower values. The agreement between the
static tests results and the other results is less good. As before the reason can be found in
the small span-to-thickness ratio and the related shear deformation. For the given span-tothickness ratio of around 6 a 35% influence of shear deformation was determined. The red
bars present corrected static test results using these assumptions. These assumptions lead
to a much better agreement between corrected static test results and the other results. As
before in the 3-layer panels, the SEG based panel results are generally smaller than the
ones of the FEG based panels due to the fact that the gaps within the outer SEG panels do
not allow for the transfer of tensile forces. The difference is less pronounced since the
reduction of the internal moment arm is smaller in relationship to the overall thickness of
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the panel. As for the E11 results, the 5-layer static test did not show any sign of LVDT
calibration problem.
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Figure 5.9: Calculated and measured E22 values of 5-layer CLT panels

Table 5.9 gives an overview of stiffness ratios between the E values evaluated by static
three-point bending tests and the values from the calculation based on the average laminate
properties, the layer properties and the values based on the modal tests in combination with
the FEM analysis. It can be seen that the ratios across the different panel types are
distributed within a range from 25.9% to 58.0%. The different ratios for individual panels
are similar, which is due to the generally good agreement between the evaluated E values
based on the average laminate properties, the layer properties and the values based on the
modal tests in combination with the FEM analysis.

229

Chapter 5

Influences of Layer Characteristics on CLT Properties

Table 5.9: Overview of moduli of elasticity ratios perpendicular to the grain of 5-layer CLT

Label
120-up-FEG
120-45-FEG
120-flat-FEG
76-up-FEG
76-45-FEG
32-up-FEG
32-45-FEG
32-flat-FEG
120-up-SEG
120-45-SEG
120-flat-SEG
76-up-SEG
76-45-SEG
32-up-SEG
32-45-SEG
Avg.
FEG
CoV
Avg.
SEG
CoV

Number of
Specimens
1
1
1
1
2
2
2
2
2
1
1
3
1
2
1
12
11

E22,Static/E22,Laminate
[%]
36.8
43.4
33.0
42.0
36.9 - 50.0
54.3 - 58.0
46.2 - 52.8
38.6 - 43.2
39.1 - 49.8
32.0
35.7
35.5 - 38.9
35.3
29.7 - 30.3
31.5
44.6
16.8
35.9
15.0

E22,Static/E22,Layer
[%]
32.9
38.0
28.4
39.3
32.6 - 38.3
52.7 - 42.9
38.2 - 39.3
32.9 - 34.9
34.5 - 39.4
28.7
30.9
32.8 - 37.2
33.1
26.8 - 29.2
27.3
36.7
11.4
32.1
11.9

E22,Static/E22,Modal/FEM
[%]
25.9
29.7
27.6
30.0
26.6 - 39.7
29.5 - 33.5
26.4 - 29.3
32.7 - 33.2
36.3 - 40.7
25.9
31.2
28.9 - 31.5
31.8
34.2 - 36.5
28.6
29.5
8.5
32.3
12.6

The statistical evaluation of the modulus of elasticity perpendicular to the grain of the outer
layers was undertaken similarly to the evaluation of the modulus of elasticity parallel to
the grain presented in section 5.1.2.1. A non-linear multiple regression analysis was
undertaken to determine the relationships and significance of the laminate properties on
the overall CLT E22 value. Results for both 3-layer and 5-layer CLT panels were included
in the analysis. The evaluated laminate properties were average layer density (ρlayer i), the
aspect ratios (AR), the growth-ring orientation (GRO) and the edge-gluing situation (EGS)
of the layers. The same software was used as in the previous statistical evaluations. The
same definitions for the variables were used as during the single-layer phase. The density
of the layers and the aspect ratios were taken as numerical values, while values were
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assigned to the different growth ring orientations (45° = 0, flat-sawn laminates = -1, and
quarter-sawn laminates = +1). The edge-gluing situation was addressed similarly. Fullyedge-glued layers (FEG) were assigned a value of “+1” while a value of “0” was used for
semi-edge-glued layers (SEG). Here the SEG layers are used as a base value.

The developed model is closely related to the single-layer models described in chapter 4.
The growth ring orientation showed no statistical significance on the E22 values of the
overall CLT. The adopted model can be described as in Equation 5.9.
𝐸22,𝑚𝑜𝑑𝑎𝑙 = ((𝛽1 (

𝜌𝑙𝑎𝑦𝑒𝑟 1 𝛽2
) + 𝐴𝑅(𝛽3 (1 − 𝐸𝐺𝑆{0, +1})) + 𝛽4 𝐸𝐺𝑆{0, +1})
1000

Equation 5.9
∙ (𝐼1 + 𝐴1 ∙ 𝑎12 ) + (𝛽5 (

𝛽6

𝜌𝑙𝑎𝑦𝑒𝑟 2
) ) ∙ (𝐼2 + 𝐴2 ∙ 𝑎22 )) /𝐼𝑡𝑜𝑡𝑎𝑙
1000

Where 𝐸22,𝑚𝑜𝑑𝑎𝑙 is the modulus of elasticity perpendicular to the grain evaluated from the
free-free modal tests in N/mm2, 𝛽𝑖 are the different coefficients, 𝜌𝑙𝑎𝑦𝑒𝑟 1 is the density of
layer the outer layers in kg/m3, 𝜌𝑙𝑎𝑦𝑒𝑟 2 is the density of second layer in kg/m3, 𝐼𝑖 is the
secondary moment of inertia of layer 𝑖 in mm4, 𝐴𝑖 is the cross-section area of layer 𝑖 in
mm2, 𝑎𝑖 is the distance of the center of layer 𝑖 to the neutral axis of the overall cross-section
in mm, and 𝐼𝑡𝑜𝑡𝑎𝑙 is the overall secondary moment of inertia in mm4.

Table 5.10 shows the investigated coefficients 𝛽𝑖 , the related standard error and the pvalues. Not all of the evaluated p-values show statistical significance, but the related
coefficients were included in the model since they improve the agreement between the
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measured and predicted values. The coefficients are based on a total of 23 3-layer FEG
panels, 20 3-layer SEG panels, 12 5-layer FEG panels and 11 5-layer SEG panel.

Table 5.10: Results from non-linear multiple regression for E22

Coefficient
Value
Standard Error
p-Value
-143.4
1.76E02
0.418
𝛽1
-2.355
1.235
0.061
𝛽2
74.5
40.5
0.071
𝛽3
185.7
2.88E+02
0.521
𝛽4
119578
1.99E+04
1.22E-07
𝛽5
1.73
0.21
3.37E-11
𝛽6
Note: Based on a total of 66 results (35 FEG results and 31 SEG results)

It can be noted that the core layer of the 5-layer panel is not included. While the core layer
of the 3-layer CLT is orientated parallel to the considered direction, the core layer of the
5-layer CLT is a perpendicular orientated layer. For CLT panels with constant layer
thickness and an assumed layer property ratio of E11/E22 of 16, contribution of the core
layer of a 3-layer CLT to the overall stiffness perpendicular to the grain of the outer layers
is about 38%. For a 5-layer CLT the core layer only contributes about 0.2% due to its
orientation. Generally the contribution decreases significantly with an increasing number
of layers. For a 7-layer CLT panel with a parallel core layer the contribution of the core is
about 0.9% and for a 9-layer CLT the core contributes about 0.02%.

Figure 5.10 shows the estimated E22 values determined by the statistical model plotted
against the measured E22 values determined by modal laboratory tests in free-free boundary
conditions. The data points are presented based on the number of layers and edge-gluing
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type (3-layer CLT based on FEG panels – dark blue, 3-layer CLT based on SEG panels –
dark green, 5-layer CLT based on FEG panels – light blue, and 5-layer CLT based on SEG
panels – light green). Further the figure includes a control line presenting the actual E22
values and a best fit trend line for the data points. A significant difference can be observed
between the 3- and 5-layer CLT values, which is reasonable given that the 5-layer CLT has
a higher portion of parallel layers which are also further away from the core. Furthermore,
a difference in FEG and SEG based panel results can be observed. This is mainly due to
the edge-gluing situation. As mentioned before, the gaps in the outer SEG panels do not
allow for the transfer of tensile forces, which occur during bending. The internal moment
arm is reduced to the adjacent parallel layer, which leads to a reduced global E22 value.
Generally the assumed model shows good agreement with the control line and the slope of
the best fit trend line is close to one.
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Figure 5.10: Estimated E22 values against actual E22 values of the CLT panels
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In-Plane Shear Modulus, G12
The in-plane shear moduli (G12) of the multi-layer CLT panels were evaluated using modal
test and static test methods. The modal tests were undertaken with free-free boundary
conditions as described in sections 3.3.1.2 and 3.6.4.2. Static twisting tests were conducted
as described in sections 3.3.2.2 and 3.6.4.4.

The measured 3-layer CLT G12 values are shown in Figure 5.11. The figure presents G12
values calculated based on laminate properties (Laminate) and the G12 values from the freefree modal single-layer tests (Layer). The calculated results were determined using
Equation 5.2. The figure also shows results from the FE modelling utilizing the frequencies
recorded during the free-free modal tests of the CLT panels (Modal/FEM) and results from
static twisting tests (Static) for some of the CLT panels. Generally good agreement can be
seen for the G12 values calculated with the laminate and layer properties. The results from
the modal tests show different trends for the different edge-gluing type panels. For the FEG
based panels the modal test results regularly exceed the calculated values within a
reasonable margin. For the SEG based panels the modal test results are always lower than
the calculated results. This phenomenon seems to be related to the outer layer. The same
trend can be seen in the mixed panels where the panel with SEG outer layers (S-F-S) shows
lower modal test results while the panels with FEG outer layers (F-S-F) shows higher
modal test results. The static test results show the best agreement with the results from the
modal tests, particularly for the SEG based panels.
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Figure 5.11: Calculated and measured G12 values of 3-layer CLT panels

Table 5.11 presents an overview of the ratios between the in-plane shear stiffness properties
by the static twisting tests and the calculated values based on the laminate and layer
properties, as well as the G12 values evaluated by the modal tests in combination with the
FEM analysis. As it can be seen in Figure 5.11, only one panel of each type has been tested
in static testing. Since the static test results are taken as base values, the data in Table 5.11
is limited to these specimens. The best agreement to the static test results can be found
between the static test results and the results from the combination of the modal tests with
FEM evaluation. Here the agreement lies at 93.5% for FEG based 3-layer panels (CoV
4.7%) and at 100.1% for SEG base panels (CoV 6.9%). Generally, all evaluation
approaches yield reasonable results for the FEG based panels. For the SEG the results show
that only the modal test approach with FEM evaluation leads to close results compared to
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the static test results, while the calculations based on laminate and layer properties yield
higher results and show a dependency on the aspect ratio as well.

Table 5.11: Overview of in-plane shear moduli ratios of 3-layer CLT

Label
120-up-FEG
120-45-FEG
120-flat-FEG
76-up-FEG
76-45-FEG
76-flat-FEG
32-up-FEG
32-45-FEG
32-flat-FEG
120-up-SEG
120-45-SEG
120-flat-SEG
76-up-SEG
76-45-SEG
76-flat-SEG
32-up-SEG
32-45-SEG
32-flat-SEG
Mix (S-F-S)
Mix (F-S-F)
Avg.
FEG
CoV
Avg.
SEG
CoV

Number of
Specimens
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
9
9

G12,Static/G12,Laminate
[%]
126.4
120.4
95.3
100.3
101.3
96.1
80.5
104.9
100.6
67.4
73.9
79.2
73.0
72.4
65.0
45.9
40.3
38.4
62.3
131.5
102.9
13.2
61.7
25.6

G12,Static/G12,Layer
[%]
106.5
117.1
105.1
104.9
107.8
114.8
112.5
102.8
107.9
73.7
80.5
73.7
72.3
75.8
69.7
53.9
47.2
52.0
96.7
139.8
108.8
4.5
66.5
18.2

G12,Static/G12,Modal/FEM
[%]
94.2
102.0
93.8
89.1
89.6
91.7
89.7
92.5
98.9
95.1
103.2
88.1
101.4
92.1
102.3
106.9
102.2
109.3
97.4
105.6
93.5
4.7
100.1
6.9

Similarly to Figure 5.11, the results for the 5-layer CLT panels are presented in Figure
5.12. The calculated G12 values based on laminate (Laminate) and layer (Layer)
characteristics are presented as well as results from the modal/FEM analysis (Modal/FEM)
and the static twisting tests (Static) are presented. As before in Figure 5.11, the G12 values
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of the FEG based CLT panels are higher than the ones of the SEG panels. The values
calculated based on the laminate and layer properties agree well with each other. The modal
test commonly results exceed the calculated results of the FEG layer based panels while
they are always lower within the SEG layer based group.
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Figure 5.12: Calculated and measured G12 values of 5-layer CLT panels

Table 5.12 compares the different 5-layer in-plane shear property results with the results
from the static twisting tests. The calculated values based on the laminate and layer
properties are compared with the static tests, as well as the results from the modal tests.
The best agreement between the methods seem to be dependent on the edge-gluing
situation. While for the FEG layer based panels the calculations based on layer properties
yield the best agreement with the static tests (100.0%, CoV 7.1%), the modal test results
agree best with the static test results of the SEG layer based panels (65.0%, CoV 9.4%).
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Reviewing the different results within the SEG group it can be seen that the agreement
between the static tests and the laminate and layer values decreases significantly with a
decrease in laminate size and aspect ratio. This shows the significance of the aspect ratio
when no edge-gluing is in place.

