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Abstract

This thesis makes a contribution to the development of diagonal laminated timber (DLT), a
composite timber product consisting of individual layers which are rotated to each other at
a certain angle to optimize its stiffness properties for specific design situations and applica-
tions, such as biaxial bending due to point-supports. Therefore, DLT represents an applica-
tion-optimized further development of cross laminated timber (CLT).

Within this thesis explanations of mechanical relationships for laminates and their respec-
tive behavior are given. The mechanical properties of various different layups of DLT and
CLT are investigated by means of analytical, experimental, and numerical investigations.
The investigations are carried out with specific DLT series, characterized by layers arranged
at angles of +45° respectively +30° (4+60°). The investigations show that the torsional
stiffness of DLT elements is significantly higher compared to CLT elements. This character-
istic provides beneficial properties for structures undergoing biaxial bending. At the same
time the diagonal arrangement of single layers promises an increase in in-plane stiffness
properties, which are of interest for bracing wall and floor systems. The out-of-plane shear
stiffness properties of DLT in y direction are higher than those of CLT, while the values
in x direction remain in a comparable range. The unidirectional bending properties highly
dependent on the chosen layup. Furthermore, DLT provides homogenization effects on the
distribution of bending and shear stresses over the cross-section. The outcomes of this
research support DLT in becoming an interesting option for mass timber slabs, which are
characterized by serviceability limit states (SLS) such as deformations and ultimate limit

states (ULS), e.g., concentrated stresses around point-supports.

keywords: diagonal laminated timber (DLT), cross laminated timber (CLT), mass timber
composites, laminate theory, out-of-plane shear stiffness, bending stiffness, torsional stiffness,
in-plane shear stiffness, deformations, stresses, point-support, serviceability limit state (SLS),
ultimate limit state (ULS).
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Mechanical Properties of Diagonal Laminated Timber

1 Introduction
1.1  Objective statement

The objective of this thesis is to contribute to the development of a construction product
made of crosswise and diagonally arranged timber layers towards maturity for applica-
tion. In particular, diagonal laminated timber (DLT) will be characterized with respect to
its mechanical properties as a laminate. Different layups of conventional cross laminated
timber (CLT) are compared to their DLT counterparts regarding the effects of diagonal layer
arrangements on the stiffness properties. Theoretical, analytical and numerical approaches
for the characterization of DLT are to be derived and applied. For this purpose, the aim
must be to transfer approaches already available for CLT to DLT.

By the comparison of DLT to CLT using numerical models on different real-scale static
systems of point-supported slabs it will be shown in which design situations diagonal layer
arrangements are reasonable and provide benefits regarding deformations and stress distri-
butions around point-supports. In this context, the future goal is to consider DLT as a
standard counterpart to CLT for laminated mass timber slabs, which are characterized by
serviceability limit states (SLS) like deformations and vibrations, and ultimate limit states
(ULS) due to concentrated stresses around point-supports. Consequently, the use of DLT
instead of CLT aims at achieving a higher material efficiency within specific applications and
thus promotes a more efficient and sustainable use of the resource wood.

Regarding the design process of point-supported mass timber slabs made of DLT, the
thesis aims to provide guidance regarding layer orientations and supplementary strength
verifications. Based on the findings by the production of the DLT test specimens, sugges-
tions for additional production stages will be given. Another goal is to show which require-
ments still need to be met in order to reach maturity for the application of DLT and thus

which future research needs should be addressed.

In summary, the thesis aims to cover the following issues:

- The derivation of sufficient analytical and experimental approaches for the deter-
mination of the stiffness properties of CLT and DLT;

- effects of diagonal layer arrangements on the stiffness properties and resulting
advantages within different static systems of laminated mass timber slabs;

- effects of diagonal layer arrangements on the distribution of bending and shear
stresses over the cross-section around concentrated load-application;

- and suggestions for the design and production processes and future research on
DLT elements.

Mechanical Properties of Diagonal Laminated Timber



3 Introduction

1.2  Context

In terms of material science, DLT elements belong to the composite materials—more specifi-
cally to laminated composites consisting of homogeneous and anisotropic layers. Therefore
DLT is a laminated mass timber elements, consisting of 3 to 9 layers made from softwood
laminations (boards) that are glued together under specific angles ©. For each —O layer
there is one + O layer within the laminate. CLT, on the other hand, consists of individual
layers which are glued together in crosswise arrangements only; this occurs at angles of 90°
(Figure 1.1). In this context, DLT may be seen as a standard counterpart to CLT.

The individual layers of laminates can either be rigidly connected (glued) or semi-rigidly
connected by mechanical fasteners, like nails or screws. With respect to the objective of the
thesis, the determination of the stiffness properties is limited to rigidly connected laminates
(CLT and DLT). Investigations on nailed laminated timber (NLT) are given within (Krauss
1969), (ScuickHOFER 1994), and (ARNOLD ET AL. 2023a). It is also important to highlight the
divergence of CLT and DLT from laminated veneer lumber (LVL). CLT and DLT consist
of layers made of laminations with a thickness of ¢ > 18 mm in accordance with EN 16351
and thus clearly distinguishes from LVL made of diagonally or star-shaped arranged veneers
(see BrrTNER 1951 and WINTER 1955).

Cross Laminated Timber (CLT) Diagonal Laminated Timber (DLT)

Fig. 1.1: Exemplary layups of CLT elements compared to DLT elements
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1.3 Motivation

The diagonal arrangement of individual layers within laminated mass timber elements
promises increased in-plane and out-of-plane stiffness properties. Thus, lower deformations
are to be expected for DLT in specific applications, such as point-supported slabs, than for
CLT elements using the same thickness and lamination properties. In addition, the diagonal
layer arrangement may cause homogenization effects of the orthotropic stiffness and strength
properties due to the additional layers oriented in x' and y' directions (Figure 1.2). This
could have a positive impact on the stress distributions around concentrated load intro-
duction. Since the SLS (deformations and vibrations, which are directly dependent on the
stiffness properties) are usually decisive in the dimensioning of mass timber slabs, as well
as concentrated stresses due to concentrated load-application in the ULS, the properties of
DLT might lead to a higher efficiency and thus to a more conscious use of the resource wood.

Most applications within mass timber construction are realized with conventional CLT
plates for wall, deep beam, and plate elements. Hereby, the construction is designed primarily
for uniaxial load transfer, following the major direction of the laminations of the CLT. In
recent years the application of mass timber for the construction of multi-story buildings
and specific architectural and structural demands have increased the requirements of CLT.
Skeleton constructions with point-supported slabs are especially popular for office and multi-
story public buildings. The main benefits of this construction are increased clear heights,
more flexibility for floor layouts, resource-conscious building due to higher efficiency of the

structure by biaxial load transfer, and additional architectural value.

Fig. 1.2: Fictive circular and longitudinal design sections within the centric point-supported mass timber slab

Mechanical Properties of Diagonal Laminated Timber



5 Introduction

One challenge of point-supported slabs is to handle the concentrated load-introduction.
This leads to a concentration of shear stresses, which causes a rolling shear failure in the
cross-layers at the ultimate limit state (ULS) (Mestex 2011, MusTER 2020, MAURER AND
MAaDEREBNER 2021). Consequently, out-of-plane loaded CLT elements used as slabs tend to
be supported linearly on walls or beams (Figure 1.3). The uniaxial load transfer leads to
uniaxial bending and thus to a single curvature x_, respectively %, The orthotropic design
of conventional CLT with one main load-bearing direction is well suited for this purpose.

For a biaxial load transfer, linear supports must be assured on all sides of the plate, i.e.,
beams or walls must be added in x and y direction or all beams must be removed to achieve
point-support. This leads to biaxial bending, i.e., torsion, and thus to a double curvature
X, (Figure 1.4). Consequently, a mass timber slab designed for point-supports should have,
besides a high shear capacity, the highest possible torsional stiffness B_. This may be
achieved by optimizing the arrangement of layers towards this objective. Heﬁce, the focus of
this thesis is the evaluation of the increase in torsional stiffness of DLT compared to conven-
tional CLT.

Mass timber elements are often used as bracing and deep beam element within a structure

Fig. 1.3: Uniaxial load transfer of conventional CLT elements with linear support

Fig. 1.4: Biaxial load transfer of DLT elements with point-supports

Mechanical Properties of Diagonal Laminated Timber
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due to its high in-plane shear stiffness (Figure 1.5). It is expected that the rotation of single
layers results in the formation of compression and tension struts within the DLT elements.
If the longitudinal direction of the laminations follow these compression and tensions struts,
an increase in the in-plane shear stiffness of DLT can be expected compared to CLT. This is
particularly relevant for the use of DLT for stiffening wall and plate elements as well as for
deep beams with large openings and notches.

An application-optimized DLT product that provides the most suitable layup for the
respective area of application may be achieved if the layup is adapted to the geometric
and static boundary conditions of the overall structure. The maximum deformation of a
point-supported slab under a constantly distributed load occurs in the center of the plate,
following the respective diagonals between the columns. Transferred to a standard construc-
tion grid, the layer arrangements could be adapted to the diagonals (bend lines) between
the columns (Figure 1.6). In terms of DLT for in-plane loading, the diagonal layers can be
adapted, for example, to the main direction of the respective stress trajectories or to the

compression and tension diagonals of a fictive truss.

I I I ! ! ! - I y I - | - 7_
/ /
—_ - ——— - \\ // \\ // g \K/ \< a
|\\ / I\\ / | I \)&/ | \\// | “- | // \\ 1 // \\ | <
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\ // \ // // \\ // \\ _ A / B __],_
\ \ g _ N VA _ / /
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Fig. 1.5: Exemplary construction grid of point-supported slabs with the recommended arrangement of diagonal
layers (dashed lines)
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7 Introduction

1.4  Previous investigations

1.4.1 In-plane load-bearing capacity

This section provides state of the art information on the science of timber laminates—with
and without diagonal layer arrangement—and studies on laminated mass timber elements
related to experiments carried out within this work. The list is structured chronologically.
The in-plane load-bearing capacity of DLT wall elements was investigated first by Bosl in
2002 (Bost 2002). He conducted experiments with modified laminated timber elements
where one out of five layers was rotated by 45°, respectively 30°. Bosl investigated, among
other things, the improved in-plane load-bearing capacity and the effect of the alternative
layer arrangement on the in-plane shear stiffness by diagonal compression tests (BosL 2002)
(Figure 1.7). The results show a considerable increase of the in-plane shear capacity by way
of the diagonal arrangement of single laminations.

Although there were already construction products such as the Kdémpf-web-girder in 1946,
that made use of the diagonal arrangements of individual boards (Swiss PATENT No. 254319,
VOORMANN AND PrEIFER 2007), however, these girders are difficult to compare with the mass
timber laminate DLT due to their limited number of layers (two) and their interaction as
girder with flanges.

In 2010 Tavoussi, Winter and Pizner investigated the in-plane load-bearing capacity of
various laminated timber elements with different layer arrangements (diagonal and orthogo-
nal) (Tavousst ET AL. 2010). The investigations were carried out in order to determine high-
performance mass timber elements for earthquake-proof bracing structures.

The term DLT was introduced first in 2011, in a publication by the Karlsruhe Institute
of Technology (BeiTkA 2011). Bejtka used the positive effects of DLT on the in-plane load-
bearing capacity and investigated the load-bearing behavior of beam elements made of DLT
(BEsTKA 2011).

[T

[T

Fig. 1.7: Layup (left) and test setup (right) for investigations on the in-plane load-bearing capacity of mass timber
elements with orthogonal and diagonal layer arrangement (Bos. 2002)

Mechanical Properties of Diagonal Laminated Timber
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Similar to Bejtka, Lechner also took advantage of the positive influence of diagonal arrange-
ment of individual layers on the in-plane shear stiffness of beam elements. During his Doctoral
studies he developed veneer-reinforced timber (VRT)—a composite wood product including
veneers inserted under different angles into a glulam cross-section, to act as reinforcement
for shear and tensile stresses perpendicular to grain (LECHNER 2021, LECHNER ET AL. 2021).
At this point however it is necessary to mind the difference between DLT and LVL again.

With respect to the testing of laminated timber elements in in-plane shear, Brandner,
Bogensperger, and Schickhofer developed a test method for the determination of the in-plane
shear strength of CLT considering three different failure modes—"net-shear failure" (shear
failures perpendicular to grain), "torsion" (failure in the adhesive joint of the single lamina-
tions), and "gross-shear failure" (shear failures parallel to the grain in all layers) (BRANDNER
ET AL. 2013). These failure modes are based on the investigations of Blass and Gérlacher
in 2002 and can be achieved if a corresponding test configuration is applied (BrAss AnND
GORLACHER 2002, BRANDNER ET AL. 2017).

In 2013, Kreuzinger and Sieder developed a method for the determination of the in-plane
shear stiffness and in-plane shear strength of CLT using a simplified method on a representa-
tive diaphragm (KREUZINGER AND SIEDER 2013). Based on the method proposed by Kreuzinger
and Sieder and in order to determine shear properties on full-scale CLT diaphragms, Brandner
and Dietsch carried out extensive series of mechanical tests on rectangular CLT elements
(w/l = 0.5/1.5 m) which took into account various parameters, like the board thickness, gap
width and the annual ring patterns (BRANDNER ET AL. 2017).

In order to determine in-plane shear properties on full-scale DLT diaphragms, the so
called "picture frame" test configurations can be used, which shows similarities with the
chosen test setup of (Bosr 2002). Andreolli in 2014 as well as Turesson in 2019 investigated
the in-plane shear stiffness of CLT using these real-scale "diagonal compression" tests—
which are comparable to the previously describes test setup by Brandner and Dietsch—and
"picture frame" tests for the determination of the in-plane stiffness properties of mass
timber elements (ANDREOLLI ET AL. 2014, TUrESsON ET AL. 2019)(Figure 1.8). The follow-up
investigations by Turesson et al. in 2020 remark a general problem of "shear compression"
tests and "diagonal compression" tests: If the specimens contain layers oriented under +45°
and the fibre direction of the laminations is in line with the vertical force flow following
the load application, the respective layer is only acting in compression. This may lead to
compression failures or buckling, instead of in-plane shear failures. Therefore, Turesson et al.
investigated 3-layered specimens, making sure no lamella is following the vertical force flow
of the load introduction. Using experimental and numerical investigations Turesson et al.
tried to determine a general equation for calculating the shear moduli of CLT panels, which
were tested in diagonal compression and to verify a factor by alternating the main laminate
direction of the mid layer from the conventional 90° to 45° and 30° (TURESSON ET AL. 2020)
(Figure 1.9).

Mechanical Properties of Diagonal Laminated Timber
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Since a consistent and unified design approach for CLT at pure in-plane shear loading condi-
tions (shear walls) and at in-plane beam loading conditions is still controversial discussed,
Danielsson and Jeleé presented a review of previously proposed models (DANIELSSON AND JELEC
2022). Based on comparisons between FE-results and model predictions, they presented a
design proposal in order to simplify and unify the different approaches based on consistent
mechanical backgrounds (DANIELSSON AND JELEC 2022).

Compared to the amount of previous research on the in-plane load-bearing capacity of
DLT, the out-of-plane load-bearing capacity of DLT has not been pronounced, although
diagonal layer arrangement promises numerous advantages for plates acting in bending. In
the following, previous research on the out-of-plane load-bearing capacity of DLT elements

is summarized.

1.4.2 Out-of-plane load-bearing capacity

The basis of the analytical determination of the stiffness properties of DLT in this thesis is
based on previous investigations of Schickhofer (ScHickHOFER 1994) and Roylance (ROYLANCE
2000). Schickhofer dealt with the fundamentals of the stiffness matrix of the unidirectional
layer, specifically of the orthotropic material timber, its transformation into arbitrary orien-
tations, and the interaction/coupling to a laminate. Schickhofer also derived an approach
for considering out-of-plane shear strains (y,,, ,,) and semi-rigid connections between the
individual layers.

With respect to biaxial bending, one of the current approaches for the determination
of the torsional stiffness of CLT was provided by the diploma thesis of Silly in 2010 (Sm.Ly
2010). The focus of the numerical study was the determination of the effects of non-edge-
glued laminations or cracked laminations, as well as the number and thickness of layers on
the torsional stiffness of CLT (Siry 2010). Nevertheless, this work was limited to CLT.

The effects of diagonal arrangement of individual layers on the out-of-plane load-bearing
capacity were investigated and published first by Buck et al. in 2016 (Buck ET AL. 2016).
They carried out four point bending tests on DLT elements. However, the investigations
were limited to single-axis bending and a layup mainly suitable for uniaxial load transfer in
x direction due to lack of cross-layers (Figure 1.10).

The consideration of the out-of-plane load-bearing capacity inevitably leads to the
question how to handle concentrated shear stresses and compression perpendicular to grain
for example due to point-supports. Therefore, the following investigations and reference

projects are presented with regard to the point-support of mass timber slabs.

Mechanical Properties of Diagonal Laminated Timber
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Fig. 1.9: Laminated mass timber elements prepared for the diagonal compression test (left) and picture frame test
(right) (Turesson ET AL. 2019)

central region

Ls ) (b) (©
3-layered CLT 3-layered DLT+45° 3-layered DLT+30°

Fig. 1.8: Diagonal compression test on 3-layered CLT and DLT elements (Turesson ET AL. 2020)

layup of the DLT+45° specimens

test setup

Fig. 1.10: DLT panel with alternating layer configuration in four-point-bending tests (Buck ET AL 2016)

Mechanical Properties of Diagonal Laminated Timber
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1.4.3 Concentrated loading on laminated mass timber elements

With respect to point-supported slabs made of laminated mass timber elements, Mestek
analyzed the interaction of compression perpendicular to grain and rolling shear stresses
within CLT elements, with and without reinforcement (MESTEK 2011, MESTEK AND WINTER
2011). His investigations revealed that the distribution of shear stresses in the main and
secondary directions under single loads depends on the number of layers and the ratio of
the layer thicknesses. The shear strength depends largely on additional compression acting
perpendicular to grain, superimposing tensile stresses. The findings provide a simplified
method for determining the decisive rolling shear stresses and therefore the load-bearing
capacity at points of contracted load introduction into CLT elements. Additionally, Mestek
et al. used FE volume models to derive a superposition of rolling shear failure and compres-
sion perpendicular to grain for CLT.

Maurer and Maderebner at University of Innsbruck investigated the load-bearing behavior
of point-supported slabs made of CLT as well as solutions for dealing with stress concentra-
tions in the form of rolling shear and compression perpendicular to grain (MAURER 2020,
MAURER AND MADEREBNER 2021). Maurer dealt with steel components and system connec-
tors, reinforcing load-introduction points and facilitating load transfer within CLT slabs
at the load introduction points (Figure 1.11). Compared to CLT, a potential increase in
the out-of-plane capacity of DLT could avoid or reduce the necessity of reinforcement and
system connectors (metallic fasteners). This results from the increased shear and torsional
stiffness properties.

Muster addresses the problem of column-slab connections in point-supported CLT slabs
with central openings at the supports. Since office buildings often have more than one storey,
a solution to transfer vertical loads through the slab was developed. To avoid excessive
stresses perpendicular to grain in the CLT slab, Muster connected the lower column directly
to the upper column through an opening in the slab. For the load introduction into the
plates he used column-slab connections with additional beech plywood plates, either as
column capitals or drop panels (MusTEr 2021) (Figure 1.12).

The publication of Tapia, Stimpfle, and Aicher at the University of Stuttgart should
also be considered in the context of point-supports of mass timber slabs without additional
reinforcements. (Tapia BT AL. 2021). They investigated a unique column-to-slab bonded
connection based on specific orthogonally layered and stepped beech inserts made from
laminated veneer lumber (LVL) (Figure 1.13). The upper LVL insert transfers tensile stresses,
while the bottom, pyramid-shaped LVL insert is used to support the plate and to handle
compressive and out-of-plane shear stresses adequately, both parallel and perpendicular to

grain (TAp1A ET AL. 2021).
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Fig. 1.12: Section through locally reinforced column-slab connections (MusTer 2021)

Fig. 1.13: Column-to-slab connection realized by pyramid-shaped LVL inserts (TAPIA ET AL. 2021)
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1.5 Research gap

Previous studies mainly dealt with the improved in-plane load-bearing capacity of mass
timber laminates by diagonal arrangement of single layers. The state of the art with regard
to the out-of-plane load-bearing capacity of DLT is quite different. In the case of uniaxial
load transfer, the cross-layers of CLT merely serve as spacers between the layers in the main
load-bearing direction. In the interest of resource-conscious building and due to the high value
of the material, the cross-layers should be assigned to an increased load-bearing function in
addition to their functions such as homogenization towards dimensional stability. Regarding
biaxial load transfer of DLT, no results by previous studies were given. This is remarkable,
since the load case of torsion or a combination of both, torsion and uniaxial bending, occurs
frequently in many structures. For example, this is the case in point-supported plates of any
shape, in rectangular plates linearly supported on all sides, in asymmetrically loaded canti-
lever slabs, and in force-fit hollow sections like stiffening building cores. Although previous
numerical investigations on torsional stiffness properties of CLT are abundant, the positive
effect due to diagonal layer arrangements has not been investigated up to now.

The same holds true for concentrated load introduction into DLT elements. A more
uniform distribution of stresses due to the optimized mechanical properties has not been
investigated yet. In concrete slabs as well as in timber slabs, shear force reinforcements are
applied in a star-shape on the slab elements around the load application point (see Figure
1.10). In light of this gap, an additional aim is to investigate how far the diagonally arranged

layers over point-supports provide homogenization effects on punching shear stresses.
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2 Scope of investigations
2.1  Structure of the thesis

Chapter 1 introduces the topic and summarizes previous research on in-plane and out-of-

plane load-bearing behavior of CLT and DLT elements. The research gap is identified.
Chapter 2 provides the structure of the thesis and the scope of investigations in full detail.

Chapter 3 introduces fundamentals on laminates and relevant abbreviations. The develop-
ment of laminated mass timber products is considered in a holistic manner. This includes

the current state of standardization as well as the economic relevance.

Chapter 4 summarizes the elastic and viscoelastic rheology of timber. Furthermore, it specifies
the material parameters required for the detailed investigations and assigns strength and

stiffness classes. The Chapter describes the series chosen for the research.

Chapter 5 summarizes the mathematical principles of laminates and derives the stiffness

matrices, forming the basis for analytical solutions.

In Chapter 6, the out-of-plane shear properties of CLT and DLT are determined by using

analytical, experimental, and numerical approaches.

Chapter 7 focuses on the determination of the bending stiffness of CLT and DLT and the

uniaxial deformation behavior.

In Chapter 8, the torsional stiffness of CLT and DLT is studied by means of analyti-
cal, experimental, and numerical investigations. Subsequently statements on the long-term

deformation behavior under biaxial bending are derived.

Chapter 9 contains preliminary considerations and different tactile experiments for the

determination of the in-plane shear stiffness properties of DLT.

Chapter 10 compares deformations of mass timber slabs made from CLT and DLT within
different static systems using real-scale 2D FE models. Stress distributions under concen-

trated loads and biaxial bending are analyzed using 3D FE models.

Chapter 11 summarizes the design process of DLT slabs based on previous findings. An
outlook on the production processes of DLT is presented and future research needs are

addressed which are deemed necessary to bring DLT towards maturity for application.