Table 5.12: Overview of in-plane shear moduli ratios of 5-layer CLT

Label
120-up-FEG
120-45-FEG
120-flat-FEG
76-up-FEG
76-45-FEG
32-up-FEG
32-45-FEG
32-flat-FEG
120-up-SEG
120-45-SEG
120-flat-SEG
76-up-SEG
76-45-SEG
32-45-SEG
32-flat-SEG
Avg.
FEG
CoV
Avg.
SEG
CoV

Number of
Specimens
1
1
1
1
2
2
2
2
2
1
1
3
1
1
2
12
11

G12,Static/G12,Laminate
[%]
99.1
98.6
87.9
78.3
90.3-95.7
100.2 - 114.5
76.6 - 96.3
82.4 - 89.0
55.7 - 55.8
61.9
54.2
39.8 - 58.5
53.1
18.8
27.0 - 29.2
92.4
11.5
45.3
32.2

G12,Static/G12,Layer
[%]
94.0
105.4
87.4
102.1
104.2 - 107.2
96.1 - 102.5
95.3 - 113.4
94.5 - 97.9
58.1 - 68.6
62.0
55.2
46.2 - 50.0
61.6
23.5
35.5 - 49.6
100.0
7.1
50.8
25.2

G12,Static/G12,Modal/FEM
[%]
73.1
79.2
76.5
71.1
76.6 - 77.3
71.1 - 75.4
66.5 - 80.1
75.5 - 75.4
65.2 - 73.7
67.1
62.8
59.5 - 62.8
70.7
52.2
67.7 - 71.7
74.7
5.1
65.0
9.4

The statistical evaluation of the in-plane shear stiffness was undertaken similarly to the
previous evaluations using a non-linear multiple regression analysis. The evaluated
laminate properties were average layer density (ρlayer i), the aspect ratios (AR), the growthring orientation (GRO) and the edge-gluing situation (EGS) of the layers. As before,
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“RStudio” was used for the analysis. The same definitions for the variables were used as
during the single-layer phase. The density of the layers and the aspect ratios were taken as
numerical values, while values were assigned to the different growth ring orientations (45°
= 0, flat-sawn laminates = -1, and quarter-sawn laminates = +1). Fully-edge-glued layers
(FEG) were assigned a value of “+1” while a value of “0” was used for semi-edge-glued
layers (SEG). Here the SEG layer property is used as the base value.

The same model architecture was used as for the E22 evaluation (Equation 5.9). The growth
ring orientation showed no statistical significance on the G12 values of the overall CLT.
The adopted model can be described as in Equation 5.10.
𝐺12,𝑚𝑜𝑑𝑎𝑙 = ((𝛽1 (

𝜌𝑙𝑎𝑦𝑒𝑟 1 𝛽2
) + 𝐴𝑅(𝛽3 (1 − 𝐸𝐺𝑆{0, +1})) + 𝛽4 𝐸𝐺𝑆{0, +1})
1000

Equation 5.10
∙ (𝐼1 + 𝐴1 ∙ 𝑎12 ) + (𝛽5 (

𝛽6

𝜌𝑙𝑎𝑦𝑒𝑟 2
) ) ∙ (𝐼2 + 𝐴2 ∙ 𝑎22 )) /𝐼𝑡𝑜𝑡𝑎𝑙
1000

Where 𝐺12,𝑚𝑜𝑑𝑎𝑙 is the overall in-plane shear modulus evaluated from the free-free modal
tests in N/mm2, 𝛽𝑖 are the different coefficients, 𝜌𝑙𝑎𝑦𝑒𝑟 1 is the density of layer the outer
layers in kg/m3, 𝜌𝑙𝑎𝑦𝑒𝑟 2 is the density of second layer in kg/m3, 𝐼𝑖 is the secondary moment
of inertia of layer 𝑖 in mm4, 𝐴𝑖 is the cross-section area of layer 𝑖 in mm2, 𝑎𝑖 is the distance
of the center of layer 𝑖 to the neutral axis of the overall cross-section in mm, and 𝐼𝑡𝑜𝑡𝑎𝑙 is
the overall secondary moment of inertia in mm4.

Table 5.13 shows the investigated coefficients 𝛽𝑖 , the related standard error and the pvalues. Not all of the evaluated p-values are show significance, but the related coefficients
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were included in the model since they improve the agreement between the measured and
predicted values. The coefficients are based on a total of 23 3-layer FEG panels, 20 3-layer
SEG panels, 12 5-layer FEG panels and 11 5-layer SEG panel.

Table 5.13: Results from non-linear multiple regression for G12

Coefficient
Value
Standard Error
p-Value
6343.5
8.85E+03
0.476
𝛽1
4.065
1.978
4.43E-02
𝛽2
86.2
15.6
7.58E-07
𝛽3
1305.6
1.27E+02
7.22E-15
𝛽4
20194
1.72E+04
0.245
𝛽5
2.74
1.12
1.75E-02
𝛽6
Note: Based on a total of 66 results (35 FEG results and 31 SEG results)

Figure 5.13 shows the statistical model based G12 values plotted against the measured G12
values from the free-free modal laboratory tests. As before, the data points are presented
based on the number of layers and edge-gluing type (3-layer CLT based on FEG panels –
dark blue, 3-layer CLT based on SEG panels – dark green, 5-layer CLT based on FEG
panels – light green, and 5-layer CLT based on SEG panels – light blue (note: the colours
have been change from Figure 5.10 for better distinction of the different groups)). The
figure includes a control line (red) presenting the G12 values from modal tests plotted
against themselves and the equation for a best fit trend line for the data points. A
significance difference can be observed between FEG and SEG layer based CLT panels,
regardless of the number of layers. Generally the assumed model shows good agreement
with the control line and the slope of the best fit trend line is close to one.
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Figure 5.13: Estimated G12 values against actual G12 values of the CLT panels

Planar Shear Modulus G13 and G23
The global out-of-plane shear modulus parallel to the grain of the outer layers (G13) and
perpendicular to the grain (G23) of selected multi-layer CLT panels were evaluated using
different static test setups. The static planar shear tests were undertaken as described in
sections 3.3.2.4 and 3.6.4.4.

In the first test setup the load was applied by aluminum plates attached to the outer layers
of the specimens in accordance with ASTM D2718 (ASTM International, ASTM D271800, 2006). Here two specimens were formed from each panel, one parallel to the grain of
the outer layers and one perpendicular to the grain of the outer layers. A total of 16 3-layer
CLT panels were tested, seven FEG based 3-layer CLT panels, seven SEG based 3-layer
CLT panels, one 3-layer CLT panels with SEG outer layers and a FEG middle layer, and
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one 3-layer CLT panel with FEG outer layers and a SEG middle layer. In the 5-layer CLT
panel tests a total of 14 CLT panels were tested, eight FEG based 5-layer CLT panels, and
six SEG based 5-layer CLT panels.

In the second test setup the load was applied directly on the outer layers of the specimen.
Here two to four specimens were cut from each panel, all specimens were formed in the
direction parallel to the grain of the outer layers in guidance to Gong and Chui (2015). The
same number of panels were tested as previously, but several test specimens were cut from
the remaining material.

The out-of-plane shear modulus parallel to the grain of the outer layers (G13) was evaluated
using the two test setups mentioned before, while the out-of-plane shear modulus
perpendicular to the grain of the outer layers (G23) could only be evaluated by the ASTM
D2718 test setups (see Figure 3.13 and Figure 3.14) since the perpendicular outer layers do
not provide enough stiffness and strength to be evaluated in the Gong and Chui (2015) test
setup (see Figure 3.15). Table 5.14 and Table 5.15 give an overview of the tested specimens
in terms of laminate width, growth ring orientation and edge-gluing situation, as well as
the dimensions of the test specimens for the tests based on ASTM D2718 and Gong and
Chui (2015) respectively.
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Table 5.14: Overview of the tested CLT panels and their dimensions for ASTM D2718
(ASTM International, ASTM D2718-00, 2006)

Layers

3-Layers

5-Layers

Label
120-up-FEG
76-45-FEG
76-flat-FEG
32-up-FEG
32-45-FEG
120-45-SEG
120-flat-SEG
76-up-SEG
76-45-SEG
76-flat-SEG
32-45-SEG
32-flat-SEG
Mix (S-F-S)
Mix (F-S-F)
120-up-FEG
120-45-FEG
120-flat-FEG
76-up-FEG
76-45-FEG
32-up-FEG
32-45-FEG
32-flat-FEG
120-up-SEG
120-45-SEG
120-flat-SEG
76-up-SEG
32-up-SEG
32-45-SEG

Number of
Specimens
1
2
1
2
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
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Length
[mm]

Width
[mm]

Thickness
[mm]

400

152

45.1 - 46.3

400

152

48.5 - 48.7

400
400

152
152

47.7
47.2

400

152

77.0 - 77.2

400

152

80.7 - 80.9
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Table 5.15: Overview of the tested CLT panels and their dimensions for Gong and Chui (2015) test

Layers

3-Layer

5-Layer

Label
120-up-FEG
76-45-FEG
76-flat-FEG
32-up-FEG
32-45-FEG
120-45-SEG
120-flat-SEG
76-up-SEG
76-45-SEG
76-flat-SEG
32-45-SEG
32-flat-SEG
Mix (S-F-S)
Mix (F-S-F)
120-up-FEG
120-45-FEG
120-flat-FEG
76-up-FEG
76-45-FEG
32-up-FEG
32-45-FEG
32-flat-FEG
120-up-SEG
120-45-SEG
120-flat-SEG
76-up-SEG
32-up-SEG
32-45-SEG

Number of
Specimens
3
6
3
2
3
3
3
3
3
4
4
4
3
2
3
4
3
4
4
4
3
4
4
4
4
4
4
4

Length
[mm]

Width
[mm]

Thickness
[mm]

400

152

45.1 - 46.3

400

152

48.5 - 48.7

400
400

152
152

47.7
47.2

400

152

77.0 - 77.2

400

152

80.7 - 80.9

Figure 5.14 and Figure 5.15 present the results for the out-of-plane shear modulus parallel
to the grain of the outer layers (G13, blue bars), the density of the perpendicular layers (red
markers) and the aspect ratios (black markers) in accordance with ASTM D2718 and Gong
and Chui (2015) respectively. It can be seen that the density values of the FEG based panels
are generally slightly higher than those of the SEG based panels, this is due to the used
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material, the density of the laminates used for the FEG panels was generally slightly higher
that the density of the SEG panel laminates as it can be seen in section 4.1. The influence
of the aspect ratio on the G13 values is less pronounce for the FEG based panels compared
to the SEG based CLT. Particularly the 3-layer SEG based CLT panels show a strong
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Figure 5.14: G13, density and aspect ratio values of the CLT panels (ASTM D2718)
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Figure 5.15: G13, density and aspect ratio values of the CLT panels (Gong & Chui, 2015)

Table 5.16 and Table 5.17 present the out-of-plane shear moduli parallel to the grain of the
outer layers of the tested 3- and 5-layer CLT panels obtained from the procedure based on
ASTM D2718 and Gong and Chui (2015) respectively.
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Table 5.16: Overview of the G13 test results of the CLT panels based on ASTM D2718

Layers

3-Layers

5-Layers

Label
120-up-FEG
76-45-FEG
76-flat-FEG
32-up-FEG
32-45-FEG
120-45-SEG
120-flat-SEG
76-up-SEG
76-45-SEG
76-flat-SEG
32-45-SEG
32-flat-SEG
Mix (S-F-S)
Mix (F-S-F)
120-up-FEG
120-45-FEG
120-flat-FEG
76-up-FEG
76-45-FEG
32-up-FEG
32-45-FEG
32-flat-FEG
120-up-SEG
120-45-SEG
120-flat-SEG
76-up-SEG
32-up-SEG
32-45-SEG

Number of
Specimens
1
2
1
2
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
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Density
Cross-Layer
[kg/m3]
443.5
445.4
465.3
459.8
474.3
413.7
387.6
395.1
416.2
399.1
406.7
389.3
483.4
399.5
497.9
432.7
525.0
472.5
479.8
459.8
479.8
472.5
393.5
440.1
403.6
408.9
411.3
406.5

G13
[N/mm2]
204.2
195.2 - 216.9
252.5
195.8 - 226.5
328.5
234.6
286.0
158.9
242.6
165.5
138.0
104.5
141.9
134.7
356.2
259.1
248.2
153.9
278.1
143.8
180.8
116.9
209.3
125.5
141.6
166.3
96.8
107.4
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Table 5.17: Overview of the G13 test results of the CLT panels based on Gong and Chui (2015)

Layers

3-Layers

5-Layers

Label
120-up-FEG
76-45-FEG
76-flat-FEG
32-up-FEG
32-45-FEG
120-45-SEG
120-flat-SEG
76-up-SEG
76-45-SEG
76-flat-SEG
32-45-SEG
32-flat-SEG
Mix (S-F-S)
Mix (F-S-F)
120-up-FEG
120-45-FEG
120-flat-FEG
76-up-FEG
76-45-FEG
32-up-FEG
32-45-FEG
32-flat-FEG
120-up-SEG
120-45-SEG
120-flat-SEG
76-up-SEG
32-up-SEG
32-45-SEG

Number of
Specimens
3
6
3
2
3
3
3
3
3
4
4
4
3
2
3
4
3
4
4
4
3
4
4
4
4
4
4
4

Density
Cross-Layer
[kg/m3]
443.5
445.4
465.3
459.8
474.3
413.7
387.6
395.1
416.2
399.1
406.7
389.3
483.4
399.5
497.9
432.7
525.0
472.5
479.8
459.8
479.8
472.5
393.5
440.1
403.6
408.9
411.3
406.5

G13
[N/mm2]
97.9 - 186.7
194.3 - 384.6
118.8 - 201.4
170.7 - 363.6
114.6 - 191.1
75.0 - 208.2
53.8 - 83.3
55.7 - 397.9
56.7 - 229.5
20.3 - 91.2
89.4 - 229.38
35.3 - 73.7
185.2 - 277.8
72.9 - 133.8
315.3 - 377.7
127.3 - 167.2
153.3 - 295.3
272.0 - 438.8
295.6 - 347.4
140.0 - 440.3
379.7 - 429.6
137.7 - 177.4
99.9 - 195.4
131.0 - 148.0
69.1 - 123.2
122.2 - 297.8
47.9 - 127.2
70.8 - 118.1

The statistical evaluation of the out-of-plane shear stiffness parallel to the grain of the outer
layers was undertaken similarly to the previous evaluations using a linear multiple
regression analysis. The evaluated laminate properties were average layer density (ρlayer i),
the aspect ratios (AR), the growth-ring orientation (GRO) and the edge-gluing situation
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(EGS) of the layers. “RStudio” was used for the analysis, using the same definitions for
the variables as during the single-layer phase. The density of the layers and the aspect ratio
were taken as numerical values, while values were assigned to the different growth ring
orientations (45° = 0, flat-sawn laminates = -1, and quarter-sawn laminates = +1). Fullyedge-glued layers (FEG) were assigned a value of “+1” while a value of “0” was used for
semi-edge-glued layers (SEG). Here the SEG layers are used as a base value.

The growth ring orientation showed no statistical significance on the G13 values of the
overall CLT. The adopted model is expressed in Equation 5.11.
𝐺13,𝑠𝑡𝑎𝑡𝑖𝑐 = (𝐸𝐺𝑆{0, +1} ∙ (𝛽1 𝐴𝑅 + 𝛽2 ) + (1 − 𝐸𝐺𝑆{0, +1}) ∙ (𝛽3 𝐴𝑅 + 𝛽4 ))

Equation 5.11

∙ 𝜌𝑙𝑎𝑦𝑒𝑟 2 + 𝛽5 𝐸𝐺𝑆{0, +1} + (1 − 𝐸𝐺𝑆{0, +1}) ∙ (𝛽6 𝐴𝑅)

Where 𝐺13,𝑠𝑡𝑎𝑡𝑖𝑐 is the overall out-of-plane shear modulus parallel to the grain of the outer
layers evaluated from the planar shear tests in N/mm2, 𝛽𝑖 are the different coefficients, and
𝜌𝑙𝑎𝑦𝑒𝑟 2 is the density of second layer in kg/m3.

Table 5.18 and Table 5.19 show the investigated coefficients 𝛽𝑖 , the related standard error
and the p-values for the test based on ASTM D2718 and Gong and Chui (2015),
respectively. Not all of the evaluated p-values show significance, which could be caused
by the high number of coefficients, but the related coefficients were included in the model
since they improve the agreement between the measured and predicted values. It can be
seen that the coefficients of the two evaluations differ but are generally within the same
range. The ASTM D2718 based coefficients are based on a total of eight 3-layer FEG
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panels, eight 3-layer SEG panels, eight 5-layer FEG panels and six 5-layer SEG panel. The
coefficients for the method by Gong and Chui (2015) are based on a total of 19 3-layer
FEG panels, 27 3-layer SEG panels, 29 5-layer FEG panels and 24 5-layer SEG panel.

Table 5.18: Results from linear multiple regression for G13 based on ASTM D2718 results.

Coefficient
Value
Standard Error
p-Value
2.355E-02
1.27E-02
7.58E-02
𝛽1
0.65
0.52
0.226
𝛽2
-0.18
8.46E-02
4.49E-02
𝛽3
0.22
8.72E-02
2.14E-02
𝛽4
-129.7
233.1
0.583
𝛽5
89.4
36.1
2.06E-02
𝛽6
Note: Based on a total of 30 results (16 FEG results and 14 SEG results)

Table 5.19: Results from linear multiple regression for G13 based on Gong and Chui (2015) results

Coefficient
Value
Standard Error
p-Value
-9.01E-03
1.24E-02
0.468
𝛽1
1.530
0.516
3.87E-03
𝛽2
0.104
7.97E-02
0.196
𝛽3
0.291
7.41E-02
1.69E-04
𝛽4
-447
2.34E02
5.95E-02
𝛽5
-41.0
33.7
0.227
𝛽6
Note: Based on a total of 99 results (48 FEG results and 51 SEG results)

Figure 5.16 and Figure 5.17 shows the statistical model based G13 values plotted against
the measured G13 values from the planar shear tests for the tests based on ASTM D2718
and based on Gong and Chui (2015), respectively. As before, the data points are presented
based on the number of layers and edge-gluing type (3-layer CLT based on FEG panels –
dark blue, 3-layer CLT based on SEG panels – dark green, 5-layer CLT based on FEG
panels – light green, and 5-layer CLT based on SEG panels – light blue). The figures
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include a control line (red) presenting the G13 values from the static tests plotted against
themselves and the regression equation for the trend line of the data points. Generally the
developed model shows some level of agreement with the control lines and the slope of the
best-fit trend line is close to one. Nevertheless, the R2 values are relatively low.
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Figure 5.16: Estimated G13 values against actual G13 values of the CLT panels (ASTM D2718)
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Figure 5.17: Estimated G13 values against actual G13 values of the CLT panels (Gong & Chui, 2015)

Figure 5.18 presents the out-of-plane shear moduli perpendicular to the grain of the outer
layers (G23, blue bars), as well as the density of the perpendicular layers (red markers) and
the aspect ratios (black markers) for the results obtained based on ASTM D2718. The
densities of the FEG based panels are generally slightly higher than those of the SEG based
panels. The aspect ratio appears to be less significant for the G23 values of both edge-gluing
types compared to the G13 evaluation. A possible reason could be that in this orientation
the outer perpendicular layers are bonded directly to the aluminium plates by a strong and
stiff epoxy. This most likely influences the overall behaviour of the specimen.
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Figure 5.18: G23, density and aspect ratio values of the CLT panels (ASTM D2718)

Table 5.20 presents the results for out-of-plane shear modulus perpendicular to the grain
of the outer layers of the tested 3- and 5-layer CLT panels. The presented densities of the
cross-layers of the 5-layer CLT panels (*) are the average densities of the three cross-layer
within the 5-layer panels.
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Table 5.20: Overview of the test results of the CLT panels based on ASTM D2718

Layers

3-Layers

5-Layers

Label
120-up-FEG
76-45-FEG
76-flat-FEG
32-up-FEG
32-45-FEG
120-45-SEG
120-flat-SEG
76-up-SEG
76-45-SEG
76-flat-SEG
32-45-SEG
32-flat-SEG
Mix (S-F-S)
Mix (F-S-F)
120-up-FEG
120-45-FEG
120-flat-FEG
76-up-FEG
76-45-FEG
32-up-FEG
32-45-FEG
32-flat-FEG
120-up-SEG
120-45-SEG
120-flat-SEG
76-up-SEG
32-up-SEG
32-45-SEG

Number of
Specimens
1
2
1
2
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

Density
Cross-Layer
[kg/m3]
470.7
459.8 - 483.4
487.0
436.3 - 488.8
472.5
429.3
478.8
407.7
402.2
457.9
405.0
381.9
339.8
474.3
454.4*
485.2*
471.6*
452.1*
450.8*
463.5*
459.8*
426.3*
385.3*
408.9*
395.6*
397.7*
406.1*
418.2*

G23
[N/mm2]
189.8
75.3 - 119.9
206.9
123.0 - 229.3
210.5
150.5
118.1
77.0
128.1
136.6
107.7
98.4
94.6
344.2
205.8
132.9
183.5
155.1
87.8
113.8
161.4
153.1
109.2
136.0
91.5
86.8
84.1
169.5

No significant relationships other than the density were identified and therefore no
statistical evaluation was undertaken. The influence of the strong and stiff bond between
the soft outer perpendicular layers and aluminium plates seem to affect the results
significantly.
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The test results from the planar shear tests described before were compared with two
theoretical methods, namely the Timoshenko beam theory (TBT) and the shear analogy
(SA), and results determined from combining results from the flexural bending tests and
the modal tests (Flex). To simplify the comparison, the shear stiffness values of the CLT
panels were compared. The results from the different laboratory tests are presented below.
Theoretical shear stiffness values based on TBT were determined by Equation 3.27, and
the values calculated by the shear analogy method (SA) were determined by Equation 2.8.
These shear stiffness values were calculated based on the moduli of elasticity of the singlelayers (𝐸11 and 𝐸22 ) for the 3- and 5-layer CLT panels. For both, the Timoshenko beam
theory and the shear analogy method, two shear stiffness values were calculated. One was
based on commonly used property ratios 𝐺13 = 𝐸11 ⁄16 and 𝐺23 = 𝐺13 ⁄10 (TBT(ratio)
and SA(ratio)), the other one was based on the overall average out-of-plane shear moduli
parallel to the grain (𝐺13 ) and the average out-of-plane shear moduli perpendicular to the
grain (𝐺23 ) of the corresponding group (FEG or SEG) from the planar shear tests (TBT(test)
and SA(test)). The shear modulus parallel to the grain on a single-layer was 𝐺13 =
813.9N/mm2, in the minor direction 𝐺23 = 261.8N/mm2 for FEG layer panels and 𝐺23 =
188.5N/mm2 for SEG layer panels were used. The overall average out-of-plane shear
modulus parallel to the grain (𝐺13 ) was used for both panel types since it is assumed that
the existence of edge-gluing has no negative effect on the 𝐺13 value even though the FEG
group shows a smaller 𝐺13 value compared to the SEG group. The CLT panel tests are the
basis for the determination of the shear stiffness values based on planar and flexure tests
((𝐺𝐴)𝑝𝑙𝑎𝑛𝑎𝑟 and (𝐺𝐴)𝑒𝑓𝑓,𝑓𝑙𝑒𝑥 ). The (𝐺𝐴)𝑝𝑙𝑎𝑛𝑎𝑟 results were determined by Equation 3.25,
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the (𝐺𝐴)𝑒𝑓𝑓,𝑓𝑙𝑒𝑥 results were evaluated using Equation 3.29. In Equation 3.29 it is assumed
that the modal test results for E11 are unaffected by shear deformation which is not correct.
As stated in section 5.1.2.1 the E11 values are affected by the shear deformation. Due to the
fact that the assumed shear moduli in the FEM model are rather too low and as a result lead
to an overestimation of the E11 values, the calculation approach based on modal and
flexural tests should lead to an underestimation of the (𝐺𝐴)𝑒𝑓𝑓,𝑓𝑙𝑒𝑥 results.

Figure 5.19 to Figure 5.22 present the different calculated shear stiffness values as well as
the test results from the two different laboratory tests. In Figure 5.19 the results for the 3layer panels in the major strength direction are presented. Good agreement between the
shear stiffness values calculated by Timoshenko beam theory and shear analogy using
commonly used ratios can be seen with the shear analogy method values being slightly
lower. The difference between the values calculated by Timoshenko beam theory and shear
analogy method increases with a decreasing 𝐺13 ⁄𝐺23 ratio as it can be seen when
comparing with the results calculated based on the single-layer planar shear tests (TBT(test)
and SA(test)). The planar shear test results show better agreement with the calculated values
based on the single-layer planar shear tests, with the laboratory shear test values being
lower values than the calculated values. The FEG layer based results produce more
consistent results compared to the SEG layer based tests. The stiffness values determined
by flexure tests show better agreement with the values calculated by common ratios, while
showing relatively low values in general.
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Figure 5.19: Shear stiffness values of 3-layer CLT in the major direction

Figure 5.20 presents the results for the 3-layer panels in the minor strength direction. Only
Timoshenko beam theory based calculated values are presented for the minor direction of
the 3-layer CLT panels since no stiffness values based on shear analogy method can be
calculated for the minor direction of 3-layer panels because no distance 𝑎 of the centre
points of the most outer layers parallel to the considered direction exists. Significant
difference between the results calculated based on commonly used ratios and single-layer
test results can be observed. In the minor direction, the test planar shear test results show
better agreement with the calculated values based on the commonly used stiffness ratios.
Like in the major direction the FEG layers show more consistent results. The results from
the flexure tests are significantly lower compared to the other results.
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Figure 5.20: Shear stiffness values of 3-layer CLT in the minor direction

The evaluated shear stiffness values for the 5-layer CLT panels parallel to the grain of the
outer layers are presented in Figure 5.21. Similar to the major direction of the 3-layer CLT
(Figure 5.19) the Timoshenko beam theory results and the shear analogy method results
show good agreement with each other for the different calculation bases (commonly used
ratios and single-layer shear tests). The two different calculation bases lead to significant
differences within the two calculation methods. The planar shear test results of the FEG
layer based CLT panels show higher values compared to the SEG layer based CLT panels.
The results from the flexure tests are significantly lower.
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Figure 5.21: Shear stiffness values of 5-layer CLT in the major direction

The 5-layer CLT panel results in the direction perpendicular to the grain of the outer layer
are shown in Figure 5.22. As before, the agreement between the two calculation methods
for the commonly used stiffness ratios is good but the difference between the results from
the two methods becomes larger with a decrease in 𝐺13 ⁄𝐺23 ratio. As for the minor
direction of the 3-layer panels, the planar shear test results show better agreement with the
values calculated based on the single-layer planar shear test results. The results from the
flexure tests are significantly lower but show reasonable agreement with the values
calculated by the commonly used stiffness ratios.
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Figure 5.22: Shear stiffness values of 5-layer CLT in the minor direction

Several observations can be made from the presented results. First, the results show that
the two calculation approaches yield similar shear stiffness values, especially at lower
𝐺13 ⁄𝐺23 ratio. This can be drawn from the results using the commonly used stiffness ratios
(TBT(ratio) and SA(ratio)). The two approaches lead to similar shear stiffness values with the
Timoshenko beam theory commonly yielding higher shear stiffness values. Furthermore,
the figures associated with the major strength direction (Figure 5.19 and Figure 5.21)
indicate that the agreement of the two methods improves with the number of layers. Figure
5.19 to Figure 5.22 show that the 𝐺13 ⁄𝐺23 ratio has a strong influence on the agreement of
the two calculation methods. The two different property sets used for the calculations,
namely the commonly used property ratios 𝐺13 = 𝐸11 ⁄16 and 𝐺23 = 𝐺13 ⁄10 and the
average single-layer 𝐺13 and 𝐺23 values from laboratory tests lead to significant
differences in the calculated shear stiffness. The main reason is that the properties
evaluated in the planar shear tests are substantially higher than the ones determined by the
property ratios. For the average modulus of elasticity 𝐸11 of the single-layers evaluated in
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the modal tests the property ratios yield shear moduli of 𝐺13 = 658.5N/mm2 and 𝐺23 =
65.9N/mm2. The average values from the planar shear test are 𝐺13 = 813.9N/mm2 and
𝐺23 = 261.8N/mm2 for FEG layer panels and 𝐺23 = 188.5N/mm2 for SEG layer panels.
Based on the planar shear test results the property ratio based approach leads to about 21%
lower 𝐺13 values and 75% (FEG) to 66% (SEG) lower 𝐺23 values.