Chapter 12 summarizes the results of the investigations carried out within this thesis.
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2.2 Chosen analytical, experimental, and numerical investigations

Within this research, the basics of the plate theories according to Kirchhoff-Love and
Reissner-Mindlin are applied for uniaxial and biaxial bending. These findings lead to an
analytical approach for the determination of the stiffness properties of DLT—with and
without consideration of the out-of-plane (transverse) shear deformations. The stiffness
parameters of timber composites with arbitrary oriented layers can be determined by
deriving an extended laminate theory. By implementing girder grid models and applying
the working theorem, the out-of-plane stiffness parameters can be extended to effectively
existing stiffness values, taking into account out-of-plane shear deformations within the
respective static system.

After introducing the theoretical basis for analytical solutions, the experimental investi-
gations start with the determination of the out-of-plane shear stiffnesses of CLT and DLT in
global x and y direction. This order was chosen because the shear stiffness is needed when
determining the effective bending stiffness values and effective torsional stiffness values.
Since the existing and recommended standard shear tests according to EN 16351 and EN 408
refer to single laminations (boards) only, these test setups are in case of DLT not applicable.
Within this thesis, a shear test setup based on EN 408 and the findings of (MEsTEK 2011) is
further developed for the testing of DLT specimens (Figure 2.1).The developed setup enables
the shearing of packages of three layers, instead of single layers. In this way, the shear
stiffnesses and strength values of entire laminates containing diagonally arranged layers—as
is the case for DLT——can be determined. The experiments for determining the out-of-plane
shear properties are carried out both, without (Figure 2.1, left) and with (Figure 2.1, right)
compression perpendicular to grain.

For the determination of the bending stiffness of DLT an analytical approach is developed
and validated by four-point bending tests. The test setup is based on bending tests according
to EN 16351 (Figure 2.2). Numerical parameter studies determine the increase in bending
stiffness in the major load-bearing direction (x direction) due to diagonal layer arrange-
ments. The investigations of the bending stiffness properties (uniaxial bending) are followed
by investigations on the torsional stiffness properties (biaxial bending). Biaxial bending
appears to be a complex and challenging load-case. Torsion leads to the coupling of different
stresses resulting from combined torsion, unidirectional bending, and out-of-plane shear in
both, global x and y direction. After the investigations of the out-of-plane shear stiffness
values, the in-plane stiffness properties are determined by way of analytical methods and
biaxial bending tests. Therefore, an test setup based on findings of (Mgstek 2011) and
(LoBus axnp WINTER 2017) was further developed, suitable to carry out biaxial bending test
on a high number of specimens (see Figure 2.3). The proposed test setup and some of the
results including numerical parameter studies were pre-published in (ARNOLD ET AL. 2022a).

Even though this dissertation prioritizes on CLT and DLT loaded out-of-plane, and

especially the biaxial load transfer, tactile in-plane shear tests are carried out in order to
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Fig. 2.1: Small-scale shear testing on CLT and DLT specimens, without (left) and with (right) compression
perpendicular to grain

= ", e R T i e, o e i
;T ”

Fig. 2.2: Four-point bending tests on DLT elements at University of Innsbruck

Fig. 2.3: Biaxial bending tests on CLT and DLT elements
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give a statement on the in-plane shear capacity of DLT, compared to CLT. The diagonal
arrangement of single layers may lead to an increase in in-plane shear stiffness properties.
For the experimental investigations on the in-plane shear stiffness, two different test methods
are applied. One is the "shear compression" test in accordance with the method proposed by
Kreuzinger and Sieder, which is applicable for CLT elements (KREUZINGER AND SIEDER 2013).
For the determination of the in-plane shear stiffness of DLT elements, a test setup is chosen
in accordance with the "picture frame" ("shear frame") and "diagonal compression" test

by Andreolli and Turesson (ANDREOLLI ET AL. 2014, TUresSON ET AL. 2019) (Figure 2.4).

In addition to the analytical and experi-
mental investigations using numerical
models, the investigated stiffness proper-
ties are introduced into numerical 2D and
3D models. These models help to analyze
the deformation behavior and stress distri-
butions using the finite element method
(FEM). The 2D FE models lead to a
quantitative statement on the efficiency of
DLT compared to CLT within real-scale

application scenarios, regarding deforma-

tions of laminated mass timber slabs. The
3D FE models provide information on the
distribution of concentrated stresses as a

function of different layups around point-

supports of mass timber slabs within the

Fig. 2.4: Determination of the in-plane shear stiffness using

shear frame tests ultimate limit state (ULS). Table 2.1

summarizes the analytical, experimental and numerical investigations carried out within
this thesis.

Tab. 2.1: Investigations carried out within this thesis

. L analytical experimental numerical
investigations . oo . . . L
nvestigations investigation nvestigations
out-of-plane shear = m n
uniaxial bending [ [ ]
biaxial bending (torsion) [ L] [
in-plane shear = w’
deformation analysis and o
stress distribution analysis
lout-of-plane shear tests according to EN 408 and (Mestex 2011) with and without compression perpendicular to grain
*compression tests according to (KREUZINGER AND SIEDER 2013) and shear frame tests according to (TURESSON ET AL. 2019)
12D and 3D FE models of different static sytems of point-supported slabs
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3 Mass timber laminates—general and definitions
3.1 Notation of laminates

CLT and DLT elements belong to the mass timber laminates consisting of homogeneous
and anisotropic layers. In general, the construction product DLT follows the descriptions
and specifications according to the European Assessment Document (EAD) 130005-00-0304
(mass timber slab elements to be used as structural elements in buildings). A deviation
from these specifications arises from the orientation of the individual layers to each other
under arbitrary angles. The coordinate system used for the laminate determines its stacking
sequence. The number of layers can vary between 3 to 9, depending on the specific area
of application and the required mechanical properties. The layers oriented in x direction
are defined 0° layer according to their wood fiber direction (Figure 3.1). Laminates are
denoted by the rotation of the layers, referred to as x axis. With respect to the orienta-
tion of the z-axis, the coordinate system is counter-clockwise positive. The laminate at the
right side of Figure 3.1 can be exemplary denoted to the stacking sequence (bottom to top)
[0°,45°, 90°,-45°,0°].

Each layer of the laminate is considered to be an unidirectional layer (UD layer) with
ideally straight fibers, providing transversal isotropy. Thus, the following assumptions are
made:

- The fiber arrangement over the cross-section of each layer is considered to be continu-
ous.

- Normal stresses perpendicular to grain do not cause displacements

- Each layer is considered to have a reduced stiffnesses matrix [@Q | to act in the plane
stress state (o, = 0) (ScHURMANN 2007).

- The bond between the layers is ideal and considered rigid. The thickness of the adhe-
sive layer is neglected (ScHURMANN 2007).

- There is no restraint in the thickness direction, which leads to a reduction of the
stiffnesses in the plane (NETTLES 1994).

- Lateral strains are coupled to the normal strains by the Poisson’s ratio following

Hooke’s law of elasticity.

layer 5, 95
layer 4, 6 ,
layer 3, 6

3

layer 2, 6

2

layer 1, 6

Fig. 3.1: Notation of laminates on a CLT element (left) and DLT element (right)
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The detailed derivation of the stiffness properties follows the laminate theory and is provided
in Chapter 5. Thereby, the notation of the stiffness matrix of the unidirectional layer is
described, followed by the derivation of the stress resultants and their mechanical coupling.
Laminates are characterized by their response to mechanical loading, which is associated
with a description of their coupling behavior. In addition, the matrix notation of the law of
elasticity on the plate element is presented.

A laminate is called balanced and symmetric, if the material properties, the thickness
of the layers, and the orientation of the layers are symmetric about the midplane. CLT is
a balanced and symmetric laminate resulting in simplifications within the stiffness matrix
(A,= A= D,= D,,— E, = 0). Furthermore, laminates with described characteristics have
no coupling between the bending and extension stiffness terms (B, = 0) (Rebpy 2004). The
laminate stiffness matrix of a balanced, symmetrical laminate is given by Equation (3.1)

(Without taking into account Poisson's ratios) (JoNgs 2014).

Ay AR, 0 0 0 0 0 0]
Ay Ayp O 0 0 0 0 0
0 0 Ag 0 0 0 0 0
0 0 0 Dy Dy 0 0 0
=16 o o b, D, 0 0 O (3.1)
0 0 0 0 0 Dg 0 0
0 0 0 0 0 0 Es 0
[0 0 0 0 0 0 0 Eul

DLT is a balanced and antisymmetric laminate. The layers of the laminate are a mirror
image with respect to the geometrical midplane. Consequently, for each + O layer in the
laminate there is an equally thick -© layer (NETTLES 1994). In addition, these layers have
the same thicknesses. For antisymmetric, balanced laminates, simplifications according to
(REDDY 2004) can be made (A, = A, = D, = D,,= B, = B,= B, = B,,= E = 0) which

16

leads to the stiffness matrix in Equation (3.2) (Jongs 2014).

Ay Ay 0 0 0 By
Ay Ay 0 0 0 By
0 0 Ag By By 0
lo 0 By Dy Dy O
=19 o B, b, D, 0
By B 0 0 0 Dg 0
0 0 0 0 0 0 Eg 0
0 0 0 0 0 0 0 E

O O O O O
O O O O OO
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3.2 Naming and abbreviations

Nowadays, the abbreviation DLT is also used for dowel laminated timber (SOTAYO ET AL.
2020), a mass timber panel created by stacking laminations together on its edge, fit together
with dowels made of softwood or hardwood. A more general designation of dowel laminated
timber is dowelled wood (DW) (Epp 2018).

On the other hand, the abbreviation DLT was already introduced in 2011 by Bejtka for
diagonal laminated timber (Bejtka 2011) (see Chapter 1.4). As for CLT, the use of the
abbreviation DLT for diagonal laminated timber describes the geometric property of the
mass timber product, and not a method of fitting. In 2021 and 2022 Maderebner, Dietsch,
and Arnold established the abbreviation DLT for diagonal laminated timber, among, others
within a publication on the torsional stiffness (MADEREBNER 2021; ARNOLD ET AL. 2022a).
However, a possible alternative term for the description of DLT could be inclined laminated
timber, which would be abbreviated as ILT.

The compendium in Table 3.1 represents a list of abbreviations used for widely known
mass timber products. These abbreviations can be found in various sources and literature
and are generally used in the timber production and forest-based industries. For diagonal
laminated timber the abbreviation DLT is suggested—for dowel laminated timber the abbre-

viation DW is suggested, following (Epp 2018).

Tab. 3.1: Abbreviations used for mass timber products

abbreviation | alternative naming naming in German language
CLT X-Lam cross laminated timber Brettsperrholz
CLT-D cross laminated timber Brettsperrholz
i made from hardwood aus,/mit Hartholz-Lamellen
diagonal laminated timber/ Diagonallagenholz? /
DLT! ILT L . . .
inclined laminated timber Diagonal verklebtes Brettsperrholz
NLT nailed laminated timber/ Vernageltes Brettsperrholz/
nail-laminated timber Genagelts Brettsperrholz
‘ dowel laminated timber/ Gediibelte Brettstapeldecke/
DLT DW?
dowelled wood Diibelholz
GLT Glulam glued laminated timber Brettschichtholz
veneer reinforced timber/
VRT VRW* ) Holzbewehrtes Holz
veneer reinforced wood
MPP mass plywood panel Sperrholzplatten
LVL laminated veneer lumber Funierschichtholz

'Suggested abbreviation by BejTka 2011, MADEREBNER 2021 and ARNOLD ET AL. 2022a
2Suggested naming by Diersca 2022 and ARNOLD ET AL. 2023b
3Abbreviation recommended for future use

‘Recently introduced by LEcHNER 2021
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3.3  Standardization progress of laminated timber elements

In the context of the European Cooperation in Science and Technology Program (COST
Action FP1402/WG2, "Basis of Structural Timber Design — from Research to Standards")
a state of the art report (STAR) on the properties, testing, and design of CLT was carried
out by several European research institutions (BRANDNER ET AL. 2018). Within this STAR,
all prior research and developments on CLT were summarized and unified, and put into
chronological order. The aim of these outputs was to develop a draft for the implementation
of CLT in a revised version of the European Design Standard, Eurocode 5 (EC 5) (BRANDNER
ET AL. 2018).

Mass timber slab or wall elements are primarily made of softwood boards, which may be
finger jointed to endless laminations, bonded together in order to form CLT (EAD 130005-
00-0304). Currently, DLT is not covered by EAD 130005-00-0304, due to the orientation of
individual layers deviating from 0° and 90° to each other. A future goal could be to extend
EAD 130005-00-0304, in order to cover mass timber slabs containing diagonal layer arrange-
ment as well as laminations made of hardwood, like beech or oak. Alternatively, the intro-
duction of a new EAD for DLT could be announced.

CLT shall be produced according to EN 16351 (product provisions) or a European
Technical Assessment (ETA) on the basis of European Assessment Document EAD 130005-
00-0304. By now, EN 16351:2021 has not yet been published in the Official Journal of

the European Union. Therefore, product provisions for CLT are not covered by a harmo-

nized Furopean standard. This leads to

CEN relatively heterogeneous manufacturer-specif-
\ ic products without harmonized dimensions
CENITC 250 o J _i WG 1
Structural Burocodes (_structures or and layups. Mass timber elements, like CLT,
: ( SC2 ) )
| WG 2 .
( CENTG 193 | Do ot corro | —L e J thus cannot be replaced easily by another
Adhesives S —— ~ ~ . . . .
\ / SC3 WG 3 without redesigning the respective structure
: [  Design of steel ‘ _{ Cluster ‘
CENITC 175 ‘;%es/ . or assembly situation. Furthermore, the
sawn timber i i WG 4 . . .
: _{\Des'gs”tfjcfﬁr’gﬁm"el _{ Fire J design of CLT is not covered in the current
CEN/TC 127 SC5 ( ) : :
Design of imber } eEEN ‘ EC 5. The latter is an aim for the future.
in buildings structures . . .
: r— ¢ \‘ wes Following standardization mandate M /515
CEN/TC 124 [— Design of masonry Brid W
Steetirml T  stuowres | PBrees (EuropEAN CommissioN 2012) the Eurocodes
g N s B
: SC7 WG 7
a CEN/T.C112 _\Geotechnical design _{ Reinforcement \ are amended and updated towa,rds a Second
5= _( o8 W _{ WG s ‘ generation in order to ensure applicability
. . Seismic design
H 1 Y,
CENIG 38 e E | and focus further on users’ needs (SCHENK AND
Durability of wood _{ Desi SfC |9 e _{ WG9 ‘
and derived mat. s | Executon | WinTER 2021). EC 5 is part of the Structural
_{ o 159‘351;;5“} _{ Bacie o dosin Euro-codes under the European Committee
structural design and materials

\

for ~ Standardization = (CEN)  Technical

Committee CEN/TC 250 (Figure 3.2).

Fig. 3.2: CEN/TC 250 and CEN/TC 250/SC 5 work structure (ScHenk anp WiNTER 2021)
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Within the second generation, new clauses within EC 5-1-1 are added with a narrow and
specific scope to CLT and its design rules. The draft of the design rules for CLT—submitted
within the scope of working group CEN/TC 250/SC 5/WG 1—is currently available (prEN
1995-1-1:2023). The future goal is to continue implementing a strength class system for CLT
within EN 16351, analogous to those of GLT (see BRANDNER ET AL. 2023).

The publication of the second generation of EC 5 in Europe is planned until September
2027. In Germany, the building authorities coordinate the availability and publication of
the revised EC 5 for 2026. The date for the withdrawal of the old generation of EC 5
is March 2028 (ScHENK AND WINTER 2021). A more detailed schedule on the process of
the second generation of Structural Eurocodes and further information on the revision of
the first generation of Structural Eurocodes can be found in (KLEINHENZ ET AL. 2016) and
(ScHENK AND WINTER 2021).
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3.4  Economic potential

The manifold advantages of mass timber construction—and specifically laminated mass
timber plates—had a huge impact on growing production capacities over the past decades.
Surveys of the Portal Holzkurier show that, prior to 2010, the estimated CLT production
volume in the European countries Austria, Switzerland, Germany, Italy, and the Czech
Republic was approximately 250,000 m?* per year, while the production volume in 2022 has
already reached 1,28 million m? (Javk 2020, Jauk 2023). Forecasts for the production volume
in 2023 for Europe as a whole are up to 2.3 million m® CLT (Jauk 2023) and—as a reference
value—up to 4.6 million m* GLT (EBNER 2022)).

The majority of the laminated mass timber plates currently available on the European
market are manufactured by gluing (bonding) and have symmetrical, cross laminated layups.
Currently, EAD 130005-00-0304 covers 51 ETAs for CLT (EOTA 2023). A glued mass
timber product using diagonal arrangement of single layers (like DLT), is not available on
the market up to now. As previously mentioned, EAD 130005-00-0304 could be extended
towards diagonal layer arrangements as a first step.

Despite many advantages, the application of mass timber products—such as CLT or
DLT—still lags behind mineral-based building materials such as (reinforced) concrete struc-
tures and masonry. One of the reasons are deficiencies in standardization (see Chapter
3.3). A lack of information on the fire resistance and local and inconsistent policies and
legislation may still hinder the erection of timber buildings (also see SCHENK ET AL. 2022).
The future economic potential of laminated mass timber products is also linked to further
development and advancement of new and existing mass timber products, such as DLT or
VRT. In addition, BIM based general design models and 3D-planning should be established
(WINTER ET AL. 2018). While timber is a predestined material for prefabrication, further
development is a chance for timber construction to take the lead in a future industrialization
process of the building industry (WINTER ET AL. 2018).

The optimization of mass timber products for application by adding additional function-
ality may also encourage this process. Mass timber products for optimized applications or
with additional functionality add value and have a future market potential. For example
a CLT element, being multifunctional in terms of its thermal activation, had been further
developed toward maturity for application at Technical University of Munich (Mmprup 2019;
ARNOLD ET AL. 2022b). In previous research, CLT has also been improved by adding channels

for prestressing-cables (GRAFE ET AL. 2018).
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4 Material behavior and configurations
4.1 Elastic rheology

4.1.1 Linear elastic material law

Hooke’s Law of elasticity describes the fundamentals of the linear elastic deformation
behavior of solid materials. The constitutive Equations describe the relationship between
stresses o, and strains & In case of an uniaxial stress state, Hooke’s Law considers a linear
relationship between stresses and strains. These constitutive Equations (material Equations)

are presented by Equations (4.1) to (4.3).

og=E-¢g (4.1)

=Gy (4.2)

S (4.3)
&

Considering a 3D continuum, elasticity stiffness tensors C; are used to describe the elasticity
of an element—instead of the moduli of elasticity E (Equation (4.1)) or the shear moduli
G, (Equation (4.2)). Considering infinitesimally small elements, the stresses and strains
acting in the three principal directions are shown in Figure 4.1. The law of elasticity of a
3D continuum can be described according to Equation (4.4) using matrix notation of the

stiffness matrix [C'|. The compliance matrix S | is given by Equation (4.5)([S]| = [C]).

o171 [Cin Gz Ciz Gy Cis Cig) ey

0y G Gy C23 Coa Czs Czs &

03| _ |G Gz (35 Cau G35 Cyef | €3 (4.4)
T3] |Gy Cap Caz Cag Gy Cael |V23 '
T3] [Csy Csp Cs3 Csq Css Cogl [V13
T2l (G Cop Coz Cea Cos Copl V12
rer1 [S11 S1iz S13 S Sis Si6] oy

& S31 S22 Sz Sas Sa5 Sa6| | oy

€| _[S31 S32 S33 S3s S35 S3e| |03 (4.5)
V23| [Sa1 Saz Saz Saa Sas Sse| |T23

V3| [Ss1 Ssp Ss3 Ssa Sss Sse| | 113
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Fig. 4.1: Stresses and Strains acting on the 3D continuum, according to (NiEmz AND SONDEREGGER 2017)
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Symmetries to the midplane or rotational symmetries can reduce the number of necessary
independent stiffness tensors. With respect to the description of the material properties
of wood, three symmetric planes, aligned perpendicular to each other, are describing its
orthotropic material behavior (Figure 4.2).The three principal directions of wood describe
its material properties with respect to the fibre direction (longitudinal to the grain (x axis),
tangential to the grain (y axis), and radial to the grain (z axis)). Adapting the principal
directions to a Cartesian coordinate system and taking into account the orthotropic material

behavior, the matrix notation is described by Equation (4.6):

Oy [C11 Cp Ci3 0 0 0 &y
Oy| (G Cpp Gz 0 0 0] |8
0| [Cy Cs Gz 0 0 0]
Tyz| {0 0 0 Cyq 0 0||W (4.6)
Tzl {0 0 0 0 Gy O |V
Txy | 0 0 0 0 0 C66— yx}’

By replacing the stiffness tensors € with the respective moduli of elasticity E and shear
moduli Gj]. taking into account the Poisson’s ratios, the law of elasticity of wood is described

using the compliance matrix [S |within Equation (4.7):

1 Viy Vg 1
— -2 -2 0 0 0
E. E, K
I S
‘ E, E, E .
& Vzx sz 0.
v |- E -2 o o0 o] |%
& Ex Ey Ez 0y
- . (4.7)
Vay 1 xy
Yxz 0 0 0 E 0 0 Tyz
}/yz Y 1 Tyz
0 0 0 0 — 0
ze
0 0 0 0 0 !
Gy, |
1(L) X, longitudinal
2(T) y, tangential
3(R) .
z, radial

Fig. 4.2: Principal material directions of unprocessed wood
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4.1.2 Linear elastic material properties of timber

The entries of the stiffness matrix are filled by mean values derived from mechanical inves-
tigations within various previous studies (see exemplary (Goopman AxD Bobpic 1970),
(ScuIcKHOFER 1994), (KATZ ET AL 2007), or (NIEMZ AND SONDEREGGER 2017)). This is explained
by the fact that the moduli of elasticity and shear moduli of the natural product wood are
subject to a certain degree of variation. The calculation of the mean values of mechanical
properties and density is carried out according to European Standard EN 384. Table 4.1 lists
the mean values of the orthotropic linear elastic material properties of different softwood

and hardwood species under a moisture content of v — 12 %.

Tab. 4.1: Exemplary orthotropic material properties of different wood species (mean values) (Goobman AnD Bopic
1970), (ScHickHorEr 1994), (KaTz ET AL 2007), (NiEmz AnD SONDEREGGER 2017), (DIN 68364)

E E E a G G N
x y 4 yz Xy x orientation
[MPa] [MPa] [MPa) [MPa] [MPa] [MPa]
EPW‘;?. 11000 370 370 40 650 600
~ Pine 11000 370 370 70 680 /
Pinus sylvestris
ngggia iFH 13000 370 370 80 900 800 gimdml
aé
4
Maple 10500 890 1550 / 1120 1240 | v umeend
Acer pseudoplatanus z, radial
Qoaj‘f 13000 920 1580 400 800 1150
peech 14000 1160 2280 470 1080 1640
Bongossi 17000 2060 3230 / / /
ophira atata

European Standard EN 338 establishes a system of strength classes for general use in design
codes and therefore lists the strength classes, material properties and density values which
are applicable to timber for structural use (EN 338:2016). This allows engineers to specify
particular strength classes—softwood (C and T classes) and hardwood (D classes)—and use
its characteristic strength values as the basis for structural analysis.