Figure 5.23 and Table 5.21 present a comparison of the calculated shear stiffness values
based on the Timoshenko beam theory, the shear analogy method and the shear stiffness
values evaluated based on flexure tests. The results from the planar shear tests are chosen
as the base for the comparison. Table 5.21 shows the average values (Avg.) of the 3- and
5-layer CLT in the major and minor direction, as well as the standard deviation (StDev).
Figure 5.23 and Table 5.21 show that the property ratio related values yield lower results
compared to the values evaluated by the planar shear tests, with exception of the values
based on the Timoshenko beam theory for the 3-layer CLT in the minor direction. The
single-layer planar shear test results are higher than the ones evaluated by the CLT planar
shear tests. Based on this, it appears that the single-layer planar shear test 𝐺13 -to-𝐺23 ratios
between 3.1 (for FEG) and 3.6 (for SEG) could be lower than the ratios found in the layers
in the actual tested CLT panels. The main reason is possibly the relatively high single-layer
𝐺23 values of 261.8N/mm2 for the FEG panels and 188.5N/mm2 for the SEG panels. As
mentioned before, a possible reason could be the influence of the strong and stiff adhesive
connection between the aluminium plates and the lumber. These evaluated values are
significantly higher that the 𝐺23 values commonly used in design. Lower 𝐺13 -to-𝐺23 ratio
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leads to higher overall CLT shear stiffness value in both major and minor directions. Other
research projects have suggested that 𝐺23 values be about 135N/mm2 for similar materials
(Zhou, 2013; Gong & Chui, 2015), which would lead to a 𝐺13 -to-𝐺23 ratio of around 6.0
and therefore a better agreement to the shear stiffness values evaluated in the laboratory
tests. It is interesting to see that the results from the flexure tests are not only lower than
the results from the planar shear tests but that the relative difference between them is
consistently around −79% at a relatively low level of standard deviation. This value is
affected by the potentially inaccurate E11 values from the modal and static tests, but if a
constant value can be confirmed by further testing, the shear stiffness of multi-layer CLT
panels with symmetrical layup and constant layer thickness could be estimated by a
combination of modal and bending test, which would lead to significantly lower testing
efforts compared to the planar shear tests.
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Figure 5.23: Calculated and laboratory shear stiffness values compared to planar shear test results
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Table 5.21: Comparison of calculated and laboratory shear correction factors

Major

Panel Type
3
Layer
5
Layer

Minor

Total
3
Layer
5
Layer
Total

Avg.
StDev
Avg.
StDev
Avg.
StDev
Avg.
StDev
Avg.
StDev
Avg.
StDev

TBT(ratio)/Planar SA(ratio)/Planar TBT(test)/Planar
[%]
[%]
[%]

−53.7
15.1
−26.2
34.3
−40.8
29.2
54.8
53.9
−56.3
12.1
2.9
68.9

−61.0
12.6
−30.8
32.1
−46.9
27.9
−64.8
10.3
−64.8
10.3

53.3
43.3
106.6
83.0
78.2
69.2
159.4
103.8
47.7
38.4
107.3
97.2

SA(test)/Planar Flex/Planar
[%]
[%]

26.8
35.8
91.6
76.9
57.0
66.3
16.6
30.7
16.6
30.7

−79.4
7.3
−77.7
9.0
−78.6
8.0
−81.7
7.4
−76.2
6.3
−79.1
7.3

Planar Shear Strengths, fv,13 and fv,23
The global out-of-plane shear strength parallel to the grain of the outer layers (fv,13) and the
global out-of-plane shear strength perpendicular to the grain of the outer layers (fv,23) of
selected multi-layer CLT panels were evaluated using different static planar shear test setup
as described in sections 3.3.2.4 and 3.6.4.4.

The shear strength values were evaluated from the shear moduli tests described in the
previous section. Table 5.14 and Table 5.15 give an overview of the test specimens in terms
of laminate width, growth ring orientation, edge-gluing situation, and dimensions. Figure
5.24 and Figure 5.25 present the out-of-plane shear strength parallel to the grain of the
outer layers (fv,13, blue bars), as well as the density of the perpendicular layers (red markers)
and the aspect ratios (black markers) for the results obtained based on ASTM D2718 and
Gong and Chui (2015) respectively. As before, it can be seen that the densities of the FEG
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based panels are generally slightly higher than the ones of the SEG based panels. The
influence of the aspect ratio on the fv,13 values is less pronounce for the FEG based panels
compared to the SEG based CLT. Particularly the 3-layer SEG based CLT panels show a

9
8
7
6
5
4
3
2
1
0

fv,13

Aspect Ratio

600

Density

500
400

300
200
100

Density [kg/m3]

fv,13,static [N/mm2] / Aspect Ratio [-]

strong relationship to the aspect ratios.

0

FEG

SEG

S- FF- SS F

FEG

3-Layer

SEG

5-Layer

9
8
7
6
5
4
3
2
1
0

fv,13

Aspect Ratio

600

Density

500
400
300
200

100
0
FEG

SEG

S- FF- SS F

3-Layer

FEG

SEG

5-Layer

Figure 5.25: fv,13, density and aspect ratio values of the CLT panels (Gong & Chui, 2015)
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Figure 5.24: fv,13, density and aspect ratio values of the CLT panels (ASTM D2718)
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Table 5.22 and Table 5.23 present the out-of-plane shear strength parallel to the grain of
the outer layers of the tested 3- and 5-layer CLT panels obtained from the procedure based
on ASTM D2718 and Gong and Chui (2015) respectively.

Table 5.22: Overview of the fv,13 test results of the CLT panels based on ASTM D2718

Layers

3-Layers

5-Layers

Label
120-up-FEG
76-45-FEG
76-flat-FEG
32-up-FEG
32-45-FEG
120-45-SEG
120-flat-SEG
76-up-SEG
76-45-SEG
76-flat-SEG
32-45-SEG
32-flat-SEG
Mix (S-F-S)
Mix (F-S-F)
120-up-FEG
120-45-FEG
120-flat-FEG
76-up-FEG
76-45-FEG
32-up-FEG
32-45-FEG
32-flat-FEG
120-up-SEG
120-45-SEG
120-flat-SEG
76-up-SEG
32-up-SEG
32-45-SEG

Number of
Specimens
1
2
1
2
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
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Density
Cross-Layer
[kg/m3]
443.5
445.4
465.3
459.8
474.3
413.7
387.6
395.1
416.2
399.1
406.7
389.3
483.4
399.5
497.9
432.7
525.0
472.5
479.8
459.8
479.8
472.5
393.5
440.1
403.6
408.9
411.3
406.5

fv,13
[N/mm2]
1.6
1.8 - 2.1
1.9
1.7 - 2.0
2.6
1.5
1.7
1.2
1.6
1.4
1.1
0.9
1.2
1.2
2.4
1.7
2.0
1.8
2.3
1.9
2.3
1.8
1.4
1.4
1.3
1.3
0.9
0.8
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Table 5.23: Overview of the fv,13 test results of the CLT panels based on Gong and Chui (2015)

Layers

3-Layers

5-Layers

Label
120-up-FEG
76-45-FEG
76-flat-FEG
32-up-FEG
32-45-FEG
120-45-SEG
120-flat-SEG
76-up-SEG
76-45-SEG
76-flat-SEG
32-45-SEG
32-flat-SEG
Mix (S-F-S)
Mix (F-S-F)
120-up-FEG
120-45-FEG
120-flat-FEG
76-up-FEG
76-45-FEG
32-up-FEG
32-45-FEG
32-flat-FEG
120-up-SEG
120-45-SEG
120-flat-SEG
76-up-SEG
32-up-SEG
32-45-SEG

Number of
Specimens
3
6
3
2
3
3
3
3
3
4
4
4
3
2
3
4
3
4
4
4
3
4
4
4
4
4
4
4

Density
Cross-Layer
[kg/m3]
443.5
445.4
465.3
459.8
474.3
413.7
387.6
395.1
416.2
399.1
406.7
389.3
483.4
399.5
497.9
432.7
525.0
472.5
479.8
459.8
479.8
472.5
393.5
440.1
403.6
408.9
411.3
406.5

fv,13
[N/mm2]
1.4 - 2.5
2.1 - 2.5
1.9 - 2.1
2.3 - 2.7
2.4 - 2.7
1.5 - 1.9
1.6 - 1.8
1.1 - 1.8
1.2 - 1.4
1.4 - 2.1
1.2 - 1.7
1.0 - 1.3
1.7 - 1.9
1.3 - 1.5
2.2 - 2.3
1.6 - 2.3
2.0 - 2.5
1.9 - 2.2
2.1 - 2.3
1.8 - 2.2
2.1 - 2.6
1.8 - 2.3
1.3 - 1.5
1.2 - 1.7
1.4 - 1.8
1.2 - 1.5
0.8 - 1.0
0.7 - 0.8

The statistical evaluation of the out-of-plane shear strength parallel to the grain of the outer
layers was undertaken similarly to the G13 evaluation in the previous section using a linear
multiple regression analysis. The evaluated laminate properties were average layer density
(ρlayer i), the aspect ratios (AR), the growth-ring orientation (GRO) and the edge-gluing
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situation (EGS) of the layers. “RStudio” was used for the analysis, using the same
definitions for the variables as during the single-layer phase. The density of the layers and
the aspect ratios were taken as numerical values, while values were assigned to the different
growth ring orientations (45° = 0, flat-sawn laminates = -1, and quarter-sawn laminates =
+1). Fully-edge-glued layers (FEG) were assigned a value of “+1” while a value of “0” was
used for semi-edge-glued layers (SEG). Here the SEG layers are used as a base value.
The growth ring orientation showed no statistical significance on the fv,13 values of the
overall CLT. The adopted model can be described as in Equation 5.12.
𝑓𝑣,13,𝑠𝑡𝑎𝑡𝑖𝑐 = (𝐸𝐺𝑆{0, +1} ∙ (𝛽1 𝐴𝑅 + 𝛽2 ) + (1 − 𝐸𝐺𝑆{0, +1}) ∙ (𝛽3 𝐴𝑅 + 𝛽4 ))

Equation 5.12

∙ 𝜌𝑙𝑎𝑦𝑒𝑟 2 + 𝛽5 𝐸𝐺𝑆{0, +1} + (1 − 𝐸𝐺𝑆{0, +1}) ∙ (𝛽6 𝐴𝑅)

Where 𝑓𝑣,13,𝑠𝑡𝑎𝑡𝑖𝑐 is the overall out-of-plane shear strength parallel to the grain of the outer
layers evaluated from the planar shear tests in N/mm2, 𝛽𝑖 are the different coefficients, and
𝜌𝑙𝑎𝑦𝑒𝑟 2 is the density of second layer in kg/m3.

Table 5.24 and Table 5.25 show the investigated coefficients 𝛽𝑖 for the out-of-plane shear
strength parallel to the grain values, the related standard error and the p-values for the test
based on ASTM D2718 and Gong and Chui (2015), respectively. As previously, not all of
the evaluated p-values are significant, which could be caused by the high number of
coefficients, but the related coefficients were included in the model since they improve the
agreement between the measured and predicted values. It can be seen that the coefficients
of the two evaluations differ but are generally within the same range. The ASTM D2718
based coefficients are based on a total of 8 3-layer FEG panels, 8 3-layer SEG panels, 8 5-
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layer FEG panels and 6 5-layer SEG panel. The coefficients for the method by Gong and
Chui (2015) are based on a total of 19 3-layer FEG panels, 27 3-layer SEG panels, 29 5layer FEG panels and 24 5-layer SEG panel.