The classification and sorting of individual species of softwood and hardwood to the
appropriate strength class is carried out by machines in accordance with EN 14081-2. This
standard specifies requirements for visually and mechanically machine graded structural
timber for load-bearing purposes with a rectangular cross-section formed by sawing, planing
or other processes. The timber specimens are sorted into the strength classes in accordance
to EN 338 (Table 4.2).
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Tab. 4.2: Elastic material properties of different strength classes according to EN 338 (mean values)

E E E G G . G, . .
x y 2 vz Xy g orientation
[MPa] [MPa] [MPa] [MPa] [MPa] [MPa]
C24 11000 370 370 / 690 690
X, longitudinal
T14 11000 370 370 / 690 690
D40 13000 870 870 / 810 810 y, tangential i
z, radial
D50 14000 930 930 / 880 880

In addition Table 4.3 lists the characteristic strength values as well as the density values for
softwood graded into strength class C24 and T14 according to EN 338. The characteristic

strength values were, like the elastic material properties, determined according to EN 384.

Tab. 4.3: Strength parameters and density values for spruce or equivalent softwood (strength class C24 / T14)
according to EN 338 (characteristic values)

fx’n,k f;.(),k f;,.‘)(lk f;‘,O,k f;,.gl].l( f\:‘.l( Qk Qmean

[MPa) [MPal [MPal [MPal [MPa) [MPa) kg/m?] | [kg/m?
C24 24.0 14.5 0.4 21.0 2.5 4.0 350 420
T14 20.5 14.0 0.4 21.0 2.5 4.0 350 420

Poisson’s ratios v describe the coupling of longitudinal strains in the respective direction of
load application to its transverse strains in transversal direction. The Poisson’s ratios are
considered to be constants, even though they depend on physical influences such as wood
moisture content (NEunHAus 1981, WiNTER 2021). Different values of the Poisson’s ratio at a

wood moisture content of 12 % are provided by Table 4.4.

Tab. 4.4: Poisson'’s ratios for spruce or equivalent softwood (strength class C24 / T14) according to selected authors

v, v v, v, Vi V. orientation
HALASZ AND
S 1996 0.220 0.380 0.203 0.018 0.017 0.360 . longitudinal
CHEER .
_—;
NEuHAUS 1981 0.410 0.550 0.310 0.056 0.035 0.600 %
y, tangential
KEYLWERTH )
1951 0.463 0.532 0.240 0.019 0.013 0.420 2 radial

Experimental investigations and different experimental approaches, like those of Neuhaus
(Neunaus 1981), vary considerably due to the inhomogeneity of wood. The Poisson’s ratios
according to Haldsz and Scheer (HALAsz AND ScHEER 1996) have been chosen for the calcu-
lation of the stiffness matrix of the unidirectional layer (UD layer) in this thesis. However,
when calculating the stiffness properties of laminates like CLT and DLT, the chosen values

for the Poisson’s ratio have no decisive influence (Winter 2021, ARNOLD ET AL. 2022a).
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4.2 Viscoelastic rheology

4.2.1 Definitions and Boltzmann’s superposition principle

For linear elastic material behavior the relation between stresses and strains is given by
constant elastic properties. As for any other materials in nature, this criteria is also not
fulfilled for wood. If solid materials behave elastic, the deformation behavior is valid for
small stresses and strains only (SCHURMANN 2007).

A solid material that returns into its original shape after an experienced stress-induced
deformation is designated as an elastic material. Thus, the strains are stress dependent
only. The elastic work of deformation is stored during loading and totally released after
unloading (DIN 13343:1994). Newtonian fluids are considered viscous if the strains are exclu-
sively dependent on the stresses and the deformation energy is completely and irreversibly
converted into heat during loading (DIN 13343:1994).

Materials combining both, elastic and viscous material properties, are called viscoelastic
materials. The combination of the respective material properties can vary. Due to the fact
that parts of the deforming energy are irreversibly converted to heat, the deformation energy
is not always stored in the same range. Therefore, viscoelastic materials can not be repre-
sented by stress and strain values or deformation rates only. They are described by the
history of all individual stress events they experienced (DIN 13343).

A material is defined as linear viscoelastic if it exhibits a linear stress-strain curve and
long-term deformation behavior is independent on the magnitude of the applied stress. In
addition, linear viscoelastic materials follow the rules of Boltzmann’s superposition princi-
ples. The total effect of a sum of causes is equal to the sum of the effects of each individual
cause. Accordingly, time-dependent individual effects (creep deformations) can be accumu-
lated relative to individual causes (for example concentrated loads) (ScHURMANN 2007).
Strains that already exist or will occur in the future do not influence the time history of
individual effects. Therefore, a corresponding distortion history can be calculated for a given

load history and vice versa (Equation (4.8)).
e(t) = (t —19) - da(tg) + D(t — 71) - Ao (ty) + -+ &(t — 1) - Ao (;) (4.8)

If a constant stress gradient is applied at time ¢, it is followed by a time dependent curve
of strain that is based on the time-dependent material law (creep curve), but independent
of the applied stress gradient. Already existing or still added stresses do not influence the
actual course of the respective strains as a function of time, but are superimposed as a
leap within the function when adding additional ore removing existing stresses. The strains
over time are therefore superimposed as a function of the history of stresses and vise versa
(Figure 4.3) (ScHURMANN 2007).
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history of stresses history of strains

Fig. 4.3: Boltzmann’s superposition principle (VoGeL 2021) based on (ScHormANN 2007)

Processes that describe linear viscoelastic material behavior are creeping and relaxation.
The creep behavior describes the increase of the deformations (strains) under a constant
stress state as a function of the time. This time-dependent relationship is described using
the creep function or retard function @(t) (Equation (4.9)).

Relaxation describes the decrease of internal stresses whilst the deformation maintains
constant. The related relaxation function ¥(t) describes a time-dependent stiffness value
(Equation (4.10)).

o(t) = % (4.9)
v() = :((—8 (4.10)

Both, creep and relaxation processes are subject to a non-linear behavior and approach
asymptotically a final value. There is no limited period for the creep and relaxation processes.
Nevertheless, there is experimental data that prove that hardly any relevant creep and
relaxation process occurs after material specific ranges of time. For wood, the values vary
between 10 and 15 years (N1EMz AND SONDEREGGER 2017). Creeping and relaxation rarely
occur by themselves in structures. Usually both time-dependent processes occur simultane-
ously (ScHURMANN 2007).

The correspondence principle is based on Boltzmann’s superposition principle
(ScHURMANN 2007). In this case, the constitutive Equations following Hooke’s law, remain
valid (Equations (4.1) and (3.2)). However, the description of viscoelastic materials results
in changes in the material law. Based on the correspondence principle, the elasticity matrix
[C'] as well as the compliance matrix [ | forming the elastic theory are replaced by the time-
dependent creep matrix [@ | and the relaxation matrix [¥ | (Equations (4.11) and (4.12))
(SCHURMANN 2007).

a(t) =¥(t) (0) (4.11)

e(t) = @(t) - a(0) (4.12)
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4.2.2 Time-dependent material law

DIN 13343 represents the time-dependent material law by using rheological models.
Thereby, the elastic properties are represented by a Hooke’s spring. The viscous proper-
ties are described by a Newtonian damper (Figure 4.4). Both models can be combined and
connected in parallel (superposition of stresses) or in series (superposition of strains).

Depending on the number of coupled springs and dampers, the represented materials
are denoted n-parameter materials (models). The 2-parameter Mazwell model (spring and
dumper in series) characterizes viscoelastic fluids, the Kelvin-Voigt model (spring and
dumper parallel) makes possible the description of viscoelastic solids. In addition, models
of higher order can be used, depending on the material behavior to be represented. Thus,
for example, a distinction can be made between the material behavior of solids with liquid-
like initial behavior and solids with solid-like initial behavior. Schédnzlin compared different
rheological models for the description of the time-dependent material law of timber with
respect to the variation of the moisture content (ScHANZLIN 2010). Most of the models consist
of serial chains of Kelvin-Voigt elements.

Using matrix notation for orthotropic viscoelasticity, nine independent creep or relax-
ation functions are required, which are usually determined by experimental investigations
(Equation (4.13))
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(9:(0)] [P11(t) Wia(t) Wis(®) 0 0 0 1[&®]
% (0) Pia(t) Woult) Was(t) O 0 0 &y (t)
o0 | _|¥i(0) Y@ Pu® 0 0 0 |l&®
T4y (0) 0 0 0 Y, 0 0 ||y (4.13)
Txz (0) 0 0 0 0 Pss(t) 0 Vxz (t)
_Tyz(O)_ L 0 O 0 0 0 qj66(t)_ _yyz(t)_
Hooke’s spring E
=G =FE
for elastic solids °—/\/GV\/—> ! I &
N d 1
ewton’s damper =gy o=ne’
for viscose fluid g—g{;—’
Mazwell model E 7
for viscoelastic fluids W
Kelvin-Voigt model P
for viscoelastic solids G n 4

Fig. 4.4: Presentation of the rheological models according to DIN 13343
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Considering viscoelastic materials, the quasi-stationary solution provides good approxima-
tion for stress and deformation analyses (NAvI AND StaNzL-TscHEGG 2009). Within the creep
matrix [® | and relaxation matrix [¥ | of timber, the moduli of elasticity E, shear moduli
G, and Poisson’s ratios » are replaced by time-dependent values E(t), G,(t), and »(t)
(Equations (4.14) and (4.15)).

r 1 Vyy Vyz 0 0 0
L, ) - E_y t) - 7, (t)
Vyx 1 Vyz
A (t) E_y ® - L, @& 0 0 0
Yax Yoy ! 0 0 0
“E, ) - E (®) L, ®)
@] = 1 (4.14)
0 0 0 —@ 0 0
ny
1
0 0 0 0 =0 0
1
0 0 0 0 0 )
[¥] = [®]! (4.15)

4.2.3 Viscoelastic material properties of timber

To determine the entries of viscoelastic stiffness matrices, further models are needed. The

viscoelastic material properties are basically dependent on five different parameters:

- The elastic material properties and density. The lower the density, the slightly higher
the existing creep rates (TonG ET AL. 2020),

- The environmental conditions with respect to the temperature and the range of tem-
perature change. An increase in temperature at constant humidity leads to increased
creep rates and reduced elastic properties (Jong AND Crancy 2004),

- The environmental conditions with respect to the relative humidity and therefore with
respect to the wood moisture content,

- The load level with respect to the maximum short-term strength

- and the load duration.

Ozyhar provides a parametric exponential equation for calculating the moduli of elasticity
and Poisson’s ratios as a function of time in the orthotropic directions (OzYHAR ET AL. 2013).
Due to the fact that these studies refer to an investigation period of 24 hours, these results
can be used to a limited extent only for the evaluation of the long-term stiffness proper-
ties. Long-term stiffness properties, taking into account creep and relaxation, are calculated
under the consideration of deformation coefficients following Equation (4.16) and Equation
(4.17) (EN 1995-1-1).
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Ei mean
E. L — . Lmean
i,mean,fin 1+kdef,i,tension (4.16)
Gij,mean
Gij,mean,fin = (4.17)

1+ kdef,shear

The deformation coefficients need to be modified, so as to consider the influence of climatic
conditions, load duration, and fibre orientation (NIEMZ AND SONDEREGGER 2017). Based on
various experimental and analytical investigations by Gresselin 1984, Niemz and Sonderegger
offer a fiber-parallel deformation coefficient of £, = 0.1 to 0.3 for timber loaded in tension
in service class 1 (20°C, 65 % relative humidity) (GRESSEL 1984; NIEMZ AND SONDEREGGER
2017). Perpendicular to the grain they consider deformation coefficients k, between 0.8
and 1.6. In transversal direction, Aondio recommends deformation coefficients within the
range k, = 2.0 to 3.0 (Aonpio 2014). This recommendation is consistent with the experi-
ments and calculations made by Jébstl and Schickhofer at the University of Graz in 2007
(k.= 2.3) (JOBSTL AND SCHICKHOFER 2007).

Following the objective of a long-term deformation analysis, statements are necessary about
the deformation as a function of time. For a consistent evaluation, different points in time
(t,, t,, t,) are defined, on the basis of which time-dependent deformation curves can be
derived. Figure 4.5 demonstrates different phases of long-term deformations according to
(GresseL 1971). The curve of o, gives the load-level of maximum 40 % of the short-term
strength in which a failure load is not reached (tertiary phase).

The start of the long-term deformation at { represents a 1 minute delay after loading,
taking into account the linear elastic deformations (DIN EN 1156). The second defined time
t.. describes the end of the primary phase. Due to the 40 % load level, the long-term defor-
mation asymptotically reaches a final value.

The time value . can be approximated with a load duration of 11 years (GRESSEL 1984).
At this time, the deformations related to creeping are mostly completed. Therefore, the
deformation coefficient according to EC 5 can be used for calculating the deformations at
the end of primary phase.

The value ¢ describes a fictitious infinite final state. With respect to laminates, within
this phase, stresses migrate from cross-layers to layers featuring fibres oriented longitudinal
to the respective loading direction (ScHURMANN 2007) (Figure 4.6). This means, that in the
infinite finale state ¢_, the stiffness parameters of the transversal layers are set to about 5 %
of their initial elastic stiffness values at {. This corresponds to a period of more than 50
years (ScHURMANN 2007). Using Equations (4.16) and (4.17) the deformation coefficient &
and k, result at around 19.0 (using the initial stiffness values—engineering constants—of
spruce, strength class T14, according to Tab. 4.2). The longitudinal stiffness values, on the
other hand, remain at the same level as at ¢, (k, = 0.2) (ScutrRMANN 2007).

Table 4.5 summarizes deformation coefficient previously described taking into account

the different time phases. An exemplary long-term deformation analysis using the deforma-
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Fig. 4.5: Phases of the long-term deformation behavior of timber, according to (GResseL 1971)

Tension
ai(t)

o(t) A t)

Ao (t+Aa,(t)=0

Fig. 4.6: Load redistribution principle within laminates like CLT (Vogel 2021) based on (ScHUrRMANN 2007)

tion coefficients given in Table 4.5 is carried out in Chapter 8.4. Regarding the deformation
coefficients at ¢ an additional analysis is carried out using extreme values (minimal defor-

mation coefficients).

Tab. 4.5: Deformation coefficients for different phases of the long-term deformation

klj k r ‘shear
t, 0 0 0
£l 0.2 1.2 2.5
n
(N1EMZ AND SONDEREGGER 2017)
. 0.1-0.3 0.8-1.6
follwoing (GRressL 1984)
(JOBSTL AND SCHICKHOFER 2007) / / 2.3
(Aonbio 2014) / 2.0-3.0
t, 0.2 19.0 19.0
Mean values based on previous investigations

After introducing the elastic and viscoelastic rheology of timber the following Section

describes the series chosen for the investigations and its material parameters.
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4.3  Series investigated
4.3.1 Configurations, layups, and stacking sequences

For the analytical, experimental, and numerical investigations series of conventional CLT
specimens with 3 to 7 layers and total thicknesses of t = 100 mm, ¢ = 140 mm, ¢ = 150 mm
and t = 200 mm were chosen. The specific DLT series are related to the CLT specimens
according the number of layers and the layer thicknesses. This enables comparability of the
respective results. Qualitative and quantitative evaluations of the effects of diagonal layer
arrangements on stiffness parameters, deformations and stress distributions are possible.
The CLT and DLT series within Table 4.6 represent layups suitable and chosen for
experimental investigations on the out-of-plane shear stiffness, the torsional stiffness, and
the in-plane shear properties. The orientation of the diagonal layers was chosen to follow the
specific angles of 45° and 30°/60° (30° related to global x direction; 60° related to global y
direction). The middle layer of the DLT specimens follows an orientation of 90° (cross-layer).
All series according to Table 4.6 are antisymmetric and balanced laminates. The last line in
Table 4.6 offers the graphical representation of the stacking sequence of each series defined in
the lines above. The specimens are made of laminations from spruce (picea abies) that were
classified in strength class T14 according to EN 338 (see Chapter 4.3.2). The laminations
(boards) have a width of w = 180 mm and are not edge-glued (bonding on the narrow side

of the boards). The boards do not feature stress reliefs.

Tab. 4.6: Chosen series for the analytical, experimental and, numerical investigations—mainly on the out-of-plane
shear stiffness, the torsional stiffness, and the in-plane shear stiffness

. layup arrangement board width edge- stress
series! ¢ [mm)] .
t. [mm] of the layers © w [mm] glued reliefs
o1 CLT 100 20-20-20-20-20 0°, 90°,0°, 90°, 0° 180 no no
03 CLT 60 20-20-20 0°, 90°, 0° 180 no no
05 CLT 200 40-40-40-40-40 0°, 90°, 0°, 90°, 0° 180 no no
D3 | DLT+45° 100 20-20-20-20-20 | 0°, 45°, 90°,-45°, 0° 180 no no
D4 | DLT+30° 100 20-20-20-20-20 0°, 30°, 90°,-30°, 0° 180 no no
D5 | DLT+45° 200 40-40-40-40-40 | 0°, 45°, 90°, 45°, 0° 180 no no
D6 | DLT+30° 200 40-40-40-40-40 | 0°, 30°, 90°,-30°, 0° 180 no no
01,05 D3, D5 D4, D6
45° 30°
-45° -30°
naming and order of the series in accordance to (ARNOLD ET AL. 2022a)
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For the experimental investigation on the uniaxial load-bearing capacity (bending stiffness
properties), an additional laminate was chosen. This series (D1) does not contain a cross-
layer (layer oriented under 90° to the global x direction). As mentioned in the introduction of
the thesis, the aim regarding "application-optimized" laminated timber elements is to adopt
the layups and stacking sequences regarding the respective static system (loading, span, and
support conditions).

For the layups given within Table 4.7, all layers have a load-bearing function under
uniaxial bending, which means that the given layup might be more suitable for uniaxial
load transfer than conventional CLT or DLT featuring cross-layers (compare to Table 4.6).
In order to distinguish between DLT elements with cross-layers and DLT elements without
cross-layers, the specific DLT elements according Table 4.7 are denoted with the abbrevia-
tion uDLT. The adding of the prefix "u" signifies the suitability for uniaxial load transfer
mainly. The specimens are made of laminations from spruce (picea abies) that were classified
in strength class T14 according to EN 338 (see Chapter 4.3.2). The boards have a width of
w = 180 mm, are not edge-glued, and do not feature stress reliefs.

Due to the fact that the uDLT specimens were produced with both diagonal layers
arranged under +45° (see uDLT+45 D1 series, Table 4.2), uDLT+45° series D2 is comple-
mentary introduced within Table 4.7 for better understanding. D1 and D2 series hold the
same bending stiffness parameters in global x and y directions. From D1 series, ten real-scale

specimens were produced.

Tab. 4.7: Chosen series for the analytical, experimental, and numerical investigations on the bending stiffness

. layup arrangement board width edge- stress

series ¢ [mm)] .
t. [mm] of the layers O w [mm] glued reliefs

D1' | uDLT+45° 200 40-40-40-40-40 | 0°, 45°, 0°, 45°, 0° 180 no no
D2? | uDLT+45° 200 40-40-40-40-40 | 0°, 45°, 0°,-45°, 0° 180 no no

D1 D2

45 45°
45° 45

The uniaxial bending tests on the D1 series were carried out by the Timber Construction Unit of the University of Innsbruck and are
evaluated within the scope of this thesis;.the chosen layer arrangement is comparable to the layer arrangements of the investigations on the
bending stiffness of DLT according to Buck et al. (Buck ET AL. 2016)

*D2 series: bending stiffnesses B_and B, of D1 series equal those of D1 series within linear elastic range)
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The series and layups chosen for the experimental investigations (Tables 4.6 and 4.7) only
represent a small selection of possible layups. Of course, CLT and DLT elements could also
be produced with a larger number of layers and differing layer arrangements within the
boundary conditions of the production processes. This is why the produced series (Tables 4.6
and 4.7) are in the following supplemented by virtual series featuring a differing number of
layers and layer thicknesses (Table 4.8). These series form the basis for the later deformation
and stress distribution analysis for different static systems (application scenarios).

The layups of O7 and D7 series provide common layups as may be used for mass
timber slabs following construction grids with spans of [ < 3.5 m. Their overall thickness
is t = 150 mm and they consist of 5 layers each (n = 5). The O8 and D8 series provide a
comparable thickness of ¢ = 140 mm but consist of seven layers each (n = 7). The additional
DLT D9 series features four diagonally arranged layers and stays in reference to the O8 and

D8 series in number and thickness of its layers.

Tab. 4.8: Chosen virtual series for the additional numerical investigations using real-scale 2D and 3D FE models

series t layup arrangement board width | edge- | stress
[mm] t. [mm] of the layers © w [mm] glued | reliefs
o7 CLT 150 30-30-30-30-30 0°, 90°, 0°, 90°, 0° 180 no no
08 CLT 140 | 20-20-20-20-20-20-20 | 0°, 90, 0°, 90°, 0°, 90°, 0° 180 no no
D7 | DLT+45° | 150 30-30-30-30-30 0°, 45°, 90°,-45°, 0° 180 no no
D8 | DLT+45° | 140 | 20-20-20-20-20-20-20 | 0°, 90, 45°, 0°,-45°, 90°, 0° 180 no no
D9 | DLT+45° | 140 | 20-20-20-20-20-20-20 | 0°,-45°,45°, 90°,-45°, 45°, 0° 180 no no
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4.3.2 Material parameters of the test series

The CLT specimens of O1 and O3 series were manufactured by Pfeifer Timber GmbH,
Germany, in December 2019 under the framework of the European Research Project
InvoCrossLam (2019-2022) (founded by the European Union’s Horizon 2020 research and
innovation programme under grant agreement N° 773324). The CLT series O1 and O3
therefore also served as reference series to numerous experiments on the strength and stiffness
parameters of multifunctional CLT featuring channels in one of its layers (see ARNOLD ET AL.
2021; ARNOLD ET AL. 2022b).

The specific DLT specimens of the D1, D3, D4, D5, and D6 series as well as the CLT
specimens of the O5 series were produced by Holzbau Unterrainer GmbH, Austria, in March

2021 free of charge (HorzBau UNTERRAINER GMBH 2021a).

The CLT O1 and O3 series were produced in accordance to European Technical Assessment
document ETA-20/0023. The CLT O5 series and the DLT series were produced in accor-
dance to ETA-16/0055. Even though Holzbau Unterrainer GmbH does not yet hold its own
ETA for DLT, the DLT test specimens were manufactured in one batch together with the
CLT series O5. Table 4.9 lists the engineering constants in principal directions of the lamina-

tions according to the two ETAs.

Tab. 4.9: Moduli of elasticity and shear moduli of single laminations used for the production of the specimens
according to two different ETAs

E‘( EV GVZ G‘(Z G\'V 3 t t 3
. - i - orientation
[MPal [MPal [MPal [MPal [MPal
ETA-20/0023 11000 370 50 690 690 -
ETA-16/0055 11550 370 50 690 690 S T

Geometric parameters, such as the load-fiber angle, the orientation of the growth rings,
and the microfibril angle have an influence on the strengths and stiffnesses properties of
various wood species; In addition, the density, the moisture content, and the temperature
are important influencing factors (ARMSTRONG ET AL. 1984; NIEMZ AND SONDEREGGER 2017).
Different material tests according to EN 408 (modulus of elasticity, compression strength,
and density), EN 13183 (moisture content) and EN 16351 (delamination) were carried out
on the produced series, in order to verify the material parameters given in the ETAs:
The moisture content and density were determined by kiln drying tests (EN 13183) on
the O1 and O3 series after delivery. The mean value of the density was g = 458 kg/m’
(COV 4.3 %) (also see ARNOLD ET AL. 2021). The modulus of elasticity F and the compres-

sion strength f ~of Ol and O3 series were determined by compression tests according to
EN 408. The mean value of E was 10682 MPa (COV 5.3 %); the mean value f,

mean >,0,mean
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was 34.3 MPa. The mean value £ = 10682 appears to be close to the given value within
ETA 20/0023 (E_= 11000 MPa) Cbnsidering the COV of 5.3 %.

The material parameters of all DLT series and the CLT O5 series were determined before
and after the production of the test specimens by Holzbau Unterrainer GmbH. After technical
drying to a moisture content of u = 12 % and visual grading, the density of the respective
batch was determined on 20 specimens by kiln drying tests. The mean value of the density
= 416 kg/m? (COV 4.3 %) (HorzBau UNTERRAINER GMBH 2021b). This confirms

a grading in strength class T14 according to EN 338 (¢

mean,T14

Was Qmean
= 420 kg/m?). Assuming a
linear correlation of density to the modulus of elasticity, results in mean values E =

0,mean

10600 MPa, E, = 370 MPa, G = 690 MPa (see also Tables 1 and 2 of EN 338), and
in G, = 50 MPa (FELLMOSER AND Brass 2004). Additional 20 specimens of the DLT
series ywere subjected to delamination tests according to EN 16351 (Delam, = 4.1 %;
COV 4.7 %) (HorzBau UNTERRAINER GMBH 2021b). |

The linear correlation between the density and the engineering constants in principal
directions (E, and Gij) has been investigated and confirmed in several experimental studies
(ARMSTRONG ET AL. 1984; GINDL ET AL. 2001; FELLMOSER AND Brass 2004; RAVENSHORST 2015).
Armstrong et al. and Ravenshorst even derived formulas for the calculation of the bending
strength and the modulus of elasticity for different wood species as a function of the density

(ARMSTRONG ET AL. 1984; RAVENSHORST 2015).

The laminations of all series are assigned to strength class T14 regarding the investigations
on the material parameters, even if the density of the O1 and O3 series appears rather high
in reference to the experimentally determined moduli of elasticity. The recommended COV
for the modulus of elasticity of European softwood as prior value is 13.0 % for a number of
tests equal to 10 (JCSS 2006). Therefore, the achieved COV of 5.3 % and COV 4.3 % provide
good correlation to the respective mean values and therefore to strength class T14 (C24).
The achieved COVs and the respective mean values (10682 MPa for the O1 and O3 series
and 10600 MPa for the D1, D3, D4, D5, D6, and O5 series) exemplary lead to min/max
values of £ = 10144 MPa and E = 11248 MPa. All in all, the use of the engineering
constants according to ETA-20/0023 (£ and Gij) for the later analytical investigations seems
appropriate. This statement is based on the rsults of the experiments previously described

and consents with investigations of Fellmoser and Blass (FELLMOSER AND Brass 2004),

For the later experimental investigation, all specimens were stored at 65 % relative humidity
and a temperature of 20°C. The moisture content of each specimen was determined by an
electrical resistance moisture meter using ram-in electrodes within a depth of 15 mm before
each experiment (EN 13183-2). The respective values of the moisture content are provided

in the corresponding evaluation of the experimental investigations.
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Within the following Chapter 5 the laminate theory and therefore the stiffness matrix
of laminates with arbitrary oriented layers is derived. Chapter 5 forms the basis of later
theoretical approaches and leads to the analytical determined stiffness values of the investi-
gated series.

When comparing the analytical solutions with experimental results, the scatter of the
material parameters must be kept in mind. The scatter is expressed by the COV of about

5.0 % and a deviation of around 3.5 % to the engineering constants given in ETA-20/0023.
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5 Theoretical principles and approaches
5.1 Fundamentals of the plate theory

5.1.1 Drilling of isotropic plates

The loading of a plate element under pure torsion can be described by torsional moments
acting along the edges of the plate (Figure 5.1, a). Considering infinitesimal plate elements
(dz/dy), these moments can be replaced by force couples (Figure 5.1, b). Following the
derivation of effective shear forces and according to the Kirchhoff-Love plate theory, these
moments correspond to equivalent forces R = 2m, = 2m _ acting at the corners of the plate
(Figure 5.1, ¢). Consequently, the load case of pure torsion leads to the equivalent load case
of a square plate loaded at its corners by opposing single forces (ALTENBACH ET AL. 2016).
Equation (5.1) represents the general expression of the plate bending stiffness K of

isotropic plates according to the Kirchhoff-Love plate theory.

1 v 0
K ER® [y 1 0 651)
== 1-v o1
20-2\, , :

With regard to CLT and DLT, a distinction must be made between the plate theory according
to Kirchhoff-Love (span/depth: 10/1 > 1/t > 50/1) and according to Reissner-Mindlin
(span/depth: 5/1 > I/t > 10/1). Following the plate theory of Reissner-Mindlin for moder-
ately thick plates the out-of-plane shear deformation must be taken into account. This is
even more pronounced for laminates consisting of orthotropic layers. The out-of-plane shear
deformation cannot be neglected due to the low shear moduli Gyz. Therefore, the plate
stiffness is composed of the bending and an additional shear stiffness component S shown in
Equation (5.2):

Ehk
“21+v) ((1) 2) (5.2)

The plate theory according to Reissner-Mindlin assumes that the shear stresses are constant-
ly distributed over the cross-section. An error arises in this simplification in the calculation
of shear deformations. This error is adjusted by the shear correction coefficient & (for rectan-

gular and isotropic cross-sections k = 5/6) (ALTENBACH ET AL. 2016).

a) edge moments b) couple of forces c) equivalent edge forces

Fig. 5.1: Load case of pure torsion acting on a plate element
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5.1.2 Kinematics of the 3D continuum

To describe the interaction of strains and deformations on a twisted plate element and the
subsequent formulation of the matrix notation of the law of elasticity it is necessary to derive
the kinematics on a 3D continuum. The relationship between strain and deformation on a

3D continuum can be formulated in matrix notation as follows (Equation (5.3)):

[0
/(')x 0 0
-EX_ 0 a/ay 0

‘Zy 0 0 a/az .
e=1,"|= Av|=16]{u} 5.3
f 5’” U%or 0 o Iw o >3
yz
i 0 a/az 6/6y

d d
] /6x /ay 0

Out-of-plane shear stresses z_ and . and thus also the out-of-plane shear deforma-
tions are taken into account in the form of an advanced deformation model according to
Reissner-Mindlin (previously described). Here, a plane section normal to the midsection
no longer stays normal during deformation. Additional angles f and p, are introduced
(Figure 5.2). If the section is considered to remain plane (Figure 5.2, a), the approach follows
the first-order shear deformation theory. Usually this theory provides sufficient results. The
improved or so called second-order shear deformation theory takes into account an addition-
al distortion of the formerly plan section (Figure 5.2, b).The vector notation of the displace-
ments for a linear consideration of the shear strain are highlighted in vector notation by
Equation (5.4) (ScHICKHOFER 1994):

Uy ﬁy
{Wp-y = |Vo|+2- (B, (5.4)
Wy 0

Substituting the displacement vectors according to Reissner-Mindlin in Equation (5.3) by
Equation (5.4) leads to the respective vector notation of the strains (Equation (5.5)). The
single curvatures » and x, of the individual layers are understood to be the change in the
angle of inclination § (éw,/éx or 6w,/dy) along the respective indexed axis. The double
curvature x, of the central surface of each layer relates to the change of the angles £ and

B (SCHICKHOFER 1994).

&y &y [ ]
Ky
&y &y
& 0 0
e =lye| =\, 47 |Be| = @47 3 = 16 (Waow (5.5)
Vyz Vyz ﬁY/Z
.YX:V.R_M _ny_ | ny ]
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The relationship between deformations and strains of the 3D continuum is provided in
Equation (5.6) (ScHICKHOFER 1994):
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[0
[y O 0 0 0
0o 0 0 0 0
&y /ay
d i)
ygy /ay /ax 0 0 0 Up
K 0 0 o 9 o |[%
_ — AWp | = .
{e}spp-m = Ky =1 o 0 0 0 a/ay ,85 = [B] - {u}p-n (5.6)
Ky
Yz 0 0 0 a/ay 6/ax ﬁx
_}/yz_3D‘R_M 0 0 a/a 1 0
X
il
0 0 9y 0 1
a) ‘ 0

Y
o
r

=

shear deformation theory

W -} /\\
sv Zp
2z oS
i ; P \ W first-order
P

Y z Swo
3
= uo((x.y))+ Z-% ({X.y)) B,
V=V (X,y) + Z.p, (XY
wewoxy) *K"___
b) * Uo

Y

Wo second-order

7 =
u=wxy) + z.px(xy) + 22 L, (xy) + 22 ¢ (x,y) E

v =vo(xy) + 2.y (xy) + 2§, (%) +2° 6y (xy)
W= WO (x.y) + 2.2 (xy) + 2 £ (x,y)

shear deformation theory

Fig. 5.2: Linear and non-linear approach for considering the out-of-plane shear strain of a formerly plane section,
formerly normal to the midplane (ScHickHOFER 1994)
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5.2  Plate stiffness properties

5.2.1 Stiffness matrix of the unidirectional layer

Each layer of the laminate is considered as a unidirectional layer (UD layer) with ideally
straight fibers providing transversal isotropy (see Chapter 3.1). Following the classical
laminate theory, a UD layer is considered being in the plane stress state (o, = 0). The out-of-
plane shear stiffness values and stresses are not considered (7, = z,, = 0). The stress-strain
relationship on the reduced stiffness matrix of the UD layer for an orthotropic material (@16
= 726 = 0) are provided in Equation (5.7), where @, are the reduced stiffnesses for a plane

stress state in the 1-2 plane, and where the 1-2 is the plane of the UD layer.

01 Qi1 Q12 O &
O =(Qz2 Q2 0 | -]|& (5.7)
Tizl, |0 0 Qs Yi2ly
E, Vyx * Ex Vyy By E,
ith = . = = ; = =G
with Qq T vy e 27T vy Tovyy vy Q22 1= vz e Qo6 = Gxy

In the so called “modified laminate theory” the out-of-plane shear stiffness parameters are
taken into account. Furthermore, the assumption of normality of plane sections is not valid,
given that plane section normal to the midplane remains plane but not normal to the surface
after deformation (DANIEL AND Isuar 2006) (also see Figure 5.2). The stress-strain relation-
ship on the reduced stiffness matrix of the three-dimensional UD layer of an orthotropic
material are given by Equation (5.8), where @55 and @44 are the shear stiffnesses in the 1-3

and 2-3 plane, and where these planes are perpendicular to the plane of the UD layer.

Quu Q12 0 0 0 €
Q12 sz 0 0 0 &
66 0 0| [V (5.8)
Qs O Y13
T23 L

0 Quql Y23ly

with Q55 = Gy Qua = Gyz

5.2.2 Implementation of long-term deformation coefficients

In reference to Chapter 4.2, a time-dependent viscoelastic material law for timber is defined
by considering the deformation coefficients k, . within the stiffness matrix of the UD layer
of an orthotropic material. With respect to Equation (5.8), the time-dependent stiffness
matrix of the UD layer is provided by Equation (5.9) (stress-strain relationship). Hereby it

is assumed that the Poisson’s ratios are independent regarding the load duration.
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E Vyy * E
x,t yx " bxt 0 0 0
O-l,t 1 - ny ’ Vyx 1 - ny ' Vyx gl,t
Oat Vyx * Byt Ey; 0 0 0 &t
T ={1=v,,- —V..- Y (5.9)
12t T=vyy Vyr 1=y vy, 12t .
T13t 0 0 Gyye O 0 Vi3t
T Va3t
23,64, 0 0 0 Gy O ty
0 0 0 0 Gyz,t_L

Inserting the deformation coefficients (see Equations (4.16) and (4.17)) into the time-depen-
dent stiffness matrix of the UD layer, the time-dependent stress-strain relation results in
Equation (5.10).

E, Vyy By 0 0
(1 T Vxy Vyx) “(L+ky) (1- Viy 'Vyx) “(1+kr)
Vyx " By Ey
0 0 0 0 &
g;i (1 ~ Vay 'Vyx) c(U k) (L =vyy vy - (T4 kp) 5;
Tiat| = 0 0 _ Gy 0 0 Yize| (5.10)
T13,t 1+ kshear V13,t
T23,td; 0 0 Gz 0 Yasel;
1+ kshear
G
0 0 0 0 —
1+ kshear—L

5.2.3 Transformation of the stiffness matrix

The transformation of stresses from the global coordinate system to the local coordinate
system of the UD layers is realized by way of multiplication of the stiffness matrix with the
transformation matrix [T | (Equation (5.11)). The terms of the transformation matrix follow

the plane stress and plane strain conditions (Figure 5.3) and their interaction on the Mohr's

circle.
01 Oy cos?6 sin® 2 cosf sinf 0 0 Oy
02 ay sin®6 cos?8 —2 cosf sinf 0 0 ay
Tiz | =[T] Txy‘ ICOSH sind cos6 sind  (cos’0 —sin26) 0 0 ||y (5.11)
T13 Txz 0 cosf sing| |z
T3y Tyz 0 —sinf cosf) LTz

Fig. 5.3:  Stress components in unidirectional lamina referred to loading and material axes (DANIEL AND IsHAI 2006)
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The Reuter’s matrix [R | is used to adapt the transformation matrix regarding the trans-
formation of in-plane and out-of-plane shear strains to the assumption of the technical
shear strain theory (2y = &) (Equation (5.12)) (ReuTers 1971; Rovrance 2000; (DANIEL
AND IsHAT 2006))

& 1
& 0
Yiz| =[R]-] ny 0
Y13 0
V23 1) 0

Conversely, the transformation of stresses and strains from the local coordinate system to

(5.12)

OO O -k O
O O N OO
OO OO
DO O OO

—

—~

—

—

=

<

the global coordinate system is realized by way of multiplication with the inverse transfor-
mation matrix [7!]. The global stresses are calculated from the global strains multiplied
with the reduced and transformed stiffness matrix [Q |. The transformed stiffness matrix
takes into account the individual arrangements of the layers i under an angle 6, (Equation
(5.13)) (JonEs 2014; SCHICKHOFER 1994):

Oy & & &
ay & & &
Gy = [T71-[Ql, - [R7M|r1z | =[T7']-[Ql, - [R7]-[R]-[T]- |Vay [ = [Q] - {Yxy (5.13)
Txz Y13 Vxz Vxz
Tyz V23 L Vyz Vyz

with  [T71]- [, - [R™] - [R] - [T] = [T][Q], - [T~"] = [Q]

The stress-strain relationship by means of the transformed stiffness matrix [Q | of the UD
layer is highlighted by Equation (5.14). Herby the derivation of the transformed stiffness
terms @ij follows Equations (5.11), (5.12), and (5.13). The respective matrix product
([T']@Q |,[T™]) consisting of trigonometric functions can exemplarily be taken from various
literature as for example (ScHICKHOFER 1994), (DANIEL AND IsHAr 2006), or (Jones 2014)
and is also provided in Appendix A1 of this thesis (Derivation of the transformed stiffness
terms). Equations (5.15) and (5.16) exemplary give the (global) reduced stiffness terms @,
and @, as a function of the angle © (tensor transformation).

o7 [@un Q2 Qi 0 07 e
ay| 102 Q2 Q6 0 0 ]g
Ty|=[0i6 Q6 Qs 0 O [|Vay '5.14)
bz 0 0 0 Qs5 Qusl |
Do 0 0 Qs Qud T

Q11 = Q1 cos* 8 + 2(Qy2 + 2Qge) sin O cos? § + Q,, sin* (5.15)

Qss = Q55052 6 + Quq Sin? O + 2Q45 cos O sin (5.16)
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Note that the transformed stiffness matrix has terms in all nine positions of the in-plane stress-
strain relations, since the UD layer is stressed in non-principal directions (@16 = @26 #0).
Also, the asymmetric out-of-plane stiffness terms are no longer zero, as it is for orthotropic
materials stressed in non-principal directions (@45 # 0). The asymmetric stiffnesses terms
of the UD layer have to be taken into account for the calculation of the overall laminate
stiffness (see Chapter 5.2.5).

5.2.4 Engineering constants in non-principal directions

The principal engineering constants for timber according to Equation (4.7) are inserted
into the transformed and reduced stiffness matrix of the UD layer (Equation (5.14)) and its
reduced stiffness terms in order to achieve the engineering constants £ and Gij as a function
of the layer orientation (see Equations (5.15) and (5.16) as well as Appendix A1l).
Equations 5.17 and 5.18 exemplary give the modulus of elasticity £ (6) and the out-of-
plane shear modulus G, (0) as a function of fibre orientation, derived as previously described.
Further Equations for engineering constants (£, (0), G,,(0), G,, (6)) in non-principal direc-
tions are given in Appendix A1. Note, that the indices 1, 2, and 3 no longer represent the

principal material axes but the initial orientation of the transformed constant.

SN A B2 W S I
E;(0) = |=cos*0 + | —— sin“ 6 cos“ 6 + —sin* 0 (5.17)
E, Gy " E,
1 2 .2 GXZ '
G13(8) = |=—( cos“0 + sin“0 - — (5.18)
ze Gyz

Table 5.1 and Figure 5.4 demonstrate the distribution of the modulus of elasticity and
the shear modulus as a function of the fibre orientation to the global x axis following
the tensor transformation (Equations (5.11) to (5.18)). The initial values of E, (£ ) and
E, (E) as well as G, (G_) and G, (G ) are chosen in accordance with the mean values
following ETA-20/0023 (Tab. 4.9, Chapfer 4.3.2). The Poisson's ratios are chosen according
to (HALASZ AND SCHEER 1996).

In addition, the analytical values are compared to the well-known interpolation by
Hankinson (Equations (5.19) and (5.20)) (HankinsoN 1921). The Hankinson's approach was
initially predicted to compression strength of wood at varying angles but may also be used
for the determination of the moduli of elasticity and the shear moduli (see RADCLIFFE 1965

and BAHMANZAD ET AL. 2020).

E,E,
E.(8) = (5.19)
10) Ey - sin?0 + E, - cos?0
Gy, ' G
Gy3(0) = =2 (5.20)

Gyz - Sin%6 + Gy, - cos?0
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Tab. 5.1: Moduli of elasticity and shear moduli of spruce of single laminations as a function of the layer arrange-
ments, following different analytical approaches

x, longitudinal

analytical investigations on spruce analytical investigations on spruce
tensor transformation Hankinson's approach
‘ Equations (5.11) to (5.18) Equations (5.19) and (5.20)
L-T transf. Gtransf. Hankinson Hankinson
O[] [MPa] [MPa] [MPa] [MPal]
0.0 11000 690 11000 690
15.0 5633 371 3761 371
30.0 2088 164 1344 164
45.0 958 93 716 93
60.0 560 65 488 65
75.0 410 53 396 53
90.0 370 50 370 50
a) b)
700 - Gtmusf
10000 - - Hankinson
600 (identical)
- 8000 500
& =
2 6000 | S 400
= O
300
4000 r
200
2000 100
0 L L L L L 0 1 L ! L L
0 15 30 45 60 75 90 0 15 3 45 60 75 90
Orientation [°] Orientation [*]

Fig. 5.4: Modulus of elasticity (a) and shear modulus (b) of spruce as a function of the fibre orientation

Equations (5.18) and (5.20) show that the analytical solutions for the derivation of the shear
modulus as a function of © are identical to the Hankinson's approach (Figure 5.4 b).

The discrepancy between the analytical solution for the modulus of elasticity as a function
of © (Equations (5.11) to (5.18)) and the analytical solution following the Hankinson's
approach are large. The decrease of the moduli of elasticity with increasing fibre angle is
more pronounced according to the Hankinson's approach than according to the transforma-
tion of the UD layer. This discrepancy is most pronounced at an angle of © = 15° (AE =
1872 MPa) (Figure 5.4 a). The reason for this is the influence of the shear modulus G
as well as the Poisson's ratio v within Equation (5.17). Considering G _ = 690 MPa and
v = 0.38, the analytical solution following the tensor transformation may achieve more
réalistic values, than Hankinson's approach. This statement is validated below by comparing

the analytical approaches with experimental investigations.
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The moduli of elasticity following the analytical approaches are compared to experimental
investigations in order to verify the values of the analytical solutions (compression tests on
ash (Fraxinus Excelsior) by (Crauss ET AL. 2014)). The results of the experimental measure-
ments are summarized for the compression tests in steps of 15° (rotation in the 1-2 plane)
within Table 5.2. For the analytical solution, the respective mean values of the compression
tests at 0° and 90° are chosen as input parameters (E = 9196 MPa and E = 696 MPa;
G, = 690 MPa). Additional experimental investigations on the longitudinal-radial plane
(1;3 plane) and radial-tangential plane (2-3 plane) of the compression and tension tests are
given within (CrAuss ET AL. 2014).

With respect to the description of the orthotropic material properties of wood (three
symmetric planes aligned perpendicular to each other describe its orthotropic material
behavior) the analytical approaches are valid for a rotation under the angle © within the
longitudinal-radial plane (1-3 plane) and the longitudinal-tangential plane (1-2 plane) of the
UD layer (also see Chapter 4.1).

The analytical approaches on the shear moduli are compared to experimental investiga-
tions on the shear moduli for verification reasons (small-scale shear tests on eastern hemlock
(Tsuga Canadensis) by (BAnMANzAD ET AL. 2020)). The results of the experimental measure-
ments are summarized for angles of 0°, 30°, 45°, 60°, and 90° within Table 5.2 for a rotation
from the longitudinal to radial plane. Note that no experimental results for fiber orientation
under 15° and 75° are given within (Baumanzap ET AL. 2020). For the analytical solution
the respective experimental mean values of the shear tests at 0° and 90° are chosen as input
parameters (G = 398 MPa and G, = 45 MPa).

Due to the similarity of Equations (5.18) and (5.20) the analytical solution according to

Hankinson's approach and the tensor transformation are the same. The experimental investi-

Tab. 5.2: Moduli of elasticity of ash and shear moduli of eastern hemlock of single laminations following different
experimental and analytical investigations
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— experimental . . . experimental .
7 . L analytical investigations . o analytical
},, investigations . . investigations . oo
- . following tensor transformation investigations
¥-tangental L compression tests . (BAHMANZAD ET AL.
. rdil and Hankinson's approach
(Crauss ET. AL 2014) 2020)
1 9 3
orientation exp. analytical Hankinson exp. transf./Hankins.
o] (1-2 plane) (1-3 plane)
[MPa] [MPal [MPal [MPa] [MPa]
0.0 9196 9160 9160 398 398
15.0 7004 5374 5048 / 261
30.0 2403 2469 2267 151 134
45.0 1488 1379 1294 88 81
60.0 984 936 905 61 58
75.0 704 749 742 / 48
90.0 696 696 696 45 45
laverage COV 5.1 % (Crauss ET AL. 2014)
2average COV 13.8 % (BAHMANZAD ET AL. 2020)-
* Gt = Crtinson

a) b)
10000 | —E_, 700 | Gl Hankinson
A
- E
. ‘Hankinson | o G‘ )
8000 | 600 & Ve,
(1-3 plane)
E - 500
S 6000 f &
. )
4000
2000 r
A
0 1 1 1 1 1 0 1 1 1 L L
0 15 30 45 60 75 90 0 15 30 45 60 75 90
Orientation [°] Orientation [°]

Fig. 5.5: Modulus of elasticity of ash (a) and shear modulus of eastern hemlock (b) as a function of the fibre orien-
tation (experimental values based on (CLAUSS ET AL. 2014 and BaHmanzap 2020)

gations on the moduli of elasticity differ from the analytical solution under 15° by 1630 MPa.
The deviation may be due to material scattering or influences of the microfibril angle (Navi
AND GiLant 2004). For angles © > 30° the analytical solution is confirmed by the experi-
ments. With respect to the shear modulus, the analytical solution of the tensor transforma-

tion and the Hankinson's approach match the experimentally determined values quite well.