Table 5.24: Results from linear multiple regression for fv,13 based on ASTM D2718

Coefficient
Value
Standard Error
p-Value
-4.51E-05
5.94E-05
0.456
𝛽1
9.18E-03
2.43E-03
9.39E-04
𝛽2
-7.20E-04
3.96E-04
8.14E-02
𝛽3
2.01E-03
4.08E-04
4.93E-05
𝛽4
-2.17
1.09
5.85E-02
𝛽5
0.39
0.17
3.15E-02
𝛽6
Note: Based on a total of 30 results (16 FEG results and 14 SEG results)

Table 5.25: Results from linear multiple regression for fv,13 based on Gong and Chui (2015)

Coefficient
Value
Standard Error
p-Value
-4.84E-05
3.85E-05
0.211
𝛽1
5.89E-03
1.61E-03
4.05E-04
𝛽2
-1.63E-04
2.48E-04
0.512
𝛽3
2.29E-03
2.31E-04
2.88E-16
𝛽4
-0.49
0.73
0.499
𝛽5
0.15
0.105
0.145
𝛽6
Note: Based on a total of 99 results (48 FEG results and 51 SEG results)

Figure 5.26 and Figure 5.27 show the statistical model based fv,13 values plotted against the
measured fv,13 values from the planar shear tests for the tests based on ASTM D2718 and
based on Gong and Chui (2015), respectively. As before, the data points are presented
based on the number of layers and edge-gluing type (3-layer CLT based on FEG panels –
dark blue, 3-layer CLT based on SEG panels – dark green, 5-layer CLT based on FEG
panels – light green, and 5-layer CLT based on SEG panels – light blue). The figure
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includes a control line presenting the actual fv,13 values and the equation for the best-fit
trend line for the data points. Generally the assumed model shows good agreement with
the control line and the slope of the best-fit trend line is close to one.

3

fv,13,static = 1.0012∙fv,13,est - 0.002
R2 = 0.78
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Figure 5.26: Estimated fv,13 values against actual fv,13 values of the CLT panels based on
ASTM D2718
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Figure 5.27: Estimated fv,13 values against actual fv,13 values of the CLT panels based on
Gong and Chui (2015)
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Figure 5.28 presents the out-of-plane shear strength perpendicular to the grain of the outer
layers (fv,23, blue bars), as well as the density of the perpendicular layers (red markers) and
the aspect ratios (black markers) for the results obtained based on ASTM. As before, it can
be seen that the densities of the FEG based panels are generally slightly higher than the
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Figure 5.28: fv,23, density and aspect ratio values of the CLT panels based on ASTM D2718

Table 5.26 presents the out-of-plane shear strength values perpendicular to the grain of the
outer layers, fv,23, of the tested 3- and 5-layer CLT panels. The presented densities of the
cross-layers of the 5-layer CLT panels (*) are the average densities of the three cross-layer
within the 5-layer panels.
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Table 5.26: Overview of the fv,23 test results of the CLT panels based on ASTM D2718

Layers

Label

3-Layers

5-Layers

120-up-FEG
76-45-FEG
76-flat-FEG
32-up-FEG
32-45-FEG
120-45-SEG
120-flat-SEG
76-up-SEG
76-45-SEG
76-flat-SEG
32-45-SEG
32-flat-SEG
Mix (S-F-S)
Mix (F-S-F)
120-up-FEG
120-45-FEG
120-flat-FEG
76-up-FEG
76-45-FEG
32-up-FEG
32-45-FEG
32-flat-FEG
120-up-SEG
120-45-SEG
120-flat-SEG
76-up-SEG
32-up-SEG
32-45-SEG

Number of
Specimens
1
2
1
2
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

Density
Cross-Layer
[kg/m3]
470.7
459.8 - 483.4
487.0
436.3 - 488.8
472.5
429.3
478.8
407.7
402.2
457.9
405.0
381.9
339.8
474.3
454.4*
485.2*
471.6*
452.1*
450.8*
463.5*
459.8*
426.3*
385.3*
408.9*
395.6*
397.7*
406.1*
418.2*

fv,23
[N/mm2]
1.9
1.4 - 1.7
1.5
1.6 - 2.2
1.9
1.3
0.9
1.3
0.9
1.3
1.1
1.0
1.1
2.1
1.9
2.0
1.8
1.8
1.6
1.5
2.4
1.3
1.0
1.2
1.3
1.0
0.9
0.9

Strain Gauge Tests
One 3-layer CLT panel was equipped with strain gauges as described in section 3.3.2.5.
Each layer within the 3-layer CLT panels was equipped with four strain gauges, one in the
major and one in the minor direction of each panel side. The 3-layer CLT panel was tested
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in multiple test setups to evaluate the stress distribution in different support and loading
situations. In all tests the load was applied at a cross-head movement of 0.5mm/min. The
three-point bending tests were undertaken as described in sections 3.3.2.1 and 3.6.4.4. The
panel was tested in both panel directions, major and minor direction In addition to the threepoint bending tests, static plate bending tests with all four sides simply supported were
undertaken as described in sections 3.3.2.3 and 3.6.4.4. The third employed test setup was
a static plate twisting test as described in sections 3.3.2.2 and 3.6.4.4. In each test setup the
panel was tested twice, ones with either panel side facing up and ones down.

The evaluation of the stress distributions of the 3-layer CLT panel under the different
loading and support conditions was undertaken based on Equation 3.22.

Table 5.27 presents the results of the single-layer strain gauge tests as well as test results
based on LVDT measurements. The E11 values from the LVDT measurements are higher
than the strain gauge results, but both values are reasonable. In the E22 direction the strain
gauges yield higher values compared to the LVDTs. This could be due to a reinforcing
effect of the epoxy that was used to adhere the strain gauges to the specimens. The strain
gauge results from layers 1 and 3 show some difference even though the layers derive from
the same single-layer panel. This is probably due to the locality of the measurement.
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Table 5.27: Summary of layer results from strain gauge tests

Layer 1
Layer 2
Layer 3

Side 1
Side 2
Side 1
Side 2
Side 1
Side 2

Strain Gauge
E11
E22
avg. E11
[N/mm2] [N/mm2] [N/mm2]
9888
208
9581
9275
213
5954
396
6504
7054
378
11193
324
10541
9890
602

avg. E22
[N/mm2]

LVDT
E11
E22
[N/mm2] [N/mm2]

211

11779

174

387

7904

227

463

11416

169

The three-point bending test results were compared with theoretical results based on the so
called γ-method (Deutsches Institut fuer Normung e. V., DIN 1052:2008-12, 2008) and the
shear analogy (Winter et al., 2008) mentioned earlier. In the γ-method the shear
deformation of different layers is addressed by reducing their parallel axis theorem part of
the bending stiffness by a factor, γ. The method gives an exact solution for certain loading
and boundary conditions, but generally provides a good approximation for most relevant
loading situations in the field of construction. The factor γ is calculated based on Equation
5.13.
1

𝛾𝑖 =
1+

𝜋 2 𝐸𝑖 𝐴𝑖
𝑙2

ℎ̅
∗ ̅
𝐺𝑏

Equation 5.13

Where 𝛾𝑖 is the factor for layer 𝑖, 𝐸𝑖 is the modulus of elasticity of layer 𝑖 in N/mm2, 𝐴𝑖 is
the cross-section area of layer 𝑖 in mm2, 𝑙 is the span of the system in mm, ℎ̅ is the thickness
of the layer perpendicular to the span in mm, 𝐺̅ is the shear modulus of the layer
perpendicular to the span in N/mm2, and 𝑏 is the width of the element in mm.
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The overall bending stiffness of the cross-section is calculated by Equation 5.14.
𝑛

𝑛

𝑏𝑖 ℎ𝑖3
2
𝐸𝐼 = ∑ 𝐸𝑖
+ ∑ 𝛾𝑖 𝐸𝑖 𝑏𝑖 ℎ𝑖 𝑧𝐶,𝑖
12
𝑖=1

Equation 5.14

𝑖=1

Where 𝛾𝑖 is the factor for perpendicular layer 𝑖 (for layers parallel to the span 𝛾 = 1), 𝐸𝐼
is the bending stiffness in a particular direction in Nmm2, 𝐸𝑖 is the modulus of elasticity of
the layer 𝑖 in N/mm2, 𝑏𝑖 is the width of layer 𝑖 in mm, ℎ𝑖 is the thickness of the layer 𝑖 in
mm, 𝑧𝐶,𝑖 is the distance of the centroid of the layer 𝑖 to the neutral axis of the cross-section
in mm.

For calculations where the shear deformation is not of concern γ can be set to one for all
layers. The normal forces and the bending moment for each layer are calculated based on
Equation 5.15 and Equation 5.16 respectively. These internal forces are used for the
calculation of the stress distribution in the layers.
𝑁𝑖 =

𝑀
𝛾𝑧 𝐸𝐴
𝐸𝐼 𝑖 𝐶,𝑖 𝑖 𝑖

Equation 5.15

𝑀
𝐸𝐼
𝐸𝐼 𝑖 𝑖

Equation 5.16

𝑀𝑖 =

Where 𝑁𝑖 is the normal force acting on layer 𝑖 in N, 𝑀𝑖 is the bending moment acting on
layer 𝑖 in Nmm, 𝑀 is the overall bending moment in Nmm, 𝐸𝐼 is the overall bending
stiffness in Nmm2, 𝛾𝑖 is the factor for layer 𝑖, 𝑧𝐶,𝑖 is the distance of the centroid of the layer
𝑖 to the neutral axis of the cross-section in mm, 𝐸𝑖 is the modulus of elasticity of layer 𝑖 in
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N/mm2, 𝐴𝑖 is the cross-section area of layer 𝑖 in mm2, and 𝐼𝑖 is the moment of inertia of the
layer 𝑖 in mm4.

The stress distributions across the CLT panel were calculated based on Equation 3.22, the
E11 and E22 values obtained from the single-layer phase and the strain measured by the
strain gauges during the 3-layer CLT tests. The order of the properties within Table 5.27
represents the arrangement in which the 3-layer CLT panel was assembled. Furthermore,
the average values were used for the theoretical calculated stress distributions in three point
bending based on the γ-method and the shear analogy. As before in section 5.1.2.4, the
shear properties of all layers were assumed to be G13 = 813.9N/mm2 and G23 = 261.8N/mm2
(for FEG panels).

Figure 5.29 and Figure 5.30 show the measured stress distribution of a three-point bending
test in the direction parallel and perpendicular to the grain direction of the outer layers
respectively. The figure also includes the stress distributions calculated by the γ-method
and the shear analogy. It can be seen from Figure 5.29 and Figure 5.30 that the both
theoretical approaches replicate the characteristics of the stress distribution well, but show
differences in magnitude. The shear analogy seems to over estimate the stresses at times.
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Figure 5.29: Bending stress in three-point bending in the major direction (18.2kN)
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Figure 5.30: Bending stress in three-point bending in the minor direction (2.5kN)

In the following, stress distributions from the other tests are presented and described.
Figure 5.31 and Figure 5.32 show the measured stress distribution parallel and
perpendicular to the grain of the outer layers of the CLT panel under a point load in the
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center with all sides supported conditions respectively. When looking at the stress
distributions in Figure 5.31 and Figure 5.32 it can be seen that the distributions are similar
to the distributions shown in Figure 5.29 and Figure 5.30, respectively. When comparing
Figure 5.30 and Figure 5.32 it can be seen that the location where the stress level is zero in
Figure 5.32 is shifted upwards compared to the location in Figure 5.30. Comparing the
results from the three-point bending tests and the all sides simply supported a rough
estimate of the load distribution in the direction parallel and perpendicular to the grain can
be drawn. The stress levels in the all sides supported tests were chosen to match the ones
from the three-point bending tests closely. Even the overall load level in the all side
supported bending tests is lower, an estimate about the load distribution in the major and
minor direction can be drawn based on the three-point bending tests. At a similar stress
level the load during the three-point bending tests was 18.2kN in the major strength
direction and about 2.5kN in the minor strength direction. This leads to a load distribution
ratio in the major-to-minor direction of about 7.3 for a 3-layer CLT panel at loaded at a
major-to-minor span ratio of one.
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Figure 5.31: Bending stress in the major direction in all side supported bending (12.2kN)
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Figure 5.32: Bending stress in the minor direction in all side supported bending (12.2kN)

The stress distributions from the plate twisting tests are presented in Figure 5.33 and Figure
5.34. The stress distributions parallel to the grain of the outer layers are presented in Figure
5.33. Figure 5.33 a) and b) present the panel in the same setup, the difference between
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Figure 5.33 a) and b) is that the panel has been rotated by 90° around the axis normal to
the panel plane. It can be seen that the resulting stress distribution shows similar shape but
with opposite ± orientation. Stresses in the outer layers seem to be higher when the layer
is within the compression zone. The stress distributions perpendicular to the grain of the
outer layers are presented in Figure 5.34. As before Figure 5.34 a) and b) present the same
panel but rotated by 90° around the axis normal to the panel plane. In both graphs it can be
seen that there is a shift towards the compression zone. It is obvious that the compression
zone takes the major portion of the depth, while the tension zone is only found within part
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Figure 5.33: Shear stress in the major direction in twisting test (0.8 kN)

279

b)

Influences of Layer Characteristics on CLT Properties

25

25

20

20

Distance from Center [mm]

Distance from Center [mm]

Chapter 5

15
10
5
0

-0.4

-0.2

-5

0

-0.6

0.2

-10
-15
Strain Gauge

-20

15
10
5
0
-0.4

-0.2

-5 0

0.2

-10
-15
Strain Gauge

-20

-25
Stress [N/mm2]

-25
Stress [N/mm2]

a)

b)

Figure 5.34: Shear stress in the minor direction in twisting test (0.7kN)

5.2

Discussion

Here the results of the different multi-layer CLT panel tests are discussed. The key findings
from the previous sections are highlighted and potential implications of these results are
indicated.

The global modulus of elasticity parallel to the grain of the outer layers (E11) results of the
3- and 5-layer CLT panels are presented in section 5.1.2.1. The E11 values were evaluated
using two different tests, free-free modal tests and static three-point bending tests. The
results are summarized in Table 5.28. The table shows the average, maximum and
minimum E11 values as well as the related standard deviation for the calculated global E11
values based on the average laminate E values (Eaverage), for the calculated global E11 values
based on the evaluated single-layer E11 values (ELayer), for the E11 values determined by the
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modal tests (Emodal) and based on Euler bema theory (EEuler), as well as the E11 values from
the static tests (Estatic). The two calculated results show good agreement with each other
with higher results in the layer based calculations reflecting the findings from the singlelayer results. The 3-layer modal test results agree well with the calculated values in terms
of the average and minimum results, the maximum E11 value exceeds the calculated results
significantly, presenting an outlier. The test results of the 5-layer CLT show less good
agreement. Here the average result and the maximum values are significantly higher
compared to the calculated results. This could have two reasons, either the cross lamination
has considerable structural benefits, reinforcing the layers, or the evaluated modal test
results are inaccurate. The later is considered to be more likely since the increase of some
5-layer panel results is unproportional. The outliers within the 3-layer CLT results indicate
that the modal test results might not always be accurate. This is related to the length-tothickness ratio and the associated influence of shear deformation. The decreasing lengthto-thickness ratio resulting from the increasing thickness of the 5-layer CLT in combination
with potentially inaccurate assumptions for the shear moduli lead to higher E11 results. This
can also be seen when comparing the modal test results with the results calculated based
on the Euler beam theory. These two sets of results are based on the same characteristics,
namely the panel natural frequencies, densities and geometries, but the Euler beam theory
does not consider the effects of shear deformation. Comparing the calculated results with
the results from the static tests shows the strong influence of the shear deformation on the
3- and 5-layer CLT panel static test results. Here the decreasing span-to-thickness ratio
increases the influence of the shear deformation.
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With the modal test results being inaccurate in terms of magnitude, the Euler based results
were used for a statistical evaluation. In order to get a useful statistical model that could be
used to predict the global modulus of elasticity parallel to the grain of the outer layers of
CLT panels, full-scale tests should be undertaken to obtain useful global stiffness data. It
is assumed that at least the evaluated coefficients for the E11 predictions have to be adjusted.
Additional modal tests with full-size panels, with higher length-to-thickness ratios, will be
necessary to evaluate if the high modal test results are due to the small length-to-thickness
ratio and if the statistical coefficients need adjustment. The results from the different test
methods show partially significantly different results. Particularly the results based on
Euler theory (EEuler) and the static test (Estatic) results show a high discrepancy to the other
methods. The reason is that both, Euler theory and the static bending tests do not take the
shear deformation into account. The occurring deformation is entirely attributed to the
bending behaviour, disregarding that a portion of the deformation is due to shear distortion.
This leads to lower E values for these methods.

Table 5.28: Summary of E11 test results

3-Layer

5-Layer

E11,average
E11,Layer
E11,modal
E11,Euler
E11,static
E11,average
E11,Layer
E11,modal
E11,Euler
E11,static

Average
[N/mm2]
9549
10493
10775
7278
2953
8267
8879
12399
4674
1213

Maximum
[N/mm2]
13557
14856
18516
11164
4010
11674
12361
19179
6412
1472
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Minimum
[N/mm2]
6156
6958
6381
4928
2192
5675
6442
5843
3083
951

StDev
[N/mm2]
1541
1517
2417
1360
474
1510
1494
3292
825
149
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The global modulus of elasticity perpendicular to the grain of the outer layers (E22) results
are presented in section 5.1.2.2. As the E11 values, the E22 values were evaluated using freefree modal tests and static three-point bending tests. Unlike for the E11 results, the
calculated E22 results from the laminate and single-layer properties show a lower level of
agreement. This is due to the fact the laminate based values only consider the properties of
the parallel layers, while the layer based calculations consider all layers. Table 5.29
summarizes the test results. The average, maximum and minimum E22 values as well as the
related standard deviations are presented for E22 values determined by the modal tests
(Emodal) and the E22 values from the static tests (Estatic). The modal test results are generally
higher compared to the calculated values, but are consistently within a reasonable range.
The static 3-layer test results are within a similar range than the layer based calculated
values, but the 5-layer static test results show significantly lower values. Within both result
sets, a decrease of E22 values can be recognised for the SEG layer based panels. Here the
gaps between adjacent laminates within the bottom outer layer do not allow for the transfer
of any tensile force, reducing the structural thickness to n-1 layers, leading to a reduced
global stiffness. The E22 results decrease with a decrease of laminate width due to the
missing bond. Outer layers made from small laminates without edge-gluing provide less
resistance in the tensile area and allow for a higher curvature during bending situations.
The FEG layer based panels seem not to be affected by the laminate width.

A prediction model was evaluated based on statistical analysis. The modal test results were
used to evaluate the coefficients of the statistical model. The model addresses the edge-

283

Chapter 5

Influences of Layer Characteristics on CLT Properties

gluing situation as well as the aspect ratio of the laminates of the outer layers if non-edgeglued panels are used. The predicted values show good agreement with the tests values.

Table 5.29: Summary of E22 test results

E22,modal
3-Layer
FEG
E22,static

E22,modal
3-Layer
SEG
E22,static

E22,modal
5-Layer
FEG
E22,static

E22,modal
5-Layer
SEG
E22,static

Width
[mm]
120
76
32
120
76
32
120
76
32
120
76
32
120
76
32
120
76
32
120
76
32
120
76
32

Average
[N/mm2]
791
721
807
592
566
611
538
515
416
448
420
346
3514
3226
2996
970
926
911
2254
2401
1936
724
733
629

Maximum Minimum
[N/mm2] [N/mm2]
911
678
800
653
1024
662
694
486
680
503
766
511
716
439
544
463
459
354
581
383
448
374
395
290
3826
3213
3543
3038
3759
2548
990
953
943
902
991
853
3130
1625
2597
2117
2410
1580
810
662
789
667
689
577

StDev
[N/mm2]
92.3
48.1
137
70.9
60.5
95.0
88.4
27.8
36.4
65.0
26.4
5.2
307
276
483
18.5
21.0
57.9
673
205
427
71.3
51.0
56.3

The global in-plane shear modulus (G12) results are presented in section 5.1.2.3.
Theoretical results were calculated based laminate and layer results. Both calculations
yielded similar results with the layer based calculated results being a bit lower. The G12
values were evaluated using free-free modal tests as well as static twisting tests. Table 5.30
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presents the average, maximum, minimum and standard deviation values of the tested 3and 5-layer panels. The modal and the static test results show good agreement in the 3layer CLT tests, the agreement of the 5-layer CLT panels is less good. The fact that the
agreement decreases with the increased number of layers suggests that the decreased
length-to-thickness ratio could affect the modal test results. Generally it can be seen that
the edge-gluing and, in case of non-edge-glued outer layers, the aspect ratio have
significant influence on the G12 results. The G12 values of the SEG based panels decrease
with decreasing laminate width. This is reasonable since non-edge-glued laminates are not
restrained by adjacent laminates and allow for a gap development and relative displacement
between adjacent laminates during a torsional deformation. A smaller aspect ratio leads to
more gaps within the surface and therefore to more deformation. These characteristics leads
to a lower torsional stiffness. The FEG layer based panels do not show an effect of laminate
width.

A statistical prediction model was evaluated based on the modal test results. The model
incorporates the edge-gluing situations and the aspect ratio of the laminates of the outer
layers in case of non-edge-glued outer layers. The model shows good agreement with the
results from the modal tests. It is suggested to re-evaluated the models coefficients if fullscale CLT panel tests results are obtained.
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Table 5.30: Summary of G12 test results

G12,modal
3-Layer
FEG
G12,static

G12,modal
3-Layer
SEG
G12,static

G12,modal
5-Layer
FEG
G12,static

G12,modal
5-Layer
SEG
G12,static

Width
[mm]
120
76
32
120
76
32
120
76
32
120
76
32
120
76
32
120
76
32
120
76
32
120
76
32

Average Maximum Minimum
[N/mm2] [N/mm2] [N/mm2]
807
862
737
900
1058
744
843
956
741
775
802
751
892
967
768
809
857
748
428
484
343
399
443
360
211
230
179
416
444
376
385
449
332
214
237
183
867
1000
731
1026
1165
878
911
1074
793
660
731
559
767
828
678
671
798
592
461
504
413
416
450
402
214
229
197
311
371
259
265
284
239
138
164
103

StDev
[N/mm2]
52.5
128
72.7
27.7
108
55.7
43.8
38.3
17.9
29.1
59.5
27.9
134
144
130
89.4
78.7
85.6
38.9
23.0
16.4
46.3
22.0
31.7

The global planar shear modulus results parallel to the grain of the outer layers (G13) and
perpendicular to the grain (G23) are presented in section 5.1.2.4. The G13 and G23 values
were determined in static planar shear tests. In addition shear stiffness values were
evaluated using static bending tests results in combination with the modal test results.
Furthermore, results were determined based on the Timoshenko beam theory (TBT) as well
as the shear analogy method (SA) using commonly used property ratios (TBT(ratio) and
SA(ratio)) and single-layer test results (TBT(test) and SA(test)). From the calculations
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approaches presented in section 5.1.2.4 the importance of good assumptions of the shear
property values can be seen. The commonly used ratios found in the literature seem to yield
rather low shear values compared to the test results from the single-layer, particularly for
the direction perpendicular to the grain G23. The calculated results for TBT(ratio) and
TBT(test) differ significantly. The same can be said for SA(ratio) and SA(test) results.
Table 5.31 and Table 5.32 present the different average, maximum and minimum results
from the different test methods of the G13 and G23 values respectively, based on the
laminate width. A few things can be taken from the presented test data. The global shear
modulus of the SEG layer based panels generally decreased with a decreasing laminate
width, while the results from the FEG layer based panels seem to be more consistent among
all laminate width. The planar shear tests according to ASTM D2718 produce slightly
lower results compared to the ones based on Gong and Chui (2015), but the results from
the ASTM D2718 based tests show a much lower level of standard deviation. The results
from the flexural tests produce significantly lower results.

Two statistical evaluations were undertaken using on the G13 planar shear test results from
the ASTM D2718 tests and the tests based on Gong and Chui (2015). Both evaluations use
the same model. The evaluation of the ASTM D2718 based results shows good agreement,
but the model could be improved with some additional data points. The evaluation based
on Gong and Chui (2015) shows less good agreement. This is reasonable since these tests
showed a higher variation within the results and a higher standard deviation.
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Table 5.31: Summary of G13 test results

G13,planar(ASTM)
3-Layer
FEG

G13,planar(G&C)

G13,flex

G13,planar(ASTM)
3-Layer
SEG

G13,planar(G&C)

G13,flex

G13,planar(ASTM)
5-Layer
FEG

G13,planar(G&C)

G13,flex

G13,planar(ASTM)
5-Layer
SEG

G13,planar(G&C)

G13,flex

Width
[mm]
120
76
32
120
76
32
120
76
32
120
76
32
120
76
32
120
76
32
120
76
32
120
76
32
120
76
32
120
76
32
120
76
32
120
76
32

Average
[N/mm2]
173
222
250
211
308
361
36
63
35
260
189
126
325
222
191
36
54
29
288
216
147
276
338
286
37
35
35
159
166
102
121
181
87
31
31
30
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Maximum
[N/mm2]
204
253
328
487
829
919
39
118
36
286
243
138
1223
590
974
36
91
34
356
278
181
524
439
512
41
36
36
209
166
107
195
298
127
33
31
30

Minimum
[N/mm2]
142
195
196
77
75
45
34
36
33
235
159
104
54
20
35
35
35
23
248
154
117
127
272
138
35
35
33
126
166
97
69
122
48
30
31
30

StDev
[N/mm2]
44.0
28.9
69.5
128
217
339
3.4
47.3
1.2
36.3
46.5
18.4
443
205
267
0.4
32.3
5.5
59.4
87.8
32.1
137
49.6
138
3.1
0.8
1.6
44.5
NA
7.5
32.2
81.5
26.2
1.5
NA
0.1

Chapter 5

Influences of Layer Characteristics on CLT Properties

Table 5.32: Summary of G23 test results

G13,planar(ASTM)
3-Layer
FEG
G13,flex

G13,planar(ASTM)
3-Layer
SEG
G13,flex

G13,planar(ASTM)
5-Layer
FEG
G13,flex

G13,planar(ASTM)
5-Layer
SEG
G13,flex

Width
[mm]
120
76
32
120
76
32
120
76
32
120
76
32
120
76
32
120
76
32
120
76
32
120
76
32

Average
[N/mm2]
190
134
227
19
55
20
121
111
103
25
34
25
174
121
143
32
31
31
109
87
127
28
27
25

Maximum
[N/mm2]
190
207
344
19
123
23
150
128
108
28
63
27
206
155
161
32
32
32
126
87
170
29
27
25

Minimum
[N/mm2]
190
75
123
19
19
16
95
77
98
23
16
22
133
88
114
32
30
31
91
87
170
27
27
25

StDev
[N/mm2]
NA
66.9
90.9
NA
58.9
3.2
28.1
29.1
6.6
2.4
25.4
3.1
37.3
47.6
25.4
0.3
0.7
0.6
17.3
NA
60.4
0.7
NA
0.4

The global planar shear strength parallel to the grain (fv,13) and perpendicular to the grain
(fv,23) 5.1.2.5. The shear strength values were evaluated during the same tests as the shear
moduli G13 and G23 in static planar shear tests. The fv,13 and fv,23 test results are presented
in Table 5.33 and Table 5.34 respectively. Similarly to the shear moduli, the ASTM D2718
tests produce slightly lower values compared to the results based on Gong and Chui (2015),
but not as drastically as for the shear moduli. As before in the shear moduli evaluation, the
laminate width showed an influence on the SEG layer based panels in both test directions.
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For the SEG layer based panels, the shear strength values f v,13 and fv,23 decrease with
decreasing laminate width.