5.2.5 Mechanical coupling and laminate stiffness properties

Laminates are characterized by their response to mechanical loading, which is associated
with a description of the coupling behavior. The matrix notation of the law of elasticity
on the plate element consists of different sub matrices. These are referred to as the exten-
sional stiffness A, the bending-extension coupling stiffness B, and the bending-twist coupling
stiffness D (also see Appendix A2 and Equations (A15) to (A18)). The ABD relation is often
expressed using compact notation (Equation (5.21)) (NETTLES 1994):

Gi)=ls ol

with

t/2

Aij = f

-t/2
t/2

Bij = J

-t/2

Qi dz = Z[Qij]k' (2 — Zk-1) (A15)
=1

_ 10, -
Qij z dz = E;[Qu]k' @ = 2-1%) (A16)

t/2

_ 19~
Dy = f Qi) 2% dz= §kz=1[Qij]k- (5 = 21’ (A17)

-t/2
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With respect to the out-of-plane shear deformations a fourth sub matrix F is introduced.
While the ABD relation refers to the assumptions of the classical laminate theory, F refers
to the out-of-plane shear stress-strain relations and is therefore decoupled from the ABD
relation (Equation (A18)).

t/2 "
Ej=kiz f Qy dz = kiS‘Z[(_?ij]k' (2 = 2k-1) (A18)
-t/2 k=1

The out-of-plane shear stiffness values refer to the entries £, and E_ of the extended
ABD-F matrix and therefore to the sum of the out-of-plane stiffness terms of the UD layer
Z@ij multiplied by the respective layer thickness t. Within (A18), the asymmetric stiffness
terms @, of diagonally oriented UD layers may be taken into account according to Equation
(5.22) and Equation (5.23).

n . _ 1-1
Q44

E=k.§T (2 = Zp_q) 5.22
55 XZ L _Q44'Q55_Q25_k k k-1 ( )

noo = -1

2: Qss
E :k . —_— . (Z — Zj_ ) 2
" Y k=1 _QSS'Q44—_QZS.]( ¢ e (5 3)

Additionally a shear correction coefficient for laminates is introduced, as is the case for
isotropic plates. For laminates with orthotropic layers, the shear correction coefficients k_
and &, differ significantly to the shear correction coefficient for isotropic plates (k= 5/6).
The determination of shear correction coefficients—valid for CLT and DLT—is given within
Chapter 5.2.7. The matrix notation of the law of elasticity on CLT and DLT elements,
taking into account out-of-plane shear stiffness terms, can be noted as Equation (5.24). The
ABD relation extended by the fourth sub matrix F is referred to as the ABD-F matrix in
this thesis.

Ny Ay A A | Bin By Big ! 0 0] &
Ny |41 Az Age Biy By B A
Niy| |At6 Azs Aes | Bis Bs Bes| 0 0| Ny
My | _|Bin Biz Big | Dix Diz Dy 0 0| | Ky
My |Biz Bz Bys i D1z Dy Dag 0 0 Ky (5'24)
M,y Big Bas Bes | Dis Dps Des 0 0 Kxy
G| (0000 0 0 By B (Ve
Bl Lo 0 000 0 0 Eg Bl lnl

A possible compact notation of the ABD-F relation is given by Equation (5.25).

NY [4 B 0]
M{=|B D 0|x (5.25)
v) lo o Elly
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The coupling of the transformed reduced stiffnesses following the ABD-FE relations, and in
particular the coupling of the out-of-plane shear stiffness values, are obviously complicated
to understand. The response of an laminate to out-of-plane shear stresses may be better
understood when the transformed shear moduli of the respective layers are examined. Or,
"Nothing should, therefore, be taken for granted with a new composite material: its moduli
as a function of © must be examined to truly understand its character." (Jones 2014,
p. 81). Based on the findings within Chapter 5.2.4 and with respect to the statement of
(Jones 2014), the transformed engineering G, (0) and G,, (0) of the UD-layers may be
used for the calculation of the out-of-plane stiffness properties E’,jj, instead of the transformed
stiffness terms of the UD-layer (Equation (5.26)).

t/2 n
Eij=ki,- f Gij(0)dz = k; - z Gij(0) - (2 — Zk-1) (5.26)
-i/2 k=1

The values of G, (O) and G,, (0) within Equation (5.26) are calculated according to
Equations (A13) and (A14). Both approaches—Equation (5.26)) as well as Equations (5.22)
and (5.33)—result in the same out-of-plane shear stiffness values £, = S _and E = 5 _(see
following Chapter 5.2.6).

Figure 5.6 gives the flowcharts for the determination of transformed stiffness properties
and transformed engineering constants in non-principal directions, leading to the ABD-E
stiffness matrix for laminates. The flowcharts are extended by Equation (5.26) for better

understanding of the out-of-plane stiffness properties (also see Appendix A2).

[El Engineering constants By, Bz viz Giz Engineering constants of unidirectional layer

referred to principal axes
EEI Principal layer stifinesses
Fiber orientation of layer k

Fiber orientation
equal f— Transformed layer k stiffnesses referred
LT '1 """""""""""""" > [Ql:,y to x-y system

__ s ‘ Transformed Location of layer k surfaces
ey - *- mathematical constants

[Ql: 2 [Sha Mathematical constants

A
\
G

Laminate stiffness matrices referred to
x-y system

[Aly: [Bley: [Dley

E(©)

G” () Transformed engineering constanls

Laminate stiffness matrices referred to
x-z and y-z system

.
|

oo t----------;  Location of layer k and
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Fig. 5.6: Flowcharts for determination of transformed elastic constants (left) and laminate stiffness matrices (right)
based on DaniEL AND IsHAI (2006), extended by own approaches (dashed lines)
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5.2.6 Exemplary ABD-F stiffness matrices for CLT and DLT

The laminate stiffness is given by the A BD-F matrix. Equations (5.27) and (5.28) exemplary
give the ABD-F matrices for the 5-layered CLT series O1 (¢ = 100 mm; [0°, 90°, 0°. 90°, 0°]
and the 5-layered DLT445° series D3 (¢ = 100 mm; [0°, 45°, 90°, —45°, 0°],). The initial
(input) values of E and E,. as well as G. and G, are chosen in accordance with the mean
values following ETA-20/0023 (Tab. 4.9), Poisson’s ratios according to (HALASZ AND SCHEER
1996).

The ABD-FE matrix of a 5-layered CLT element according to the O1 series takes the
following values in [MNm?/m| and [MN/m|, without the calculation of shear correction
coefficients (Equation (5.27)).

679.00 14100 0 0 0 0 0 0
141.00 46500 0 0 0 0 0 0
0 0 6900 0 0 0 0 0
0 0 0 —074 —-001 0 0 0
eI=] 0 0 —001 -022 0 0 0 (5.27)
0 0 0 0 0 -0058 0 0
0 0 0 0 0 0 k4340 0
0 0 0 0 0 0 0 ky,-3060]

The ABD-FE matrix of a 5-layered DLT+45° element according to the D3 series takes the
following values ([MNm?/m| and [MN/m]|) (Equation (5.28)):

'597.00 10300 0 0 0 0002 0 0
103.00 38300 0 0 0 0002 0 0
0 0 15193 0002 0002 0 0 0
0 0 0002 —-079 —005 0 0 0
[eI=| 0 0002 —005 —010 0 0 0 (5.28)
0002 0002 0 0 0 -0093 0 0
0 0 0 0 0 0 k,-3233 0
0 0 0 0 0 0 0 ky-1953

Equation (5.29) exemplary determines the entries k_-FE_ of the DLT+45° D3 series using the
transformed stiffness terms @ij according to Equation (A18) and compares them to the sum
of the transformed out-of-plane shear moduli multiplied by the respective layer thicknesses
> G, (0) according to Equation (5.26).

n = -1
Ess =ky, - Z [—9%] 4 (529)
£ Q4 Q55— Qis |,
370-370 — (320)? 690 - 50 50690
=k, |2- — 30 <0.0242- =0 -0.02 4+ £90 -0.02| = k,,+32.33

n
=kyy - Z Gij(8) - t; =2-690-0.02 +2-93.24-0.02 +50 - 0.02 = ky, - 32.33 = Egg
k=1

Theoretical principles and approaches 54

Mechanical Properties of Diagonal Laminated Timber

5.2.7 Derivation of shear correction coefficients

According to the Timoshenko Beam Theory (TmosHENko 1921), as is the case in the
Reissner-Mindlin Plate Theory, transversal shear deformations are taken into account (plane
sections normal to the mid-plane do not stay normal during deformation). For laminates, the
specific transversal deformation behavior of each layer has to be considered. Therefore, the
respective entries of the A BD-E stiffness matrix (£, and E, ) are multiplied with shear correc-
tion coefficients, taking into account the deformation behavior of each layer (see Equation
(5.26)). The derivation of shear correction coefficients in x and y direction is based on the
principle of virtual displacements and the equilibrium between shear and bending stiffnesses
(BoGENSPERGER AND SiLLy 2014). Equation (5.30) gives the shear deformation of the single
layer as a function on the shear modulus G , the shear stresses r and the shear force dV.
Equation (5.31) gives the overall shear deformation of the laminate, leading to the shear

correction coefficient £ . Figure 5.7 gives the designations of the chosen indices for 2.

_1 av;, = 1 av, 5.30
ul_ZTy l_ZGlzT L ( )
, T V-ES _ ,
w1th:y=E ;T=m ; dVi=fdA,-dl=bdzdL
2
1 V:-E;:S
Au=f <l l>bﬂdi (5.31)
t 2Giz; \ Eil - b
t (£ z
1w 2 Gz, i ff (fzz Ei(Z)ZdZ) iz
2y Giz,lAl t )t Giy ()
[2,E;i(2)z%dz 2
2
1P Zaﬁﬂ[Eﬁ |
 2X G A EP*b J, Gy ‘ 3
N J
Y
ki,z

Equation (5.31) now contains the sum of the shear stiffnesses of each single layer, divided
by the square of the bending stiffness (including the Steiner-terms) multiplied by a double

integral involving the modulus of elasticity and the static moment S (ES).

Zi,max
;’T‘:—‘i % jj‘ Zi,min
+45° J +45°
S - —t 1 —
-45° -45°
*L -~

Fig. 5.7: Designation of the parameters and indices of z,
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The double integral is determined for each layer using polynomials (Equations (5.32) to
(5.34)). A detailed derivation can also be found in (FreicHTER 2013). Due to its complexity,
the calculation is usually carried out in tabular manner. The calculation for shear correction
coefficients according to the Timoshenko beam theory is exemplary given for the O1 and D3

series in Appendix A3 in tabular manner.

Zimax Zimax n Zimax
ES; = f Ezdz =E; j zdz+ZEl- f zdz (5.32)
t/2 t/2 i+1 Zimin
1 n
=SB (e — 7) + ) Bty
i+1
1 5 2 2
= EEi (Zimin — 27) T ES;
1 2
[ESL']ZZ ZELZ (Ziz,min - ZLZ) + Eiz(ziz,min - ZiZ)ESi + ESL'Z (533)

1 2
= ZE} (2Pmin — 22Fminzt + 2t)" + E} (2} min — 2F)ES; + ES?

Zimin E2

f [ESL-]ZdZ = ﬁ(szi‘::min + 1OZi2,minZi?:max - 1SZlfl:maxZi,min - 3ZEmax) (534)
Zimax

Ef

+ES; 50

3 2 3
(4ozi,min - 6OZi,maxZi,min + 2OZL',max)

+E5i2 (Zi,min - Zi,max)

Note that again the engineering constants—for £+ 6 layers in non-principal directions—form
the basis of the determination of the shear correction coefficient. For the given example of
the CLT Ol series, k_ appears to be 0.181 and k_ to be 0.163. For the given example of the
DLT D3 series, k_ appears to be 0.238 and kyz tb be 0.659.

Hence, the out-of-plane stiffness values for the CLT O1 series take the values E. =
S,= 796 MN/m and £, = S = 489 MN/m and E, = S = 7.68 MN/m and E,k =
S = 12.86 MN/m for the DLT D3 series. In x direction the shear stiffness of the DLT is by
58.0 % higher compared to the CLT element. In y direction the shear stiffness value of the
DLT appears to be higher by a factor of 2.6 (S = 12.86 MN/m).

To explain these values, it is necessary to calculate the actual shear deformations of the
DLT D3 series under a virtual shear load V = 100 kN. The distribution of shear stresses over
the cross-section is highly dependent on the respective static moment S and the modulus of
elasticity (Equation (5.35)). The shear deformation u, depends on the shear moduli of the
respective layer and the shear stresses (Equation (5.36)). Figure 5.8 compares the quantita-
tive values and distributions of the shear stresses and shear deformations in x direction, to
those in y direction. By now, it may become more clear, why the shear stiffness in y direction

of the chosen D3 series is much higher, than in x direction. The orientation of the middle
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layer under 90° in x direction leads to a high shear strain within this layer. In y direction, the
middle layer is oriented under 0°. Therefore, the shear strain of the inner layer is comparably
small. The overall shear deformation in y direction is Uy, o — 1.06 mm, which is higher by
39.5 % compared to the one in y direction (u = 0.76 mm).

For CLT, the out-of-plane shear propertieé are influenced mostly by the cross-layers. The
approximate distribution of the shear stresses can often be estimated without great effort. In
y direction, the maximum shear stresses hit the middle layer with its comparably low shear
moduli G,

For DLT, in addition to the longitudinal and cross-layers, the deformation behavior and
stress distribution over arbitrary oriented layers have to be considered. This leads to difficul-
ties in the estimation of the distribution of shear stresses and shear deformations over the
cross-section since the interaction between shear stresses and shear moduli has to be consid-
ered. Recalling Chapter 5.2.4, the response of an laminate to out-of-plane shear stresses
may be better understood when the transformed shear moduli of the respective layers are
examined in advance. For the DLT D3 series in y direction, the maximum shear stresses
hit the middle layer, which is oriented under 0° and thus provides the maximum shear
moduli G. This leads to the much higher shear stiffness in y direction, than in x direction

(Figure 5.8).

V-ES

Tij = m (535)
z z
Tij Tij
uij=f Yi dZ=J. Edz:f.ti (536)
0 0 - j
DLT+45° D3 series V' =0.1 MN, =1.0MN/m, b=10m
x direction MN /m? MN /ma?
; G, [MN/m?| 7, [MN/m’]  u, [mm]
- \ U, = 1.06 mm
gﬂi +45° \ z’.‘(Z,]‘ﬂ'{‘.\' - 1.25 1\/‘[N/III2

| S = 7.68 MN/m
—45° |

— /

—_— 500 1000 0.0 15 3.0 00 05 10 15

=

y direction

G [MN/m? 7 [MN/m? u_ [mm]|
!/ 47 vz vz vz

Vz,max - 0.76 Inm

45 T — 2-46 MN/m?
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l
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Fig. 5.8: Quantitative shear stresses and shear deformations of an exemplary 5-layered DLT element
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When looking at the output of the stiffness matrix of the 2D FE program RF-Laminate
(Multilayer Sufaces) (DruBarL Sortware GMBH 2016), it is noticeable that in the solution
stored in the program, the shear stiffness values could calculated incorrectly on the basis
of the transformed stiffness terms @55 and @4 , only, without considerations of the eccentric
terms @Q,. (see Equations (5.22) and (5.23)). Furthermore, the output indicates, that the
shear correction coefficients are not calculated on the basis of the transformed engineering
constants in non-principal directions (Equations (5.17) and (5.18)) (stated as of 2023-09-20).

This is not of importance for CLT, since the layer stiffness values only follow the principal
directions (@55 =G, ; Q.= Gy 5 @, = 0). For diagonal layer arrangements, on the other
hand, this is no longer the case (@)) 5 = 370 MPa, Q- = 320 MPa for spruce T14) (see
Chapter 5.2.4). Using only the stiffness terms @55 and @44 within the calculations leads to
shear correction coefficeints of k£ = 0.261 and £, = 0.916 for the exemplary DLT+45° D3
series. The shear stiffness takes the values S = 11.36 MN /mand S = 28.02 MN/m for the

DLT D3 series. This would mean that the shear stiffness in y direction would be twice as high

as if the engineering constants in non-principal directions are used within the calculation of
shear correction coefficients and within the ABD-E stiffness matrix (S, = 12.86 MN/m).

Taking into mind the quantitative comparison of the shear deformations on DLT D3
series (Figure 5.8) a shear stiffness of S = 28.02 MN/m seems to be too high and less
realistic, even if the laminate theory is based on the assumptions of and homogeneous layer
without gaps. This discrepancy in the solution to shear stiffness values was discussed with
Dr. Hochreiner from TU Vienna and Dr. Danielsson from Lund University. Diubal Software
GmbH was also notified in 2022 and 2023 of the risk of overestimating shear stiffness values
laminates with layer orientations deviating from 0° and 90°.

In summary, the use of transformed engineering constants should be considered for the
calculation of out-of-plane shear stiffness values of DLT and its future implementation within
software tools (G,.. = 93 MPa for spruce T14). The mechanical background is complex and
the output of software tools need to be further discussed and investigated—also regarding

additional aspects like shear-shear coupling (JonEs 2014).

With the end of Chapter 5, the first objective of the thesis—the transfer and extension of
mechanical basics on the coupling behavior of special anisotropic composites with diagonal
layer arrangements towards the stiffness matrix—was covered. The information assembled on
the stiffness properties of laminates and the shear correction coefficients serves as theoretical
basis for the determination of analytical reference values to the experimental and numerical
determined stiffness parameters within Chapter 6 (investigations on the out-of-plane shear
stiffness), Chapter 7 (investigations on the bending stiffness), Chapter 8 (investigations on

the torsional stiffness), and Chapter 9 (investigations of the in-plane shear stiffness).
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The out-of-plane stiffness properties of the test series according Tables 4.6 to 4.8 are summa-
rized and compared to each other within Appendix A8 by means of radar charts. In addition,
next to the radar charts, the graphical displays of the respective layups are given. The pages
of Appendix A8 can be unfolded, to present and link the series and layups investigated to

the respective experimental results.
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6 Investigations on the out-of-plane shear strength and stiffness
6.1  Analytical determination of the out-of-plane shear stiffness

6.1.1 General information

For the determination of the out-of-plane shear stiffness values of CLT, two methods are
commonly used and provide sufficient correlation to previous experimentally determined
values. One is the is the laminate theory taking into account shear correction coefficients
within the A BD-F stiffness matrix as previously described. For CLT, the use of shear correc-
tion coefficients is incorporated within the Austrian National Annex of EC 5 (ONORM
B 1995-1-1) as well as proposed by Schickhofer and Wallner-Novak (SCHICKHOFER ET AL. 2010;
WALLNER-NoOVAK ET AL. 2013). As described before, the derivation of shear correction coeffi-
cients should also be possible for DLT considering the engineering constants in non-princi-
pal directions. The other method is the Shear Analogy Method proposed by Kreuzinger in
1999 (KrrUZINGER AND Scuorz 1999; KREUZINGER AND ScroLz 2001), implemented within
the German National Annex to EC 5 (DIN EN 1995-1-1/NA). The Shear Analogy Method
applied to CLT is independent of the laminate theory. The transfer of the Shear Analogy
Method from CLT to DLT is investigated in the following section. A third approach is based
on energy considerations. The mechanical derivation of the Energy Method is sophisticated
and not common for the application on CLT and DLT. Various publications introduce the
Energy Method, such as Klarmann and Schweizerhofer (KLARMANN AND SCHWEIZERHOF 1993).
A further approach is the Refined Zigzag Theory—a highly accurate and computational

shear-deformation theory for homogeneously laminated composites (TESSLER 2015).

6.1.2 Shear Analogy Method proposed by Kreuzinger

Choosing specific evaluation areas a_and a within which the distribution of shear stresses
can be considered as constant, the shear stiffness values can be calculated without using
a shear correction coefficient (k = 1.0), in the light of the fact that the evaluation area a_
does not correspond to the total height of the cross-section. The balance of forces between
the force resulting from the integration of the shear stresses over the total cross-section and
the force resulting from the integration of the shear stresses over the equivalent evaluation
area is given. The shear deformation within the respective evaluation area a_is consid-
ered to be roughly linear distributed, forming the angle p_ (shear strain) (see Figure 6.1).
Within Kreuzinger’s model, for the outer layers in y direction (without edge-gluing), no
normal stresses are transferred and therefore negligible shear stresses occur (KREUZINGER
AND Scnorz 2001). Therefore, outer layers are not considered within a,.

The shear strain is calculated by the deformations in x or y direction (Equation (6.1)).
Considering UD layers acting in the plane stress state, the deformations in z direction
are neglected. This assumption corresponds to the technical shear strain theory (see also
Equation (5.12)).
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Equation (6.2) presents the relationship between shear deformations and the shear strains
(b = 1.0 m). Bearing in mind the respective shear moduli of each layer, the shear defor-
mations can be summed up over the chosen evaluation area (Equation (6.2)). Due to the
assumption of constantly distributed shear stresses, only half of the thickness the first layer
(t, = d,) and last layer (¢ — d ) is taken into account, resulting in the evaluation area a_

(described previously).

n

n-1

dq di dy

A =z o e z_ . 6.2

u 1u, Z'Gl+.2Gi+2'Gn T (6.2)
1=

Introducing once more the term v = /G -a (Equation (6.3), also see Equation (5.36)), the
out-of-plane shear stiffness Sij as a function of the shear area, of the shear deformation, and
of the shear stress is achieved (Equation (6.4), b = 1.0 m).

T T 3 A T, (6.3)
u—G a—S/a a—rSa—Sa .
1—1 A L 6.4
Sij_aiz uT ()

Inserting the shear deformations for a laminate featuring different shear moduli
(Equation (6.2)) into Equation (6.4), the out-of-plane shear stiffness, calculated according to
the formula of the Shear Analogy Method, is derived (see also KREUZINGER AND ScHOLZ 1999)
(Equation (6.5)):

n-1
1 1 d d; d
L 1y z i, (6.5)
sz Ay 2 ze = ze 2 ze

x direction, CLT y direction, CLT
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Fig. 6.1: Shear stresses and shear deformations in global x and y direction of an exemplary 5-layered CLT element
(upper sketch) and an exemplary 5-layered DLT element (lower sketch)
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For the exemplary 5-layered CLT element according to the O1 series (# — 20 mm), using
the material parameters according to Table 4.9 (ETA-20/0023; T14 ), the out-of-plane shear
stiffnesses form the values S = 7.46 MN/m and S = 3.73 MN/m. These shear stiffness
values of CLT are in comparable range to the Valuesvaccording to the laminate theory using
shear correction coefficients (S = 7.96 MN/m and S — 4.89 MN/m).

Transferring the approaches and simplifications of the Shear Analogy Method from CLT
to DLT is rather challenging, which is due to the arrangement of individual laminations
deviating from 0° and 90°. Assuming a linear distribution of shear stresses in a chosen
evaluation area a, is only possible to a limited extent. Consequently, the result is a risk of
underestimation or overestimation of the out-of-plane shear stiffness values in x direction
and y direction. Figure 6.2 (lower sketch) shows the cross-section of a 5-layered DLT+45°
element—equivalent to the D3 series. The element is in reference to the CLT element , also
displayed by Figure 6.1 (upper sketch) regarding number and thickness of the layers.

As it is for the determination of the shear correction coefficient, the engineering constants
for +6 layers in non-principal directions should be considered according to Equation (5.18).
This means that in the case of DLT the solution according to the Shear Analogy Method
is based on intermediate results from the laminate theory. Alternatively, the engineer-
ing constants of the diagonal layers can be determined using the Hankinson's approach
(Equations (5.19) and (5.20)). For the exemplary 5-layered DLT element according to the
D3 series, the stiffness values appear to be §_—= 7.49 MN/m and S_ = 6.62 MN/m following
the Shear Analogy Method. Compared to the laminate theory usiﬁg shear correction coeffi-
cients (S, = 7.68 MN/m and S = 12.86 MN/m) the stiffness values S following the Shear
Analogy Method appears to be low. However, Figure 6.1 suggests that the shear stiffnesses
in y direction may be underestimated by the Shear Analogy Method, since the shear stress
distribution is clearly non-linear within a (also see quantitative shear stress distribution
within Figure 5.8). In conclusion, the stiffness values for DLT according to the Shear Analog
Method following the y direction have to be reassessed critically by further analytical, experi-

mental and numerical investigation.

6.1.3 Comparison of the analytical results and discussion

Table 6.1 provides a comparison of the out-of-plane shear stiffness values calculated according
to the methods described previously. 5-layered and 7-layered elements of different layer
thicknesses are analyzed. The layups of the CLT and DLT elements represent the series
according to Tables 4.6, 4.7, and 4.8. Based on the findings within Chapter 4.3.2 (Material
parameters of the test series) the engineering constants in principal directions are chosen
in accordance to Table 4.9; T14 (ETA-20/0023: E = 11000 MPa, E = 370 MPa, G_ = 690
MPa, G = G = 50 MPa; Poison's ratios according to (HALAsz AND SCHEER 1996)): Based
on previous ﬁﬂdings, the engineering constants for +6 layers in non-principal directions are
considered according to Equations (5.17) and (5.18) within the laminate theory, the shear

correction coefficients, and the Shear Analogy Method.
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Tab. 6.1: Comparison of the out-of-plane shear stiffnesses of CLT compared to DLT following different approaches

. . Shear Analogy
out-of-plane shear stiffness values [MN /m] Laminate Theory!
Method *
type series using shear correction coefficients a #a,
CLT S, 4.41 3.73
t = 60 mm 03
n=3 S, 11.88 /2
CLT S 7.96 7.46
t = 100 mm 01 ]
n=>5 SW 4.89 3.73
DLT-+45° S 7.68 7.49
t =100 mm D3 i
ass s, 12.86 6.62
DLT-+30° S 9.52 9.51
t = 100 mm D4
n="5 Syz 10.33 4.75
CLT s, 15.92 14.92
t = 200 mm 05
n=7>5 Syz 9.78 7.46
DLT-+45° S 15.36 14.98
¢= 200 mm D5 -
n=7>5 sz 25.72 13.24
DLT430° S, 19.03 19.02
t = 200 mm D6
n="5 Syz 20.66 9.50
uDLT+45° S 28.08 26.47
t = 200 mm D1 -
et s, 9.94 5.22
CLT S 11.35 11.19
t = 140 mm 08 -
net s, 8.31 7.46
DLT+45° S 11.65 11.22
t = 140 mm D8 -
n="7 S\YZ 8.05 7.49
DLT+45° S 11.23 11.25
t = 140 mm D9 -
n=7 Syz 14.22 9.59
CLT S 11.94 11.19
t = 150 mm o7 ]
n=>5 Sw 7.34 7.33
DLT445° S, 11.52 11.23
t = 150 mm D7
n=>5 Syz 19.29 9.93
'Using the transformed engineering constants G,. = 164 MPa, G .= 94 MPa, G, = 65 MPa
*No solultion for 3-layered elements in y-direction for a_# a,

Table 6.1 reveals, that the stiffness values of all CLT series are in comparable range following
the different analytical approaches. The results according to the Shear Analogy Method and
according the laminate theory for CLT are nearly identical and can therefore be adopted

reliably correct. For the DLT elements, the different approaches provide inconsistent results
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for the out-of-plane shear stiffnesses in y direction. While the shear stiffness values in x
direction are still in a comparable range, the values diverge in y direction.

Both, the Shear Analogy Method and the laminate theory using shear correction coeffi-
cients provide higher values in y direction, than in x direction for the DLT+45° series (with
exception of the uDLT D1 series). Looking exemplary at the DLT+45° D5 series, the laminate
theory using shear correction coefficients provides a stiffness value of Syz = 25.72 MN/m.
Compared to the Shear Analogy Method (S, = 13.24 MN/m). The discrepancy appears to
be high. As previously described, the high hanalytical values for S (following the laminate
theory) result from the distribution of shear stresses over the crosé—section, interacting with
the distribution of the shear moduli. For the uniaxial uDLT D1 series, this effect is much less
pronounced. This is due to the change of the orientation of the middle layer (n, = 3) from
90° to 0°. The approach of a constant distribution of shear stresses over the cross-section
in y direction is for this example more applicable and so is the Shear Analogy Method in y
direction.

For the DLT+30° series, the discrepancy between the shear stiffness values in y direction
following both approaches appears to be even higher, as is for the DLT+45°. Looking at
DLT430° in the y direction, the diagonal layers are oriented under locally 60° to the y axis,
meaning the distribution of the shear moduli is even more inconsistent than within DLT+45°
(190°,60°,0°,-60°,90°], for DLT+30° compared to [90°,45°,0°-45°,90°|; DLT=+45° related to the
global y direction).

Figures 6.2 and 6.3 compare the out-of-plane shear stiffness values in x and y direction of
the 5-layered CLT and DLT series. The displayed series are part of the later experimental
investigations. The bright grey bar charts signify the values according to the laminate theory
using shear correction coefficients (subscript LT) and the dark grey bar charts represent the
values according to the Shear Analogy Method (subscript SA). Within this comparison it
becomes clear, that according to both analytical solutions, the diagonal orientation of the
second and fourth layer leads to an increase in the out-of-plane stiffness properties mainly

in y direction.
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Fig. 6.2: Analytical out-of-plane shear stiffness values of selected 5-layered CLT and DLT series in x direction

40.0
Syz,LT
S,
30.0
T
Z 20.0
s
V)?.
10.0 I
» I Il l I
series o1 D3 D4 05 D5 D6
type CLT  DLT#45° DLT+30° CLT  DLT+45° DLT+30¢
M layers [-] 5 5 5 5 5 5
# jayers [MM] 20 20 20 40 40 40
Syt [MN/m]  4.89 12.86 10.33 9.78 25.72 20.66
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Fig. 6.3: Analytical out-of-plane shear stiffness values of selected 5-layered CLT and DLT series in y direction

The out-of-plane shear stiffness values in x and y direction using shear correction coeffi-
cients (laminate theory) provide the more accurate computational stiffness values, since
the mechanically based approach arises without assumptions or simplifications. The Shear
Analogy Method on the other hand, considers a constant distribution of the shear stress
over the evaluation range. Furthermore, the influence and the interaction of the moduli of
elasticity and the shear moduli is not given within the Shear Analogy Method. Whether
this conclusion can be confirmed by experimental investigations will be investigated in
Chapter 6.2.
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In the following—and before the experimental investigations—, intermediate stiffness values
for DLT with layer orientations deviating from 45° and 30° (60°) are added to the 5-layered
series with a thickness of ¢ = 100 mm, presented in Figures 6.2 and 6.3. This leads to the
representation of the shear stiffness values as function of the layer orientation following
both analytical approaches. The parameter studies on the out-of-plane shear stiffness
values in global x and y direction using the laminate theory with shear correction coeffi-
cients and the Shear Analogy Method are carried out by varying the orientation (arrange-
ment) of the second and fourth layer. The DLT elements range within [0°,+n°90°,-1°,0°|
according to the parameter set. The layers are rotated in opposite directions in steps of 15°,
up to the limits of 0° and 90°, respectively (Figure 6.4). Additionally, the stiffness values of
a standard CLT element [0°,90°,0°,90°,0°|; are given. The layer thickness ¢ is set to 20 mm.

Figure 6.5 displays the out-of-plane shear stiffness values in global x and y directions in
steps of 15° against the respective boundary values following the Shear Analogy Method.
The thickness £ remains constant at ¢ = 20 mm. Figure 6.6 shows the out-of-plane shear
stiffness values in global x and y direction in steps of 15° following the laminate theory using
shear correction coefficients. The parameter study in Figure 6.5 is in direct reference to the

parameter study in Figure 6.6.

As was expected in light of the previous investigation, the parameter studies according to
the laminate theory and the Shear Analogy Method mostly differ regarding the stiffness
values in y direction. However, both studies confirm that the maximum out-of-plane shear
stiffness S_ is to be achieved with two additional layers oriented at 0°. Consequently, the
same layup has the lowest out-of-plane shear stiffness in the y-direction. Since the layups
[0°,0°, 90°,0°,0°]; and [0°,90°,90°,90°,0°|; cannot be designated as DLT elements and are also
not a reasonable CLT layup—suitable for biaxial load transfer—these values only provide
the boundary values (limits).

Within the Shear Analogy Theory for DLT S is almost similar to S at an orientation of
the second and fourth layer at +45°. This follows a quite logical orde;r, since the solution is
based on the sum of the transformed engineering constants Gij. Under 45° G equals Gyz. For
the laminate theory on the other hand, S  equals Syz at an approximate angle of 30°. It can
be clearly seen that for both analytical approaches, the shear stiffness value S_ decreases
slightly with increasing angle, whereas 5, increases disproportionately strongly with increas-

ing angle.

In the following Chapter, the experimental investigations (small-scale shear tests
according to EN 408) as well as the numerical investigations are used to evaluate and
validate the analytical solutions. However, it must be noted that the shear tests according
to EN 408 provoke a constant distribution of the shear stresses over the cross-section, unlike
the bending shear tests according to EN 16351 (parabolic distribution of shear stresses).
Therefore, the experimental results might correspond most closely to values according to the

Shear Analogy Method. The latter is to be examined in the following, among others.
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Fig. 6.4: Parameter set for the arrangement of the second and fourth layer of 5-layered DLT elements
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Fig. 6.5: Out-of-plane shear stiffness (Shear Analogy Method) as a function of the layer arrangement
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Fig. 6.6: Out-of-plane shear stiffness (laminate theory) as a function of the layer arrangement
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6.2 Experimental determination of the out-of-plane shear strength
and stiffness

6.2.1 Test setup

Various standardized test setups are available for the determination of the out-of-plane-
shear stiffness properties of timber (Figure 6.7). In general, the out-of-plane shear stiffness
and strength of CLT can be determined in four-point-bending test or small-scale shear tests.
The focus of this thesis lies on the small-scale shear tests according to EN 408. EN 16351
and EN 789 form the basis for the determination of the shear moduli and the rolling shear
strengths of CLT. According to EN 16351, CLT is split into 3-layered elements, ensuring
that the lamella tested is oriented under 90° and is acting in shear only. The rolling shear
strength and the rolling shear modulus G (G,,) of single timber laminations can be deter-
mined according to the Equation (6.6) and Equation (6.7) (DIN EN 789).

E
fi = lm“; (6.6)
_ (Faoo, — Fron) - t
" (uaoy — Uron) L+ b (6.7)

Shear tests according to EN 408 refer to structural timber. The load is applied by means of
steel plates bonded on each side of single lamellas. In addition, the specimen are inclined by
14° to guarantee that no horizontal forces are introduced by eccentricities. The dimensions
of the test specimens result from the inclined test geometry (see Figure 6.7).

In order to avoid the material and time-consuming bonding of steel lamellas, Mestek
has further optimized the test setup according to EN 408 toward the testing of 3-layered
CLT elements (MEsTEK 2011). During his investigations, the load was applied via the layers
adjacent to the tested center layer of the specimen. Therefore, it is no longer necessary to
bond steel plates on the specimens for load introduction (MesTeEK 2011). Unfortunately, the

approach according to Mestek is not entirely transferable to DLT. The diagonal arrangement

14°

hi2, Oh < <12h 6h Oh<h<12h | 2

Ef 4
i 24451530 F =
I I ]I: . 2
four-point bending test shear test shear test shear test
EN 16351:2021 EN 16351:2021 EN 408:2012 EN 789:2005

Fig. 6.7: Different tests setups for the determination of out-of-plane shear properties
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of individual layers requires the testing of more than one layer, in order to represent the
interaction as a composite material. The testing of a single layer /lamination under an orien-
tation differing from 0 and 90° would, in contrast to CLT, not allow any statement regarding
the out-of-plane shear stiffness properties of DLT. Thus, at least three layers, which include
the diagonally oriented layers and the middle layer, are loaded out-of-plane (named "inner
layers" in the following). However, this also means that within the chosen test setup, the test
results refer to the three inner layers of the test specimens only. To ensure the load introduc-
tion, additional layers have to be bonded to the specimens (see Figure 6.8).

Specimens with the dimensions 400/120/100 mm were cut from plates of the O1, D3 and
D4 series. In order to investigate the out-of-plane shear stiffness in x and y direction, test
specimens were cut out oriented under 0° and 90° to the front layers. 18 mm thick boards of
grade T14 (C24) were bonded to the outer layers on both sides of the of the specimens. In
this way, the load can be applied via two laminations on each side. The additional lamina-
tions were attached by means of screw-press gluing in accordance with DIN 1052-10 (screw
dimensions: 4.0/30 mm) (see Figure 6.8). The difficulty of tests with specimens oriented
in global y direction, is the load introduction into the outer layers. For specimens cut out
in y direction, the fibre orientation of the outer layers is perpendicular to the loading. So
as to reinforce the load introduction point, three fully-threaded screws (screw dimensions:

5.0/70 mm) were additionally inserted into each of the 90° outer layers (see Figure 6.8).

determination of S determination of S section A-A with
(x direction) (y direction) reinforcement
15x 4.0x30 3x5.0x70
/ <4 / “
= 7 17 £ e e et 1
‘ ‘ 14° — 2
= 5 § § 4 I I
=1 1 i i i =
I =
‘ 400 | ‘ 400 <4 | 120
I | I |
side view without compression with compression
perpendicular to grain perpendicular to grain

Load cell

Fig. 6.8: Test setup of the shear testing—with and without compression perpendicular to grain

Mechanical Properties of Diagonal Laminated Timber



69 Investigations on the out-of-plane shear strength and stiffness

The chosen test setup enables the determination of out-of-plane shear strength values f in
addition to the stiffness values. This enables statements on the failure mechanisms of CLT
and DLT, for example under biaxial bending (shear failures are achieved). Additional tests
are carried out under external compression perpendicular to grain, since out-of-plane shear
stresses and compression stresses perpendicular to grain often occur hand in hand. This is
the case, e.g., for concentrated loads due to point-supports.

A total of 36 test specimens of O1, D3 and D4 series were placed in the test stand. 18
specimens were used to investigate the shear stiffness in the x direction and 18 in y direction.
9 out of the 18 test specimens were additionally loaded in compression perpendicular to grain.
The compression perpendicular to grain was applied by tightening the nuts on the threaded
rods (M16 - 8.8) (Figure 6.8). Steel plates transfer the load into steel profiles (HEB 120),
which then transfer the compression to the specimen. The load cell installed between the
steel plate and the steel profile provides information about the load level perpendicular to
grain (see load cell P in Figure 6.8).

Inductive displacement transducers were attached to both sides of the specimens. The
relative deformation was measured within a range of 60 mm, ensuring the recording the
deformations of the inner layers ("path 1") . The shear testing is carried out deformation-
controlled with a constant feed rate of 1.0 mm/min. Following EN 408, the experiments
ended either after failure of the specimens or after reaching the maximum testing time of
t = 420 s. The moisture content of each specimen was measured by means an electrical resis-
tance moisture meter using ram-in electrodes within a depth of 15 mm prior to the tests.

The moisture contents were in the range of u = 1242 %.

6.2.2 Description of test evaluation and validation using numerical models

Following the test setup, the effective shear moduli G, . for the three inner layers of each
specimen are calculated, similar to EN 789, within the linear elastic range 0.1F  and 0.4F
using linear regression and considering the shear deformations u. measured within the respec-
tive evaluation area of a_— a — 60 mm (Equations (6.8) and (6.9)). Additionally the angle

of inclination a is introduced.following the chose test setup (Figure 6.8).

fz q fZT d T F-a-cos(a) (6.8)
u= y 7= —Qz=—"qQ=—— .
0 ers 0 G G Giz,eff ‘w-l

F-a-cos(a) (0.4Fpy,x — 0.1F,4,) - a-cos(a) a-cos(a)
_ —m-

wWwe b (Uga g = Yothng) WL b1

Gizeff =

Figure 6.9 illustrates the expected shear deformations at a DLT element according to the

chosen test setup and compares them with the expected shear deformations at a DLT
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sketch of the overall out-of-plane shear deformations v on a DLT element
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sketch of the out-of-plane shear deformations u on a DLT element following the test setup
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Fig. 6.9: Expected shear stresses, shear deformations, and shear strains in x (left) and y (right) direction of DLT
following the Shear Analogy Method (upper sketch) and the test setup (lower sketch)

element under a constant shear flow ¢, analogous to the graphical representations and
assumptions following the Shear Analogy Method previously introduced and explained within
Chapter 6.1.2 and Figure 6.1.

The test setup provokes a linear distribution of the shear stresses over the cross-section of
the inner layers in x and y direction (a_and a , Figure 6.9). Bearing in mind Equation (6.5)
for the calculation of the out-of-plane shear étiffness following the Shear Analogy Method,
the shear deformations are summed up over the chosen evaluation area a. This means, to
achieve experimental stiffness values with regard to the x direction of the respective series,
also including the outer layers, the stiffness values of the overall specimens are calculated
according to Equation (6.10). Herby the contribution of the shear deformation at the outer
layers is analytically taken into account and added to those of the inner layers.

Since the outer layers in y direction (oriented under 90° to the y direction) are without
noteworthy contribution to the out-of-plane shear stiffness—also see the remarks by
(KrrUzINGER AND Scuorz 2001) regarding the Shear Analogy Method—the experimentally
determined effective shear moduli G

yz,eff?
a, = 60 mm of the inner layers, represents the out-of-plane stiffness values in y direction of

multiplied with the experimental evaluation area

the overall five layers of the series (Figure 6.9, Equation (6.11)).

-1
¢ (1 .(EJ, O ) (6.10)
. (ax‘l'ti)z GO ze,eff '

Syz = Gyzefr * Ay (6.11)
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In order to cross-check the chosen test setup and evaluation approach, knowledge about the
stresses actually occurring within the specimens is decisive. To counter check the test setup,
shear stresses and the stresses perpendicular to grain were investigated preliminary using FE
volume models (see Figure 6.10). In further investigations, the created FE models also serve
to determine numerical shear stiffness values (see Chapter 6.3).

The layups of the O1, D3 and D4 series were remodeled and introduced into the software
Ansys (Version 2022.R1). All laminations (boards) were modeled separately and the contacts
were defined thereafter. The board width was 180 mm—the boards were non-edge-glued. For
volume modelling in three dimensions, solid elements with 8, 10 or 20 nodes can be used.
The modelling of the CLT and DLT specimens was carried out with Solid186 elements with
20 nodes each. The size of the mesh was set to 6.67 mm (layer thickness ¢/3 = 20/3 mm).
The base function for mesh generation was set to a quadratic function, suitable for solid
models, providing sufficiently accurate results given the high number of nodes. All param-
eters chosen for the numerical models are summarized in tabular manner in Appendix A4.

The bearing as well as the application of the loading was carried out using external
displacements’ which are related to the respective surfaces of the volume models. Therefore
the load is constantly distributed. The compression perpendicular to grain (o) was applied
as a uniformly distributed surface load (pressure). On the bottom of the elements a support
in z, y, and z direction was defined. The opposite surface was only fixed in the global x
and y direction and was free in the global z direction, in order to model a support free
of constraint (Figure 6.10). The fully threaded screws are applied to the models using
cylindrical volume elements (5.0/70 mm) which were rigidly connected to the surrounding
volume elements (Figure 6.10, left). The material parameters according to Table 4.9 (T14;
ETA20/0023) were applied to the FE models taking into account the orthotropic material
behavior of wood. The tangential and radial material parameters of the orthotropic material
were combined, due to the similarity of their properties (analogous to the previous analyti-

cal investigations). Thus, the number of required material parameters is reduced from 9

D3 series oriented in y direction static system without o,

static system with 0.4

/4

12

/4

Fig. 6.10: Exemplary FE volume model of D3 series and static systems of the numerical test setup
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to 6 within the numerical model. (£ = 11000 MPa, E = E = 370 MPa, G_ = G, = 690
MPa, G = 50 MPa, Poisson’s ratios according to (HALAsz AND ScHEER 1996)). A reference
load of F' = 60 kN was chosen for the validation of the test setup by the numerical models
(F = 60 kN is close to the average expected failure loads). For the compression perpendicular
to grain, a value of o, = 0.5 MN/m® was decided upon. This value corresponds to previous
small-scale shear test on CLT, like those by (MesTEk 2011).

Table 6.2 provides the distribution of shear stresses r and z_ over the cross-section of
each series following "path 1" (Figure 6.11)—with and without éompression perpendicular
to grain. In particular, "path 1" follows the measuring range of the inductive displacement
transducers, to cross-check the approximate constant stress distribution within the inner
layers following the analytical assumptions (Equations (6.9) and (6.10).

The graphics show that the distribution of the shear stresses within the inner layers of
nearly all series appears to be almost constant, following "path 1". The O1 series oriented
in y direction, with and without external compression, are an exception. In their case, the
shear stresses are not constantly distributed over the inner layers according to Table 6.2.
This could be an indication, that the selected test setup is not suitable for the testing of
CLT with more than one cross-layer within the shearing area and has to be kept in mind
during the evaluation of the test results. For the O1 series in x direction, with and without
external compression, the shear stresses over middle layer show a slight decrease instead of
a peak value in the middle layer. This effect can be attributed to the missing edge-gluing of
the laminations and has also been observed in numerical models used by previous studies
(see MESTEK 2011).

Tab. 6.2: Shear stresses in global x and y direction, with and without external compression (c_,, = 0.50 MN/m?),
following the 3D-FE models for F = 60 kN following "path 1" (graphics by DonHAusEr 2022)

specimens following x direction specimens following y direction
O1-x D3-x D4-x Ol-y D3-y D4-y
CLT DLT+45° DLT+30° CLT DLT+45° DLT+30°
tXZ
[MN/m?|
o e o A A o i
tVZ
[MN/m?|
mazx 1.26 1.32 1.33 1.33 1.11 1.08
Ol-x-p D3-x-p D4-x-p Ol-y-p D3-y-p D4-y-p
CLT DLT+45° DLT+30° CLT DLT445° DLT+30°
tXZ
[MN/m?]
tVZ
[MN /m?|
maz 1.25 1.31 ‘ 1.31 1.33 1.10 1.08
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Within the mechanical testing, the measured shear deformations, and therefore the shear
moduli and stiffness values, are expected to be similar to those without external compres-
sion. The models show that, as expected, the additional compression perpendicular to grain
has no significant influence on the out-of-plane shear stresses.