As for the planar shear modulus parallel to the grain, two statistical evaluations were
undertaken using on the fv,13 planar shear test results from the ASTM D2718 tests and the
tests based on Gong and Chui (2015). The used model is similar to the ones used in the
statistical evaluation of the shear moduli evaluation. Just as before, the evaluation of the
ASTM D2718 based results shows good agreement, with additional data points being
needed. The Gong and Chui (2015) based evaluation shows less good agreement due to the
higher standard deviation within the results.
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Table 5.33: Summary of fv,13 test results

fv,13,planar(ASTM)
3-Layer
FEG
fv,13,planar(G&C)

fv,13,planar(ASTM)
3-Layer
SEG
fv,13,planar(G&C)

fv,13,planar(ASTM)
5-Layer
FEG
fv,13,planar(G&C)

fv,13,planar(ASTM)
5-Layer
SEG
fv,13,planar(G&C)

Width
[mm]
120
76
32
120
76
32
120
76
32
120
76
32
120
76
32
120
76
32
120
76
32
120
76
32

Average
[N/mm2]
1.42
1.91
2.08
1.93
2.22
2.61
1.60
1.40
1.07
1.74
1.52
1.35
2.00
2.42
1.98
2.08
2.12
2.13
1.35
1.27
0.85
1.45
1.34
0.81
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Maximum
[N/mm2]
1.64
2.08
2.56
2.48
2.59
4.06
1.70
1.60
1.18
1.90
2.05
1.71
2.35
2.53
2.32
2.50
2.34
2.57
1.43
1.27
0.89
1.75
1.49
1.01

Minimum
[N/mm2]
1.20
1.81
1.74
1.43
1.87
1.94
1.50
1.23
0.93
1.54
1.08
1.04
1.71
2.31
1.75
1.56
1.92
1.79
1.27
1.27
0.80
1.21
1.18
0.70

StDev
[N/mm2]
0.31
0.14
0.42
0.31
0.24
0.55
0.14
0.19
0.13
0.14
0.34
0.21
0.32
0.16
0.30
0.32
0.13
0.24
0.08
NA
0.06
0.18
0.16
0.09
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Table 5.34: Summary of fv,23 test results

3-Layer
fv,23,planar(ASTM)
FEG
3-Layer
fv,23,planar(ASTM)
SEG
5-Layer
fv,23,planar(ASTM)
FEG
5-Layer
fv,23,planar(ASTM)
SEG

Width
[mm]
120
76
32
120
76
32
120
76
32
120
76
32

Average
[N/mm2]
1.92
1.52
1.93
1.10
1.18
1.07
1.86
1.70
1.69
1.12
1.01
0.90

Maximum
[N/mm2]
1.92
1.70
2.18
1.27
1.31
1.13
1.94
1.83
2.35
1.25
1.01
0.93

Minimum
[N/mm2]
1.92
1.36
1.60
0.94
0.93
1.02
1.81
1.57
1.26
0.97
1.01
0.87

StDev
[N/mm2]
NA
0.17
0.25
0.16
0.22
0.08
0.07
0.18
0.58
0.14
NA
0.04

One 3-layer CLT panel was equipped with twelve strain gauges and tested in three-point
bending, static twisting tests and bending tests with all sides simply supported as described
in sections 3.3.2.1, 3.3.2.2 and 3.3.2.3 respectively. Since only one panel was tested the
results are more of qualitative nature. The three-point bending test results show that the
commonly used calculation methods like the γ-method and the shear analogy predict the
characteristics of the bending stress distribution over the cross-section well. The magnitude
of the bending stresses at the different measurement locations is not accurate at all location.
This was expected to a certain degree since the strain measurements from the strain gauges
are local measurements. Furthermore, there is no bonding line at the locations of the strain
gauges since a glue line in these locations would affect the strain gauge measurements
significantly. This missing glue lines in the strain gauge areas seems to affect the interlayer strain distribution, particularly in the compression zone. Similarly to bearing
situations of in screw connections, the so-called rope effect seems to help to minimize the
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effects of the missing glue line and the routed in pocket holes within the tension area. The
rope effect is a phenomenon based on the transfer of tensile forces due to overlapping
fibres. In the bending tests with all sides simply supported boundary conditions the stress
distributions showed similar characteristics as during the three-point bending tests in the
two respective panel directions. It seems that at the given length-to-width ratio of one the
load distribution in the parallel to perpendicular direction is roughly around 7.3. From the
static twisting tests it can be seen that the compression zone is utilizing the major part of
the overall cross-section.

When looking at the different results with respect to the different investigated
characteristics, namely the aspect ratio, growth ring orientation and edge-gluing situation,
it can be seen that the aspect ratio and the edge-gluing situation have significant influence
on the modulus of elasticity perpendicular to the grain of the outer layers (E22), the in-plane
shear modulus (G12), as well as the planar shear moduli (G13 and G23) and the associated
planar shear strength values (fv,13 and fv,23). The effects of the growth ring orientation not
as pronounce as they were in the single-layer stage. The cross-lamination seems to have
reduced the influence of the growth ring orientation. The modulus of elasticity parallel to
the grain of the outer layers is mainly driven by the layer densities, no significant influence
of the investigated characteristics were found.

All tests were scaled tests with rather small length-to-thickness ratios and some of the
results are certainly affected by these conditions. Nevertheless, some conclusions and
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recommendations can be drawn with regards to the evaluation of the CLT properties.
Modal test show great potential for a fast evaluation of at least three CLT properties, E11,
E22 and G12. In the tests with the scaled specimen the modal test method has led to results
within a reasonable range, but seem to lead to an overestimation of some values,
particularly with decreasing span-to-thickness ratio. The reason fro this is unclear at the
moment. Different finite element models were evaluated like 3D Solid models with
different with quadratic reduced and non-reduced elements (C3D20R and C3D20) as well
as 3D Shell models with quadratic reduced elements (S8R). No significant improvement
with increased computational effort was found. The work of other researchers (Guelzow et
al., 2008; and Zhou J., 2018) has shown that modal testing can be an efficient tool for the
evaluation of elastic constants of CLT panels. Due to this it is assumed that the reason for
the high stiffness values is likely due to the small length-to-thickness ratio. Besides the
modal tests the modulus of elasticity parallel to the grain of the outer layers (E11) and
perpendicular to the outer layers (E22) were evaluated static three-point bending tests. The
E11 test showed strong effects of shear deformation due to the small span-to-thickness ratios
of the CLT panels. The E22 test results are less affected by the shear deformation, the 3layer tests results are reasonably close to the modal test results, while the 5-layer test results
show a higher effect of shear influence due to the smaller span-to-thickness ratio. The
results are consistent, therefore three-point bending test seem to be an appropriate method
for the evaluation of E11 and E22 values if larger span-to-thickness ratios can be provided.
As mentioned before, ratios above 30 are recommended for the major direction and a ratio
of above 10 for the minor direction to avoid a too strong influence of shear deformation on
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the evaluated stiffness. The static in-plane shear test results show similar relationships as
the static E22 tests. The 3-layer tests show good agreement to the modal test results, while
the 5-layer CLT test results are lower compared to the modal test results. It is assumed that
the smaller length-to-thickness ratio is mainly responsible for the disagreement. The tests
show the same trends as the modal test. Therefore it is assumed that the static twisting tests
can yield good results if appropriate length-to-thickness ratios are provided. Based on the
5- and 5-layer test results a length-to-thickness ratio of above 10 is recommended. Three
different static test methods were employed for the evaluation of the planar shear properties
in the major and minor directions (G13, fv,13 and G23, fv,23 respectively). The three different
approaches were planar shear tests based on ASTM D2718, planar shear tests based on
Gong and Chui (2015) and an approach combining modal and static bending test results.
Based on the results presented in sections 5.1.2.4 and 5.1.2.5 the approach based on ASTM
D2718 seems to be the most suitable for the evaluation of the planar shear properties. The
test setup is more tedious and work intensive, but the results are in a reasonable range and
show a lower level of variation. Furthermore, the use of the aluminium loading plates
allows to test in both, major and minor strength direction. The tests based on Gong and
Chui (2015) leads to reasonable results, but the standard deviation is much higher
compared to the ASTM D2718 tests. In addition the test setup only allows to for tests in
the major direction, since the in the minor direction the outer layers are orientated
perpendicular to the load and would crush during the testing. The combined method using
modal and static test results leads to unrealistically low shear moduli. On average the
results show a constant ratio to the results from the ASTM D2718 tests, but additional full-
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scale tests would be needed to gain confidence that the test results could be factored to
evaluate the shear moduli of multi-layer CLT panels.
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Conclusions

Cross laminated timber (CLT) has become more popular and the amount of CLT
production worldwide has increased in recent years. The mechanical properties of CLT are
mainly dependent on the quality of the material used with density being a key indicator or
properties. Besides density, other characteristics effect the behaviour of CLT. The
influence of three different laminate characteristics was investigated in this study, namely
edge-gluing, laminate aspect ratio (width-to-thickness ratio) and growth ring orientation of
the laminates. The influence of these characteristics was evaluated for single-layer panels
as well as for 3- and 5-layer CLT panels.

6.1

Influence of Laminate Characteristics

From the results from the previous chapters several conclusions can be drawn. The most
significant laminate property that influences the single-layer and multi-layer CLT panel
properties is certainly the density of the laminates and the layers. Regarding the influence
of the different investigated laminate characteristics it can be said that the edge-gluing
situation in combination with the laminate aspect ratio showed the strongest influence on
the single-layer and multi-layer CLT panels, while an influence of the growth ring
orientation was observed only within the single-layer stage. An influence of edge-gluing
and aspect ratio was found within almost all property evaluations. Their influence is more
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pronounced in properties that are associated with strain and strength in the minor strength
directions.

For the single-layers, a missing bond between adjacent laminates in the SEG panels leads
to local areas with low or zero stiffness in the minor strength direction of the layers. Due
to the missing edge-gluing within the semi-edge-glued single-layer panels the structural
integrity of these panels resulted in them not being tested in several static testing
procedures, such as the evaluation of E22 and G12. Besides this, a significant difference
between edge-glued and non-edge-glued panel single-layer test results was recorded for
the E22 and G12 test results in modal tests. The missing glue and the resulting areas with
low stiffness and strength were reflected in the deformation behavior of the panels and
therefore their overall stiffness values. With increasing laminate width the amount of
missing glue lines and therefore low stiffness areas within the SEG single-layers decrease,
leading to an increase in the stiffness of the layers. No significant influence of the laminate
width has been observed for the FEG single-layer panels. This is reasonable if the bond
provided by edge-gluing is similarly as strong and stiff as the material itself. These effects
on the stiffness can be seen for the E22 values of the single-layer panels, where the missing
glue leads to a gap opening within the tension zone of the section.

The missing glues allow the laminates to rotate separately from each other around the
secondary axis of the panels leading to lower G12 values. Additionally statistical effects
were found for the E11 values, where edge-gluing seems to increase the load-sharing
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between adjacent laminates thereby allowing for an enhanced system effect, where the
effects of local weaker areas, e.g. knots, are compensated for by neighboring laminates.
The edge-gluing shows a beneficial effect on the planar shear strength perpendicular to the
grain fv,23. The reason is a more even load-sharing between the laminates. In addition
neighboring laminates in FEG single-layer panels provide restraining conditions to each
other which seems to help to decrease the rolling shear crack propagation. An influence of
the growth ring orientation on the single-layers was observed for all properties in the
developed statistical models (E11, E22, G12, fv,23). These influences are included in the
corresponding statistical models, but are not as obvious as the influences of the edge-gluing
and the laminate width within the SEG single-layer panels. As mentioned before, no
statistical significance of the growth ring orientation on the evaluated properties of the 3and 5-layer CLT panels has been observed. As for the single-layers, the edge-gluing, and
in case of non-edge-glued CLT panels the laminate width, show a strong influence,
particularly on properties that are associated with the secondary strength direction of the
CLT panels. The missing glue in the SEG based CLT panels lead to lower E22 values
compared to the edge-glued panels (FEG based). The reason is similar to the explanation
for the E22 values in the single-layers. The missing glue in the outer layers, and particularly
in the tension zone of the panel during bending, allow for more deformation within these
layers. During bending, the gaps between the laminates of the outer layers widen within
the tension zone and narrow within the compression zone. While the narrowing or closing
of the gaps within the compression zone allows for the transfer of compression forces
within the layer, the gap widening or opening within the tension zone leads to a reduced
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static height of the SEG based panels. Here the gaps between adjacent laminates in the
outer layer in the tension zone cannot transfer any tension load. The tension load has to be
transferred by the neighboring layer, leading to a reduced distance between the tension and
compression components resulting from the applied bending moment. In turn the laminate
width influences the performance of the non-edge-glued based CLT panels. Here a larger
laminate width leads to higher E22 values. This can be explained if the laminates of the
outer non-edge-glued layers are considered as reinforcements. The face-glued laminates
reinforce the adjacent layer locally and restrict the deformation and curvature of the
adjacent layers within the area of their attachment. Wider laminate reinforce and restrain
the adjacent laminate over a larger area and lead to fewer unrestrained areas. This leads to
a better overall CLT performance in the direction perpendicular to the grain of the outer
layers.