However, this is different with regard to the shear strength. The calculation of the shear
strengths is carried out following Equation (16) of EN 408, taking into account the maximum
load reached or the load at initial failure (Equation (6.12)). The failure load, in turn, and
thus the failure mechanism depends on the compressions stresses perpendicular to grain

within the specimen.

fv _ Fmax/ir;’t. 'lcos(a) (6.12)
Table 6.3 gives the stresses perpendicular to grain for the reference load F = 60 kN with and
without external compression perpendicular to grain. The adjustment of "path 2" ensures,
that the stresses acting at the load-introduction areas as well as the stresses within all of
the three inner layers are represented. The stresses acting perpendicular to grain within the
inner layer are therefore represented by exactly half of the length (I/2) of "path 2" (see
Table 6.3).

Regarding the stresses occurring perpendicular the grain both, specimens following x
direction and y direction, experience maximum values of compression stresses at the load
introduction areas (see [/4 of "path 2") (Table 6.3). These compression stresses are the
consequence of the chosen test setup that uses specimens inclined under an angle of 14°.
Hence, the applied load is distributed into a local vertical and local horizontal component
(F - sin(14°)). The compression stresses within [/4 of "path 2" dissipate and lead to very
small tensile stresses within I/ 2. Consequently, the initial failure of the specimens is expected
to occur at the edges of [/ 2 regarding "path 2" (zero point of stresses). Further explanations
can be found in (Mgstek 2011) and (DONHAUSER 2022).

The same amount of numerical studies is repeated by introducing external compression
perpendicular to grain (0&90 = 0.5 MN/m?). Using the numerical setup described in Figure
6.10, right, leads to compfession stresses acting within [/2, superimposing potential tensile
stresses.

With respect to the stresses acting perpendicular to grain, the external compression leads
to constant compression stresses within [/2 (-0.41 MN/m? to -0.46 MN/m?). The tensile
stresses introduced by the horizontal force component is superimposed by the compression
stresses. Within the mechanical testing, an increase of the shear strength is to be expected,
compared to the specimens tested without external compression perpendicular to grain. The

reason for this is the expectation of a higher initial failure load.

In the following, the actual results of the mechanical testing are given (load-deformation

curves, failure mechanisms, shear strength and stiffness values).
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Tab. 6.3: Stresses perpendicular to grain for F = 60 kN, without and with external compression perpendicular to

grain (c_,, = 0.50 MN/n?’) following "path 2", (graphics by DONHAUSER 2022)
specimens following x direction specimens following y direction

O1l-x D3-x D4-x Ol-y D3-y D4-y
CLT DLT+45° DLT+30° CLT DLT+45° DLT+30°

G900 i ; ﬁ E‘r = E_
[MN/m?|

or

90 =
[MN/m?| Z Z Z i _gz =
'mean 0.06 0.08 0.05 0.03 0.04 0.03

Ol-x-p D3-x-p D4-x-p Ol-y-p D3-y-p D4-y-p
CLT DLT+45° DLT=30° CLT DLT+45° DLT=30°
=\ | =10\ =\

G900
[MN/m?|

or

G900
[MN /m?] 5 5 ;
'mean -0.41 -0.41 -0.44 -0.46 -0.45 -0.43
'within /2 of path 2
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6.2.3 Results of the mechanical testing without external compression

Figure 6.11 provides the load-deformation curves for the 5-layered CLT and DLT series
examined in the shear testing in x direction (left) and y direction (right). The curves signifies
the mean value of the measured deformations w ("def 1") on both sides of the specimens.
F,represents the crossing-point of the respective deformation and the y axis. Therefore, the
definition of the linear elastic range (0.1w,_ _and 0.1F, _:0.4w, and 0.4F, ) refersto the
evaluation area between F, and F| in accordance to EN 408 (Figure 6.12). The linearity is
verified further for each specimen by the coefficient of determination R

Figure 6.12 shows the load-deformation diagrams measured by the hydraulic cylinder,

needed to identify the maximum failure load and therefore to calculate the shear strength.
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Fig. 6.11: Load-deformation diagrams (def 1) for the specimens oriented in x (left) and y (right) direction,
without external compression
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Fig. 6.12: Load-deformation diagrams (hydraulic cylinder) for the specimens oriented x (left) and y (right)
direction, without external compression
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The observed failure mechanisms of the specimens oriented in x direction were, on the one

hand rolling shear failures along the annual rings of the 90° oriented layers and on the other

hand shear failures in the 45° (D3 series) and 30° (D4 series) following the respective fiber

direction. Table 6.4 summarizes the failure mechanisms and observations for each series

oriented in x direction (tested without external compression). For the O1 series oriented in x

direction rolling shear failure in only one of its cross-layers were observed. The DLT D3 and

the D4 series on the other hand achieved shear failures in all three inner layers.

Tab. 6.4: Failure mechanisms of the CLT and DLT series oriented in x direction, without external compression
) layup . . .
series B observations side view

[mm] / [n°]
CLT
o1 inner layers | » rolling shear failure in one
-X
(20-20-20) of the cross-layers
[90;0;90]
DLT=+45° » shear failures in the +45°
inner layers layers
D3-x . . .
(20-20-20) » rolling shear failure in the
[45;90;-45) cross-layers (middle layer)
DLT+30° » Thear failures in the +30°
ayers
D4- 40-40-40
* ( ) » rolling shear failure in the
[30;90:-30] cross-layers (middle layer)
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Following the shear tests of the specimens oriented in y direction, deformations at the load
application area occurred. This is due to the orientation of the outer (load-introducing)
layers at force grain angles of 90°. The additional lamella glued under a force grain angle of
0° to the outer layers and the fully threaded screws (see Figure 6.8) were able to minimize
these deformations. Even though the deformations at the load application area may have
no influence on the determination of the shear modulus via "path 1", the deformation due
to the additional eccentricity and the resulting compression or tensile stresses influence
the maximum failure load and thus the shear strength. The later tests under compression
perpendicular to grain are intended to prevent this from happening. Table 6.5 highlights
the failure mechanisms of each series oriented in y direction. The O1 specimens oriented

in y direction achieved a rolling shear failure in the cross-layers. The brittle failure of

Tab. 6.5: Failure mechanisms of the CLT and DLT series in y direction, without external compression

. layup : o
series . observations side view
] / [n]
» deformations at the load
introduction area leading
CLT to an eccentricity and thus
o1 inner layers to additional tension per-
Y (20-20-20) pendicular to grain
[0;90;0] » rolling shear failure in the
cross-layers
» deformations at the load
introduction area leading
DLT-+45° to an eccentricity and thus
. to additional tension per-
inner layer } .

D3-y 90-20-20 pendicular to grain
(20-20-20) » shear failure within the
[45;0;-45] +45° layers combined with

tension perpendicular to
grain
» deformations at the load
introduction area leading
DLT+30° to an eccentricity and thus
. to additional tension per-
innerlayer . .

D4-y 90.90.20 pendicular to grain
(20-20-20) | hear failure within  the
[60;05-60] +30° layers combined with

tension perpendicular to
grain
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the specimens indicates additional tensile stresses perpendicular to grain. Nevertheless, the
shear stiffness values of O1 series in y direction str more close to the analytical solution
than the ones in x direction and may therefore be in a more realistic range (Figure 6.13).
The D3 and D4 series achieved rolling shear failures in the diagonal layers, in combination
with tension perpendicular to grain. The failure mechanisms of the DLT specimens appeared
to be abrupt and thus even more brittle than those of the CLT specimens.

Table 6.6 gives the evaluation of the experiments on the out-of-plane shear strength
and stiffness without additional compression perpendicular to grain. The values of Gij‘oﬁ
refer to the inner layers, the values of S, refer to the overall series (see Figure 6.10 and
Equations (6.10) and (6.11)). The shear strength values f refer to the maximum load F_ .

X

For specimens that did not achieve failure, no shear strength is calculated.

Tab. 6.6: Evaluation of the mechanical testing on the out-of-plane shear properties in global x and y direction of the
CLT and DLT series (t = 100 mm), without compression perpendicular to grain

x| O0AF L OLE ) Wi | Worpme | M R <ty v £,
[kN] [IN] [kN] [mm] [mm] [/l [/l [MNm?/m] | [MN/m] | [MN/m’]
O1l-1-x | 71.3 53.5 32.1 0.273 0.154 179.6 1.0 217.81 21.02 1.69
O1-2-x | 79.1 41.6 17.9 0.208 0.070 170.7 1.0 207.00 20.07 1.60
01-3-x | 86.6 46.6 20.7 0.283 0.113 153.9 1.0 186.70 18.27 1.75
mean, (COV,_ 4.4) | 208.84 | 19.79 | 1.68
O1l-1-y | 67.8 57.1 36.8 0.271 0.141 154.6 1.0 187.46 11.25 1.37
O01-2-y | 77.7 41.1 17.8 0.259 0.104 129.8 1.0 157.43 9.45 1.57
01-3-y | 835 48.4 23.4 0.360 0.145 116.1 1.0 140.76 8.45 1.69
mean, (COV,_11.9) | 161.88 9.71 1.54
D3-1-x | 58.2 28.3 10.8 0.328 0.098 76.1 1.0 92.27 9.42 1.18
D3-2-x | 61.6 28.6 10.2 0.351 0.098 73.4 1.0 89.01 9.10 1.25
D3-3-x | 534 28.3 12.3 0.279 0.078 79.0 1.0 95.84 9.77 1.08
mean, (COV,_ 2.9)| 92.37 9.43 1.17
D3-1-y | '72.1 38.9 17.2 0.279 0.087 112.9 1.0 136.98 8.22 /
D3-2-y | 55.8 37.3 20.6 0.258 0.115 116.1 1.0 140.84 8.45 1.13
D3-3-y | 523 35.9 20.2 0.267 0.130 114.7 1.0 139.07 8.34 1.06
mean, (COVy, 1.1) | 138.96 8.34 1.10
D4-1-x | 813 45.5 21.1 0.474 0.176 81.6 1.0 98.98 10.08 1.64
D4-2-x | 60.2 39.1 21.0 0.454 0.185 67.7 1.0 82.05 8.42 1.22
D4-3-x | 73.3 49.3 27.3 0.517 0.223 74.8 1.0 90.66 9.26 1.48
mean, (COV,_ 7.4) | 90.56 | 9.25 | 1.45
D4-1-y | '74.3 39.7 17.4 0.347 0.120 97.3 1.0 118.01 7.08 /
D4-2-y | 67.5 45.0 24.8 0.335 0.149 108.5 1.0 131.62 10.53 1.37
D4-3-y | 63.5 35.4 16.4 0.265 0.081 102.6 1.0 124.40 9.95 1.28
mean, (COV, 4.5) | 124.68 9.19 1.33
'F,_for w= 5.0 mm (no failure achieved)
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For improved readability, Figure 6.13 gives the mean values of the out-of-plane shear
stiffnesses in x direction (left) and y direction (right) according to the mechanical testing
and compares them to the respective analytical solutions. Shear stiffness values following
the experimental investigations of the specimens oriented in x direction are specified in
gray, and those of the series oriented in y direction are gray-blue. For the CLT elements
oriented in both, x and y direction, the experimental results are higher compared to the
analytical values. This is particularly clear for the O1 series oriented in x direction, since
the discrepancy in x direction is significantly high. Neither the analytical solution according
to the laminate theory, nor according to the shear analogy method are compatible with the
experimental values for O1. Following the analytical solutions, the CLT O1 series should
feature the lowest shear stiffness S . The investigations using the FE models may provide an
explanation for the high experimental results (Table 6.2) due to the parabolic (non-linear)
shear stress distribution over the cross-section within the given test setup. Furthermore the
O1 series in x direction is the only series featuring two layers oriented under 90° within the
three inner layers. In the y direction, the discrepancy of O1 series is less significant and only
one out of the three inner layers is oriented under 90°. Yet, regardless of the number of cross-
layers, other causes for these discrepancies must be considered. The O1 series was produced
by Pfeifer Timber; the D3 and the D4 series by Holzbau Unterrainer. Therefore, it is possible
that the material parameters of O1 series provides higher shear moduli based on the compa-
rable high density of O1 series (see Chapter 4.3.2). This needs to be further investigated. For
D3 series, however, the experimental results in x direction provide good correlation to the
analytical solutions. The test results on D4 series slightly deviate from the analytical values
in x direction. The test results in y direction are close to the analytical solution following the

Shear Analogy Method for the D3 series, and close to the laminate theory for DA4.

25.0 25.0
= SeLt Syzr
S, | S,
— 20.0 xz.5A = 20.0 yaSA
e O Seew E O S
Z
s 150 g 15.0
“ 100 “ 100
5.0 I IH IH 5.0 IH H
0.0 0.0 I I
series Ol D3 D4 series Ol D3 D4
type CLT  DLT=#45° DLT+30° type CLT  DLT+45° DLT+30°
M jayers ['] 5 5 5 M jayers ['] 5 5 5
£ layers [Mm] 20 20 20 ! layers [Mm] 20 20 20
lez,LT [MN/m] 7.96 7.68 9.52 ISYZ,LT [MN/m] 4.89 12.86 10.33
’s xz.sA [MN/m] 7.46 7.68 9.51 ’s yzsa [MN/m] 3.73 6.62 4.75
Syzexp [IMN/m]  19.79 9.43 9.25 S ysexp [MN/m] 9.71 8.34 9.19
IAnalytical solution following the laminate theory using shear correction coefficients
2Analytical solution following the Shear Analogy Method

Fig. 6.13: Out-of-plane shear stiffnesses of the CLT and DLT series (t = 100 mm) following the experimental inves-
tigations and analytical solutions, without compression perpendicular to grain
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6.2.4 Pre-tests introducing external compression

After the out-of-plane shear testing without external compression perpendicular to grain,
additional tests were carried using steel profiles to apply additional compression stresses
perpendicular to grain of o, = 0.5 MN/m?* to the specimens (see Figure 6.8, right). In
order to determine a possibyle influence of the test setup on the evaluation of the shear
strength and stiffness, pre-tests were conducted. One of them investigated the influence of
the friction between the specimen and the steel profiles (Figure 6.14, left), the other focused
on the resistance of the test setup to shearing (Figure 6.14, right). Figure 6.15 shows the
load-deformation diagrams of the pre-tests and the respective force values (static values and

sliding values).

investigations on the investigations on the
resistance due to friction resistance to shearing
l F
s PN

Teflon

Fig. 6.14: Pre-tests on the test setup to determine the friction (left) and resistance to shearing (right)

5 5
friction resistance to shearing
4t 4
3t 3
) g
K
2t =2
1 r 1
O L L 1 O 1 L 1
0.00 0.25 0.50 0.75 1.00 0.00 0.25 0.50 0.75 1.00
w [mm] w [mm]
static sliding static,sh sliding,sh
[kN] |kN] |kN] [kN]
F1-1 4.04 3.35 S1-1 1.84 1.48
F1-2 3.59 2.96 S1-2 1.93 1.51
F1-3 3.16 2.53
mean 3.60 2.95 1.78 1.49
R* = "coefficient of determination”—not the "resistance”

Fig. 6.15: Load-deformation diagrams and evaluation of the pre-tests on the test setup
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81 Investigations on the out-of-plane shear strength and stiffness

Within the investigations on the friction, the static frictional force F . and the sliding
frictional force F .. were determined under compression stresses of o = 0.5 MN/m’ The
pre-tests were carried out deformation controlled with a constant feed rate of 1 mm/min.
The static force corresponds to the peak within the load-deformation diagram on the left
side of Figure 6.15. The sliding force corresponds to the values in the range of w = 0.5 mm
and w = 1.0 mm using linear regression. This also holds for the evaluation of the pre-tests
on the shear resistance of the test setup.

Regarding the pre-tests on friction, the mean value of the static frictional force
(F,iemean — 3:6 kN) is significantly lower compared to the total loading F  _within the later
experimental investigations on the shear strength and stiffness. The overall influence of
friction on the test results is small; consequently for these reasons, within the evaluation of
O1-p, D3-p, and D4-p series, the influence of the test setup on the results is neglected. The
static friction is exceeded at low loads compared to the expected failure load of the specimens
and the decrease of the sliding frictional force as a function of the test duration.

Regarding the pre-tests on the resistance of the test setup to shearing, the maximum

static shear force (F . .~ — 1.78 kN) is only half as large as the static frictional force
| atiemeny 11 the previous pre-test. The sliding (shear) force F g WS ONCe again determined

between w = 0.5 and w = 1.0 mm using linear regression. This means that the frame is
not subjected to any further shear loading after achieving a deformation of w = 0.25 mm.
Compared to the expected failure load of the specimens, and compared to the deformation

of the specimens till failure, the resistance of the setup to shearing can be neglected.
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6.2.5 Results of the mechanical testing with external compression

The evaluation of the out-of-plane shear tests with external compression perpendicular to
grain follows the procedure described in Chapter 6.2.1. The validation of the test setup was
carried out in Chapter 6.2.2. The chosen value of o = 0.5 MN/m’ superimposes tension
stresses perpendicular to grain, caused by the inclination of the specimens and the fibre
orientation of the outer lamellas (Table 6.3).

Figure 6.16 gives the load-deformation diagrams of the specimens oriented in x and y
direction under external compression. Figure 6.17 shows the load-deformation diagrams

measured by the hydraulic cylinder.
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Fig. 6.16: Load-deformation diagrams (def 1) in x (left) and y (right) direction, with external compression perpen-
dicular to grain (6, = 0.5 MN/m?)
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Fig. 6.17: Load-deformation diagrams (hydraulic cylinder) in x (left) and y (right) direction, with external compres-
sion perpendicular to grain (o, = 0.5 MN/m?)
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The failure mechanisms of the specimens oriented in x direction under additional compres-
sion perpendicular to grain follow the observations made with the specimens without
external compression (see Table 6.4). Rolling shear failures along the annual rings of the
90° oriented lamellas were achieved. Also, shear failures in the 45° (D3 series) and 30° (D4
series) following the fiber direction occurred. Table 6.7 summarizes the failure mechanisms
and observations for the inner layers of each series oriented in x direction. The observed
failure mechanisms may confirm, that the selected test setup is applicable only to a limited
extent for the shear testing of CLT with more than one layer oriented under 90° within the
shearing area. As previously described and carried out by (MesTEK 1IN 2011), EN 408 initially

proposes shearing only one lamella, so as to avoid a chain of springs connected in parallel.

Tab. 6.7: Failure mechanisms of the CLT and DLT series in x direction, with ext. compression (c_,, = 0.50 MN/m?)
) layup . . .
series . observations side view
[mm] / o]
:/%
CLT » small deformations at the v’f{“’:
Olx inner layers load application area 1 N
p (20-20-20) » rolling shear failure in one | % A
903090, of the cross-layers S \/
» small deformations at the
DLT+45° load application area
inner layers » shear failures in the +45°
D3-x-p
(20-20-20) layers
[45;90;-45] » rolling shear failure in the
cross-layers (middle layer)
» small deformations at the
DLT+30° load application area
inner layers » shear failures in the +30°
D4-x-p
(20-20-20) layers
[30;90;_3018 » rolling shear failure in the
cross-layers (middle layer)
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Table 6.8 summarizes the failure mechanisms of the specimens oriented in y direction under
additional compression perpendicular to grain. The orientation of outer layers under 90°
entailed additional eccentricities. Unlike before, the eccentricity, does not lead to a combined
rolling shear failure with tension perpendicular to grain, as the tensile stresses were super-
imposed by the external compression. Therefore, the deformations at the load-introduction
area increased. A shear failure could not be observed. Suggested improvements for future

experimental setups are given on page 86.

Tab. 6.8: Failure mechanisms of the CLT and DLT series in y direction, with ext. compression (c_,, = 0.50 MN/n?)
. layup . o
series frm] / o] observations side view
» high deformations at the
CLT load application area
Oly-p inner layers » failure at the load intro-
(20-20-20) duction due to compres-
[0;90;0] sion perpendicular to grain
» no shear failure achieved
» high deformations at the
DLT=+45° load application area
D3-y-p inner layers » failure at the load intro-
(20-20-20) duction due to compres-
[45;0;-45], sion perpendicular to grain
» no shear failure achieved
» high deformations at the
DLT+30° load application area
Dioy-p inner layers » failure at the load intro-
(20-20-20) duction due to compres-
[60;05-60] sion perpendicular to grain
» no shear failure achieved
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Table 6.9 contains the evaluation of the investigations on the shear strength and stiffness with
additional compression perpendicular to grain. Due to the additional compression, nearly
no specimen oriented in y direction achieved failure (see Table 6.8). Therefore, values of the
shear strength fw under additional compression perpendicular to grain are only evaluated
for series oriented in x direction. Again, The values of Gijﬂeﬂ refer to the inner layers, the
values of S, refer to the overall series (see Figure 6.9 and Equations (6.10) and (6.11)).
Figure 6.18 extends the presentation of the test results and analytical solutions of
Figure 6.13 by shear stiffness values following Table 6.9. The mean values of the out-of-plane

shear stiffnesses, resulting from the experiments under additional compression perpendicu-

Tab. 6.9: Evaluation of the mechanical testing on the out-of-plane shear properties in global x and y direction of the
CLT and DLT specimens (t = 100 mm) with compression perpendicular to grain (c_,, = 0.50 MN/m?)

90

04F 0.1F W, W m R?

max max max 0.4Fmax 0.1Fmax xz/yz.eff 5, e fvyp
[kN] [kN] [kN] [mm] [mm] /] /] [MNm?/m] | [MN/m] [MN/m?

O1-1-x-p | 88.9 57.8 42.2 0.209 0.117 167.8 1.0 203.47 19.76 1.80
O1-2-x-p | 80.2 42.9 24.2 0.205 0.090 162.9 1.0 197.55 19.24 1.62
01-3-x-p | 978 46.3 20.6 0.254 0.088 155.3 1.0 188.36 18.42 1.98

(COV,, 3.2) mean | 196.46 | 19.14 1.80

Ol-1-y-p | '80.8 | 49.1 333 | 0184 | 0.096 | 1788 10 | 216.88 | 13.01 /
O1-2-y-p | 721 | 349 162 | 0164 | 0058 | 177.0 10 | 21470 | 12.88 /
O1-3-y-p | '62.2 | 41.7 314 | 0213 | 0125 | 1162 10 | 140.96 | 8.46 /
(COV,, 18.5) mean | 190.85 | 11.45 /
D3-1-x-p | 725 | 39.8 234 | 0381 | 0159 | 725 1.0 87.97 | 9.00 1.47
D3-2-x-p | 451 | 24.0 135 | 0283 | 0.145 | 76.3 1.0 92.58 | 9.45 1.36
D3-3x-p | 47.3 | 26.1 155 | 0278 | 0.125 | 689 1.0 83.55 | 8.57 1.40

(COV,, 4.2) mean| 88.03 9.01 1.41

D3-1-y-p | 689 | 335 159 | 0236 | 0.073 | 107.6 1.0 130.51 | 7.83 /
D3-2-y-p | '75.6 | 36.2 16.6 | 0359 | 0.108 | 782 1.0 94.80 5.69 /
D3-3-y-p | 48.6 | 26.7 157 | 0177 | 0.067 | 99.6 1.0 120.77 | 7.25 /
(COV,, 13.1) mean | 115.36 | 6.92 /
D4-1-x-p | 65.0 | 38.0 245 | 0.382 | 0.180 | 824 1.0 99.94 | 10.17 | 1.65
D4-2-x-p | 83.8 | 485 30.9 | 0327 | 0.161 | 106.3 1.0 12898 | 1295 | 1.69
D4-3-x-p | 69.7 | 363 19.6 | 0331 | 0134 | 845 1.0 10251 | 1042 | 141

(COV,, 11.9) mean | 110.48 | 11.18 1.58

D4-1-y-p | '69.6 33.8 16.0 0.325 0.083 73.9 1.0 89.62 5.38
D4-2-y-p | '87.9 44.1 22.3 0.301 0.060 90.4 1.0 109.58 6.58

D4-3-y-p | 166.9 38.8 24.7 0.212 0.088 115.5 1.0 140.08 8.40
(COV,, 18.3) mean | 113.09 | 6.79

e e e B

'F_for w= 5.0 mm (no failure achieved)

Investigations on the out-of-plane shear strength and stiffness 86

Mechanical Properties of Diagonal Laminated Timber

lar to grain, are given by the fourth bar chart for each series. The left-hand side of Figure
6.18 refers the stiffness values in x direction. On the right-hand side the stiffness values in y
direction are presented.