Similar to E22, the G12 is influenced by the edge-gluing and the laminate width if no edgegluing is in place. The laminates in the out outer layers of a SEG based CLT panel are not
restrained by each other. Similarly to the E22 test, gap widening occurs in areas exposed to
tension forces while the gaps within compression zones are narrowed and closed. As
before, no tension forces can be transferred perpendicular to the grain of the outer SEG
layers due to the missing bond between adjacent laminates. In addition to the gap opening
and closing due to the perpendicular loading, the unrestrained laminates have more
freedom to rotate and twist independently from each other in loading that results in a
twisting deformation of the CLT panels. The gap behavior in combination with the
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laminate rotation influences the twisting behavior of the SEG based CLT panels and leads
to as softer behavior compared to the FEG based panels.

The planar shear moduli G13 and G23 as well as the associated planar shear strength fv,13
and fv,23 are affected by the edge-gluing and the aspect ratio of the laminates. The test
results for these properties are fairly consistent among all laminate width if the individual
layer are edge-glued. This changes if the layers are not edge-glued. A decrease in laminate
width leads to a decrease in the planar shear associated values. A possible reason is a more
even and direct load transfer between adjacent laminates in the layers perpendicular to the
load direction. While edge-gluing allows for a direct transfer of compression, tension and
shear components between adjacent laminate, in non-edge-glued layers only compression
components can be transferred directly, if no gaps are present. The missing edge-gluing
does not allow the transfer of tension and shear components. Generally these components
have to be transferred through the neighboring layers parallel to the load direction, leading
to an increased stress in the glue line between layers and a potentially softer behavior and
an earlier failure. In the SEG based CLT, the loads at the inter layer glue line are transferred
as a shear component and pairs of compression and tension components normal to the glue
lines between the layers. These component pairs result from the offset of the induced load.
Smaller laminates lead to higher compression and tension components due to the shorter
distance between the components. Particularly the tension component increases
propagation of shear failures.
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To summarize the influences of the different laminate characteristics:


Material density has a strong influence on all investigated single-layer and CLT
properties.



Edge-gluing influences all investigated single-layer and CLT properties.
Particularly the properties associated to the direction perpendicular to the grain of
the single-layers or the outer layers of the CLT panels are affected. Furthermore,
edge-gluing helps to distribute the load more evenly between laminates during
planar shear tests, leading to higher shear moduli and shear strengths.



Aspect ratio shows an influence on all single-layer and CLT properties, with
exception of the single-layer modulus of elasticity parallel to the grain and modulus
of elasticity of CLT parallel to the grain of the outer layers. Generally, the
properties increase with an increase in aspect ratio. The influence of the aspect ratio
on the global properties in the minor strength direction of the panels is more
pronounce if no edge-gluing is provided (SEG panels).



Generally the observed influence of the growth ring orientation was rather small,
but it influences all statistical models on the single-layer stage. Positive influence
of a growth ring orientation around 45° can was observed for the E11, G13 and G23
values of the single-layers. Unfortunately the small sample size of planar shear tests
in this study did not allow for a more in-depth evaluation. Growth ring orientation
was not observed to have any influence on CLT properties of the tested specimens.
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Discussion of Test Procedures

Several test procedures were employed to evaluate different material properties. A modal
test procedure was employed to measure the modulus of elasticity and the shear modulus
of the laminates in a free-free beam setup. Two modal test procedures were employed in
the single-layer phase. The first one was using SSSF support condition and closed form
equations. The second procedure utilized FFFF support condition with an iterative finite
element solution process to calculate the E11, E22 and G12 values of the single-layer panel.
The FFFF boundary test procedure with the iterative process was also used to measure the
E11, E22 and G12 values of the CLT panels. All the modal test procedures yield reasonable
results, only the free-free modal test of the 5-layer CLT panels seem to lead to high results,
particularly the E11 values. The measured modulus values increase with a decrease in
length-to-thickness ratio. Previous research has shown that similar procedures work for
full-scale CLT panels with higher length-to-thickness ratio (Zhou, 2018).

The three-point bending tests yielded reasonable results for the single-layer tests, as well
as for the CLT tests when considering the effects of shear deformation, which increase with
a decrease in span-to-thickness ratio. For the given span-to-thickness ratios of the 3- and
5-layer CLT panels of around 10 and 6 respectively, the effects of shear deformation are
quite high, particularly in the major direction. This led to significantly lower measured E11
and E22 values. Similar to the modal test, the small CLT dimensions influence the
measurements. For full-scale CLT panels where the span-to-thickness ratio is higher (e.g.
a 5-layer CLT panel at tested in the major direction at a 6m span has a span-to-thickness
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ratio of over 30) the influence of the shear deformation is significantly lower and can
usually be neglected.

The static twisting tests used to evaluate the G12 values of the FEG single-layer panels and
the CLT panels produced reasonable results which compared well with the results from the
modal tests. As mentioned before, the modal test results of the CLT panels seemed to be
effected by the small dimensions of the test specimens and the length-to-thickness ratio
leading to higher results, therefore the results from the static twisting and the modal tests
show a larger difference with an increasing number of layers. Nevertheless, the static
twisting test procedure should be applicable to squared, full-scale CLT panels.

The planar shear properties parallel and perpendicular to the grain (G13, fv,13, G23 and fv,23)
of the single-layer and the CLT panels were measured using the ASTM D2718 procedure
where the load is introduced over the surfaces parallel to the layer planes by adhered
aluminium plates. The test yielded reasonable results, but in general was tedious to apply.
Furthermore, a setup by Gong and Chui (2015) was employed to evaluate the planar shear
properties parallel to the grain of the outer layer of the CLT panels (G13 and fv,13), where
the load is applied over inclined compression areas at the outer layers. Comparing the two
test procedures for the G13 and fv,13 values of the CLT panels shows that the ASTM test
setup leads to slightly lower results compared to the test setup used by Gong and Chui
(2015). Generally, both test setups lead to reasonable results, but the results from the
ASTM D2718 procedure show more consistency and fewer outliers. A possible reason can
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be found in the more uniform application of the load. Besides this, the load introduction
via the inclined compression areas in the test setup used by Gong and Chui (2015)
occasionally leads to compression failures in the outer layers, which can affect the
measured results. The test setup used by Gong and Chui (2015) is not suitable for testing
in the minor direction since the load would be introduced perpendicular to the grain of the
outer layers. This would lead to crushing of the outer layers in the compression areas due
to the low compression stiffness and strength perpendicular to the grain of wood.

To summarize the different test procedures:


The modal test procedures employed for the evaluation of the E11, E22 and G12
values of the single-layers (tested in SFFFF and FFFF setups) and the CLT panels
(tested in FFFF) yield reasonable results. The CLT test results are affected by the
high sensitivity to the assumed shear properties due to the small dimensions and
relatively high thickness, particularly the E11 value is affected. Previous research
has shown that similar processes work well for full-scale CLT panels with higher
length-to-thickness ratios.



Three-point bending tests were undertaken for the single-layers and the CLT
panels. The single-layers panel tests (E11 and E22 (FEG only)) yield reasonable
results. The CLT panel test results (E11 and E22) are affected by the shear
deformation due to the small span-to-thickness ratios of the panels. Previous
research has shown that bending tests of full-scale CLT panels of panels with a
higher span-to-thickness ratio yield reasonable results.
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Static twisting tests were undertaken for the single-layer and the CLT panels. The
test results (G12) of the single-layers (FEG only) and the CLT test results yield
reasonable results.



Planar shear tests based on ASTM D2718 were undertaken in the major and minor
strength directions of the single-layer and the CLT panels. All of the obtained test
results (G13, fv,13, G23 and fv,23) are reasonable.



Planar shear tests in the major strength direction of the CLT panels were undertaken
based on a test setup used by Gong and Chui (2015). The evaluated test results (G13
and fv,13) are reasonable.



Based on previous research and the findings in this work, modal test procedures
seem suitable and reliable for the evaluation of some characteristics of full-scale
CLT panels. Modal tests allow for the evaluation of several panel properties
simultaneously (here E11, E22 and G12) with relatively small effort compared to the
corresponding static test procedures. Furthermore, modal test processes should be
easier to incorporate within CLT manufacturing processes. This makes modal test
procedures a good alternative to static test procedures that usually only allow for
the evaluation of one or two properties at the same time.



The G13 planar shear test results based on ASTM D2718 are slightly lower than the
ones obtained from the Gong and Chui (2015) test setup, but show in general higher
consistency. Furthermore, the test setup based on Gong and Chui (2015) is not
capable of evaluating planar shear properties of single-layer panels or of the minor
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strength direction of CLT panels. Therefore the test setup based on ASTM D2718
is recommended for the evaluation of planar shear properties.


The evaluation of the planar shear stiffness G13A and G23A using a combination of
modal and static test results shows a large, but consistent relative difference to the
planar shear test results. The fact that the relative difference is consistent indicates
that a relationship could be established. Additional full-scale tests are needed to
make final conclusions.

6.3

Limitations of the Presented Work

Limitations of the presented study have been recognized and should be pointed out for a
better understanding and an appropriate interpretation of the results. One of the major
limitations of the presented study is certainly the scaled nature of the test specimens. Due
to the intensive process of testing every laminate before the production of the single-layers
and the CLT panels, as well as limitations in the dimensional capacities of the available
testing equipment, scaled specimens were manufactured and used. As presented before, the
scaled panel length and width particularly effect the test results associated with the moduli
of elasticity parallel and perpendicular of the CLT panels. The resulting small length-tothickness ratios lead to a high sensitivity of the moduli of elasticity to shear deformation.
During modal and bending tests of the CLT panels a high amount of shear deformation
was observed, which is mainly associated with the perpendicular layers.
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Another limitation is the small sample sizes for some of the tests. The amount of singlelayers tested in planar shear is relatively small. No prediction models other that for the
rolling shear strength of single-layer panels could be established. The model for the rolling
shear strength of the single-layers need additional data points to be refined. Furthermore,
assumptions made based on the planar shear tests of the single-layers are influenced by the
small amount of available data. Similarly, the global planar shear properties reported in the
minor direction of the CLT panels were based on a rather small amount of data points. In
addition, the laminate grouping based on their growth ring orientations is rather coarse and
based on subjective visual grading. Here a finer grouping and more intensive evaluation
process might have led to more pronounce results regarding the influence of the growth
ring orientation of the behavior of single-layer and CLT panels.

Finally, due to the sample size of one, the evaluation of the strain and stress distribution of
a CLT panels in different type of loading situations can only be seen as qualitative.

6.4

Application of Results to Full-Scale CLT Panels

Due to the scaled nature of the specimens used in the research not all results might be
applicable to full-scale CLT panels, but most of the findings should be applicable.

The effects of edge-gluing and the aspect ratio should influence full-scale CLT in a similar
way as it was observed in the scaled tests as these two characteristics are closely linked.
The effects are potentially even more severe since industrially manufactured CLT often
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shows gaps between adjacent laminates. Particularly properties associated to the minor
strength direction of CLT should be affected since non-edge-glued outer layers are prone
to gap developments during out-of-plane loading, as observed during the bending tests in
the minor strength direction and the static twisting tests. The effects of edge-gluing on the
out-of-plane shear properties of CLT should be similar give that a similar aspect ratio of
the laminates is provided. As before, gaps between laminates occurring due to
manufacturing should make the effects on non-edge-gluing more pronounce. On the other
hand it should be noted that the SEG CLT panels in this research were produced with tape
sealed gaps between laminates. On one side this avoids accidental glue spread into the
gaps, which can occur in CLT production and can lead to an increase in shear performance.
On the other side the taped sealed gaps in the tested SEG CLT panels reduce the bonding
area for the face-gluing. This reduces the out-of-plane shear properties of the tested panels.
The offset of the axial components in the layers parallel to the shear load lead to an internal
moment which has to be countered by compression and tension forces normal to the faceglue plane. In the SEG CLT panels the tape sealing leads to a reduced internal moment arm
which increases the compression and tension forces, leading to an earlier failure. More
uncertain are the effects of the growth ring orientation on full-scale CLT. The employed
arrangement of the laminates with alternating pitch location in the test specimen is not
found in industrial produced CLT. The arrangement was chosen to ensure more form
stability during the single-layer phase. The alternating pitch location in the tests could
potentially lead to an increase in out-of-plane shear properties of laminates with a growth
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ring orientation of about 45° (rift-sawn) as the annual rings of a laminate might run
perpendicular to the annual rings of the adjacent laminate.

6.5

Future Work

Future work should address the stated limitations. Particularly full-scale tests with a high
sample size would help to get a better understanding of the influence of the laminate
characteristics on the behavior of CLT panels. Besides these the following topics would be
of interest:


The influence of laminate characteristics on long term behaviour and creep of CLT.



The effects of the pitch location of the laminates within perpendicular layers during
out-of-plane could influence the planar shear performance of CLT.



The in-plane shear behaviour of CLT panels needs more work with CLT panels
becoming more popular for high-rise structures with CLT lateral load resisting
system, particularly the performance during earthquake events.



The use of other wood based materials to improve planar shear behaviour of CLT,
as has been researched by the author and his collaborators (Niederwestberg, Zhou,
& Chui, 2018; Niederwestberg, Zhou, Chui, & Gong, 2018; Zhou, Niederwestberg,
Chui, & Gong, 2018), either as full layers or as local inlays in areas subjected to
high shear stresses, such as along support areas.



Reinforcement of CLT to increase its bending and shear performance using screws
or organic fibre matrixes.
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