Overall, the bar charts in Figure 6.18 reveal that the shear stiffnesses of all series do not
experience a remarkable change due to the additional external compression perpendicu-
lar to grain, compared to those without external compression. This follows the analytical
approach, due to which the compression perpendicular has no influence on the stiffness
properties; instead, it influences the failure mechanism and therefore the shear strength.
(19.14 MN/m) is

again much higher than the analytical solutions. As previously described, the reasons may

For the O1 series in x direction the out-of-plane shear stiffness sz,exp,p
be found within different material parameters or the non-linear shear distribution over the
inner layers due to the two layers oriented under 90°. For D3 and D4 series, the experi-
mental shear stiffness values in x direction are close to those without external compression
perpendicular to grain and hence approximates the analytical solution. The discrepancy
between the analytical and experimental shear stiffness values of the D3 and D4 series in y
direction is further increased. This might be explained by the additional eccentricity due to
the difficult load introduction and deformations in the outer (1*' and 5%) layers, leading to
additional stresses perpendicular to grain and therefore to higher shear deformations.

All in all, the results in y direction are inconsistent. The high coefficients of variation of
the experimental stiffness values in y direction additionally indicate uncertainties among
the results. For a more precise statement on the shear stiffness values of CLT and DLT in
y direction, additional experiments should be carried—for example by using steel lamellas,

glued to the edges of the inner layers.

20 Sor 20 Syt
Syzsa o s ZSA
T 200 - O S 7 200 5 Syves
g 15.0 B S E 15.0 Sizemno
“ 100 “ 100
50 I I 5.0 IHH H
0.0 = 0.0 I I
series Ol D3 D4 series 01 D3 D4
type BSP  DLH#+45° DLH+30° type  BSP  DLH+45° DLH=+30°
N1 5 5 5 N [-] 5 5 5
! layers [Mm] 20 20 20 { ayers [MM] 20 20 20
'S it [MN/m]  7.96 7.68 9.52 'Sy.1 [MN/m]  4.89 12.86 10.33
’Syosn [MN/m]  7.46 7.68 9.51 ’Sysa [MN/mM]  3.73 6.62 475
Syzexp. [IMN/m] - 19.79 9.43 9.25 S'yz.exp [IMN/m] 9.71 8.34 9.19
’s xzexpp IMN/m] — 19.14 9.01 11.18 ’s yzexpp IMN/m]  11.45 6.92 6.79
]Analytical solution following the laminate theory using shear correction coefficients
?Analytical solution following the Shear Analogy Method
3Experimental solution with compression perpendicular to the grain (0.5 MPa)

Fig. 6.18: Out-of-plane shear stiffnesses of the CLT and DLT series (t = 100 mm) following the experimental inves-
tigations and analytical solutions, with and without external compression (o_= 0.50 MN/m?)
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The out-of-plane shear strengths, determined by the initial failure loads, are increased by the
external compression (Table 6.10). The mean values in x direction with additional compres-
, = 0.5 MN/m?) are increased by 7.1 % for the Ol series,

compared to the strength values without external compression. For the D3 series, an increase

sion perpendicular to grain (aC.9
of even 20.5 % is achieved in x direction. The D4 series experiences an increase of 8.9 % on
average. In y direction, as previously described, no strength values with external compres-
sion could be determined, given that no failure occurred. Table 6.10 gives the mean values

of the shear strengths, with and without compression, for each of the investigated series.

The increase in shear strength by compression perpendicular to grain can be validated
by comparing the results of the CLT series to the results provided by (Mestek 2011). The
rolling shear strengths determined by Mestek refer to compression stresses perpendicular to
o = 0.33 MN/m* and o,
determined by Mestek are linear interpolation for o , = 0.5 MN/m? Using a comparable

grain of o, = 0.80 MN/m?. For comparability, the strengths values
test setup to the one chosen for this investigation, Mestek increased the shear strength of a
CLT series from f, = 1.47 MN/m? to f, = 1.63 MN/m?, which represents an increase of shear
strength by 11.1 %. This percentage value is close to the increase achieved for O1 series by
the experimental investigation in this thesis (+7.1 %). The test setup by Mestek differs from
the one chosen here, as Mestek sheared only one cross-layer of the CLT specimens (oriented
under 90°).

Within the following Chapter 6.3 shear stiffness values determined by the previously

introduced FE models are compared to the analytical and numerical values.

Tab. 6.10: Percentage increase of the shear strength f, due to external compression
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series 2 f\,p increase
[MNm?/m] [MNm?/m] %l
Ol-x 1.68 1.80 )
D3-x 117 1.41 +20.5
D4-x 1.45 1.58 189
Ol-y 1.54 / /
D3-y 1.10 / /
Dd-y 1.65 / /
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6.3 Further investigations using numerical models

6.3.1 General information and modelling approach

The numerical models, previously introduced in Chapter 6.2.2, are used for further investiga-
tions on the shear stiffness values, in order to validate and confirm the analytical and experi-
mental investigations. The "path 1" within the models follows the deformation measured by
the inductive displacement transducer. The "path 2" within the models follows the vertical
axis within the specimens and was already used for the validation of the test setup—with
and without compression perpendicular to grain. The models are acting linear elastic and
without implementation of fracture mechanics and therefore do not provide the possibility
to calculate strength values. On the other hand, the calculation of stiffness values from the

linear elastic deformations within the FE models is possible

6.3.2 Determination of the shear modulus and comparison of the results

The load levels applied to the models are in reference to the linear elastic range of the
experimental investigations, so as to derive deformations in a comparable range (between
0.1 F  and 0.4 F_ ). The shear deformations refer to the chosen evaluation area (a, = a =
60 mm; "path _1"). Table 6.11 compares the out-of-plane shear stiffness values determined
by the numerical models to the stiffness values of the mechanical testing and the analytical
approach.

Tab. 6.11: Out-of-plane shear stiffness values of the O1, D3, and D4 series following the numerical investigations, the
mechanical testing, and the analytical approach

numerical model mechanical testing analytical?
Au! G et S il S - S5./8,
[mm] [MNm?/m] [MN /] [MN /m] [MN /m]
O1-x 0.372 67.57 717 19.79 7.96
D3-x 0.376 66.46 7.09 9.43 7.46
D4-x 0.284 88.00 9.38 9.25 11.82
Ol-y 0.227 166.91 11.75 9.71 4.89
D3-y 0.268 112.83 9.97 8.34 12.86
D4-y 0.340 81.40 7.85 9.19 13.05
Ol-x-p 0.376 61.31 7.10 19.14 7.96
D3-x-p 0.376 60.74 7.10 9.01 7.46
D4-x-p 0.284 78.59 9.38 11.18 11.82
Ol-y-p 0.251 124.61 10.63 11.45 4.89
D3-y-p 0.272 89.18 9.79 6.92 12.86
D4-y-p 0.340 69.11 7.85 6.79 13.05
'Respective values in accordance to the linear-elastic range of the experimental investigations
?Lamiante theory using shear correction coefficients

Mechanical Properties of Diagonal Laminated Timber



89 Investigations on the out-of-plane shear strength and stiffness

For the CLT O1 series in x direction, the numerical solution confirms the analytical solution,
but not the experimental values. The significantly high experimental results of the O1 series
in x direction could therefore indicate a measurement error. On the other hand, the O1 series
in x direction is the only series featuring two layers oriented under 90° within the three inner
layers (shear area), which is contrary to an actual homogeneous distribution of the shear
stress over the inner layers. This needs to be further investigated.

Overall, both, the experimental results and the numerical solution, correspond well to the
analytical solutions in x direction for the DLT+45° D3 and the DLT=+30° D4 series (Figure
6.19). In y direction the numerical solution corresponds well to the analytical solution
following the Shear Analogy Method for the D3 and D4 series. This is not surprising, since
both approaches are based on the same assumption of a linear distribution of shear stresses
over the cross-section. The chosen experimental test setup also provokes a linear distribu-
tion of shear stresses within the inner layer, which however—at least in the y-direction—is
in contrast to the actual distribution of the shear stresses (see Chapter 6.1).

It is therefore questionable, whether the chosen experimental test setup is suitable
for the investigation of the actual shear stiffness of DLT in y direction. As explained in
Chapter 6.1, the laminate theory, using shear correction coefficients, represents the
mechanically more accurate analytical solution for DLT, than the Shear Analogy Method.
On the other hand, the conjecture, namely that the chosen test setup is not suitable for the
investigations of the shear stiffness of CLT and DLT, was confirmed only partly, since the
numerical results additionally provide results close to the experimental results for DLT in y
direction. This also holds true for the numerical results of CLT in x direction, compared to

both analytical solutions.

S,
25.0 E 25.0 Spmir
0 sxz,SA Syz,SA
_ _ 0 Sy
§ 20.0 D sz,exp,p § 20.0 yz.exp,p
E 15.0 'Xz,num z 15.0 'yz,num
o ~
100 “ 100
0.0 0.0 I I
series 0O1 D3 D4 series Ol D3 D4
type CLT DLT#45° DLT+30° type CLT  DLT+45° DLT+30°
n layers ['] 5 5 5 n layers ['] 5 5 5
! layers [Mm] 20 20 20 # layers [mm] 20 20 20
ISXZ,LT [MN/m]  7.96 7.68 9.52 lSyzwLT [MN/m] 4.89 12.86 10.33
’Syusa [IMN/m]  7.46 7.68 9.51 ’Sy5a [MN/mM]  3.73 6.62 475
S xzexp. [MN/m] - 19.79 9.43 9.25 S yzexp [MN/m] 9.71 8.34 9.19
’s wzexpp IMN/m]  19.14 9.01 11.18 ’s yzexpp IMN/m]  11.45 6.92 6.79
S znum [IMN/m] 698 6.87 9.00 Syzmum [MN/m]  10.01 6.77 4.88
1Analytical solution following the laminate theory using shear correction coefficients
2Analytical solution following the Shear Analogy Method
3Experimemal solution with compression perpendicular to the grain (0.5 MPa)

Fig. 6.19: Out-of-plane shear stiffnesses of the CLT and DLT series (t = 100 mm) following the experimental inves-
tigations and analytical solutions with and without external compression (o_ = 0.50 MN/m?)
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Nevertheless, investigations on the out-of-plane stiffness properties of CLT and DLT could
alternatively be carried out on one layer only, as proposed in EN 408. Afterwards, the deter-
mined shear moduli could be summed up, using the laminate theory and shear correction
coefficients or the Shear Analogy Method. If a package of layers or a whole cross-section is
to be tested, shear-bending tests (four-point bending tests) according to EN 16351 may
provide an appropriate test setup. When the test setup according to EN 16351 is used for
the determination of shear stiffness values for DLT in y direction, analytical values following
the laminate theory using shear correction coefficients cloud be more close to the experimen-
tal results, than shear stiffness values according to the Shear Analogy Method, due to the

non-linear and parabolic distribution of shear stresses under the four-point bending tests.

All in all, the experimentally determined shear stiffness values failed to point-out the increase
in shear stiffness due to diagonal layer arrangements according to the analytical approaches
(also see comparison within Appendix A8). Following the laminate theory and compared
to CLT, the shear stiffness values of DL'T are in comparable range in x direction and highly
improved in y direction. For further investigations on the out-of-plane stiffness properties of
CLT and DLT, test specimens from the same batch and with identical material parameters
should be used and an alternative test setup, e.g. according to EN 16351 should be consid-

ered.

The investigations on the out-of-plane shear stiffness values are followed by the investiga-
tions on the bending stiffness (Chapter 7) and the investigations on the torsional stiffness
(Chapter 8).
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7 Investigations on the bending stiffness
7.1  Theoretical approach and analytical solution

Besides the impact of diagonal layer arrangements on the out-of-plane shear stiffness
according to the analytical solutions, DLT may achieve increased uniaxial bending proper-
ties compared to CLT.

The bending stiffness values B_and B_of a laminate can be taken from the entries D,
and D,, of the stiffness matrix (see ABD-E matrix, Chapter 5) . The deformation of a beam
under a single load in mid-span is given by Equation (7.1). This deformation includes compo-
nents from bending and out-of-plane shear deformations. If an effective bending stiffness
(including bending and shear stiffness terms) is to be calculated, deformations on equivalent
static systems under a unit load can be used to recalculate to the corresponding stiffness
terms B, and B, - (Equation (7.2)). The same holds true for various static systems
under different loadings. Analytically, an effective bending stiffnesses B_; can exemplary
be determined on the system of a beam element under a single load F ih mid-span using
the force method (method of consistent deformations). Following the force method, the
superposition of bending and shear deformations according to Equation (7.1) can be written
according to Equation (7.3).

F-BB F-.l

- 4 71
Weivea = 3851 T 16a (7.1)
5 - F-I3
xeff = 48Wgr46a (7.2)
5 flmx-mxd +J‘15Vx-de FI? FI .\ Fl (73
wojj = | —5——dx X = .

Y 0 |Bx| 0 |sz| 48Bx,eff 4‘8|D11| 4|E44|

The effective bending stiffness is therefore - in contrast to the pure bending stiffness - always
dependent on the span of the selected equivalent static system. Unlike actual pure stiffness
values, effective stiffness values are always coupled to an equivalent static system. Therefore,
a general comparison of effective stiffness values with actual stiffness values requires a corre-
sponding static system and only then allows a conclusion to be drawn on the influence of the
shear deformation components.

Table 7.1 compares the percentage increases and decreases in bending stiffness of diagonal
layer arrangements (DLT) in relation to the respective series of the same thickness and
orthogonal layers arrangements (CLT). The out-of-plane shear stiffness values follow
the laminate theory using shear correction coefficients according to Chapter 5 (material
parameters according to Table 4.9; T14 (ETA-20/0023); Poisson’s ratios according to
(HALASZ AND SCHEER 1996)).
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Tab. 7.1: Percentage increase and decrease of the bending stiffness due to diagonal layer arrangements

thickness t = 100 mm t = 200 mm
series 01 D3 D4 05 D5 D6 D1=D2
type CLT DLT=+45° | DLT+30° CLT DLT=+45° | DLT+30° | uDLT+45°
B [MNuw/m] 0.74 0.79 0.84 5.90 6.29 6.74 6.35
rate [%] | (=100 %) | +6.6 % +14.2 % (=100 %) | +6.7% +14.2 % +7.6 %

The bending stiffnesses of the DLT=+45° D3 series is by 6.6 % higher compared to the
5-layered CLT series O1 with an overall thickness of ¢+ =100 mm, and higher by 14.2 %
for DLT+30° (D4 series). Consequentially, the diagonal layer orientation leads to the same
increase in bending stiffness for the series with a thickness of 200 mm as well. In y direction,
the bending stiffness values of DLT are significantly lower, compared to CLT (D3 series
~73.6 %). For the additional uDLT+45° series D1 (equals uDLT+45° series D2) the increase
in the bending stiffness in x direction (+7.6 %) is only slightly higher than for DLT+45°
(4+6.7 %). Therefore, the influence of the rotation of the center layer (3™ layer) by 90° has
nearly no influence on the bending stiffness in x direction. This is quite different for the
bending stiffness in y direction. By rotating the center layer into 0° direction, the uDLT
loses 39.9 % of its bending stiffness in y direction compared to CLT, while DLT+45 series
D3 loses only 35.0 %.

A parameter study on the bending stiffness of DLT element (¢ = 100 mm) under varying
orientation of the second and fourth layer—similar to the parameter study on the out-of-
plane shear stiffness (Chapter 6.1)—highlights the above findings. The layer thickness is
chosen as a constant at £ = 20 mm. The layers are rotated in opposite directions in steps of
15°, up to the limits of 15° and 75°, respectively (see Figure 6.4). Figure 7.1, left, additionally
gives the bending stiffness values in global x and y direction.

20-20-20-20-20 B B
. ! 1.00
+ O | series [MNm?/m| [MNm?/m)|
0.0 / 0.91 0.04 = o M
15.0 / 0.89 0.04 é 5.
30.0 | D4 0.84 0.06 & 050 B,
< .
45.0 D3 0.79 0.09 =
<
60.0 / 0.75 0.15 < o5
75.0 / 0.73 0.20 o
90.0 / 0.74 0.22 0.00 _// . |
CLT! 01 0.74 0.22 o 15 30 45 60 75 90°
ireference value [0°,00°,0°,90°,0°] orientation 9 [°]

Fig. 7.1: Bending stiffness of b-layered CLT and DLT elements as a function of the layer arrangement ©
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In addition to the representations within Figure 7.1, Figures 7.2 and 7.3 depict the increase
of the bending stiffness B_as a function of the increasing layer thickness of CLT and DLT.
The quadratic increase can be explained by the weighting of the Steiner-terms with increas-
ing distance of the partial centers of gravity to the total center of gravity.

The increase in x direction is approximately the same for the 5-layered CLT and DLT.
The respective bending stiffness values are calculated in steps of At = 5 mm. The same
parameter is used on the bending stiffness values By of 5-layered CLT and DLT elements
(Figure 7.3). An increase in the layer thickness of, for example, DLT+45° elements does not
result in an increase of the bending stiffness in y direction to the same extent as is the case

in x direction (Figure 7.3).

12.00 ’ DLT45°
6.291 S A —-— — DLT=60°
5.993 4 — —— - DLT#30°
10.00 6.735 17 T CLT
/ 4
5898 /0
— 7/
s 800 S5
& Y/
£ )y 7
E 6.00 g
= 0.786
o 0.749
4.00 0.842
0.737
2.00
0.00
0 15 20 25 30 35 40 45 50
t; [mm]

Fig. 7.2: Bending stiffness B_of 5-layered CLT and DLT elements as a function of the layer thickness t,

12.00

DLT+45°
— — — DLT+60°
———~ DLT#30°

1000 CLT

0.756
1.200
0.458
1.732

8.00

6.00

B, [MNm*/m]

4.00

2.00

0.00
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Fig. 7.3: Bending stiffness B, of 5-layered CLT and DLT elements as a function of the layer thickness t,
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7.2  Experimental determination of the bending stiffness

7.2.1 Test setup

In order to experimentally determine the bending stiffness properties of DLT, four-point
bending tests were carried out on the uDLT+45° series D1. The experiments were carried out
by our partners of the Timber Construction Unit at the University of Innsbruck. D1 series is
suitable mainly for applications requiring uniaxial load transfer. This is due to the missing
cross-layer (90°) (see Chapter 4.3). For all other series, the analytical and numerical investi-
gations form the basis for future experimental investigations on the bending stiffness. Hence,
the test series D1 can be seen as tactile testing series, that can be placed in context and
relation to the experimental investigations of Buck et al. in 2016 (Buck ET AL. 2016).

The test setup of the uniaxial bending test follows the test setup of the four-point
bending test according to EN 16351. Smaller adjustments had been carried out within
the test setup. The span between the load introduction points was set to 8h instead of 6h.

Figure 7.4 exhibits the chosen test setup of the four-point bending test.

plane view

| | | | | |
I I I I I I
\ \ \ \ \ \
glal | | | || A
-+ o o =
| | | | | |
| \ \ \ 5000 \ \ \ |
f 1
section A-A
| 200 | a=1500 | 1600 | a = 1500 | 200 |
f T T T T 1
L300 1, =1000 L
f T T 1
l Load l Load
LY
= Wi =
h i T T T T T T T T T = T T T T — T T T T T T T T T i
} \q T T T T T T T T T T T T T T T T T T ) T e T }
nghal
| 1 = 4600 ‘
f 1
side view

Fig. 7.4: Test setup of the four-point bending tests
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The overall span [ was set to 23 h = 4600 mm. This length shall ensure failures due to normal
stresses caused by bending, instead of shear failures within the diagonal layers. EN 16351
recommends a span of 24 < h <30 4. The minor deviations from the standard are included
in the evaluation. Brandner et al. summarize and analyze test setups of four-point bending
test configurations provided in different standards (EN 408, EN 16351, EN 789), so as to
harmonize the test setups (BRANDNER ET AL. 2018). Following their breakdown, EN 16351
provides the most appropriate basis for determining the bending stiffnesses of mass timber
laminates.

Each specimen had the dimension of 4600/600/200 mm (Figure 7.4). The load intro-
duction was realized by steel plates (w = 100 mm). The point-loads were directed verti-
cally downward with a distance of 8h to each other. Hereby, half of the force from the
hydraulic cylinder was applied via a cross-member to the test specimen. The point-loads
were introduced by way of the steel plates over the depth (600 mm) of the specimen. Each
specimen was set on a roller bearing, resulting in vertical support and a static defined
system (I = 600 mm). Therefore, the distance between the load-introduction points and the
supports is [, = 1500 mm. Within the span of [, = 5h = 1000 mm the local deformation w,
was measured using inductive displacement transducers that were fixed to an aluminium
profile. The profile was fixed pivotably on each side of the specimens (Figure 7.4). In the

same way, the global deformation w, within the overall span (I = 4600 mm) was measured

lobal
on both sides of the specimens. The experiments were carried out deformation controlled
with a feed rate of 10 mm/min until failure.

The uDLT D1 specimens were produced in conjunction with the other DLT specimens.
Thus, the boards are from the same batch as those used in D3, D4, O5, D5, and D6 series
(see Table 4.9). The moisture content of each specimen was measured before the mechanical
testing and was in the range of v = +12 %.

The bending stiffness for each specimen is calculated according to EN 16351 within the
linear elastic range using linear regression. The failure load was estimated preliminary using
analytical methods. After reaching about 50 % of the estimated failure load, the aluminium
profiles and displacement transducers were removed. The range of linear elastic evalua-
tion was set between (0.1F, and 0.3F, ). The bending stiffness B_was determined using
Equation (7.4). Equation (7.5) follows Equation (C.1) within EN 16351. B_equals the local
bending stiffness. The effective bending stiffness B_is determined by Equation (7.5) (where

m, is the slope of the regression line).

Ly FRL=F L}

(EDcLiocatnet = By = 16 w,—w =~ 16 "Miocal (7.4)
3’[2'12_4'6' FZ_Fl 3'12‘12_4'13
(EI)CL,amJ,net= Byefr= 43 ’ Wy —w, = 43 *Mgiobal (7.5)
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7.2.2 Results of the mechanical testing

Figure 7.5 highlights the load-deformation diagrams for the 5-layered uDLT D1 series
with an overall thickness of ¢ = 200 mm. Since the test specimens are of the same series,
the individual specimens are not labeled. Additionally, the force F'is given as a function
of the deformation of the cylinder (w,, . ), showing the loss of force at initial failure, is
given in Appendix A5. The failure mechanism has no influence on the stiffness parameters,
taken within the linear elastic range of the load-deformation graphs. Furthermore, due to
the stacking sequence of the specimens with both diagonal layers arranged under +45°, a
detailed examination and description of the failure mechanisms is not meaningful regarding
failure mechanisms of uDLT+45°. Figure 7.6 exemplary displays the failure mechanisms of
one specimen of the DLT+45° D1 series. All of the ten specimens achieved initial failure due

to bending.

160

uDLT+45° D1
140 | ¢ = 200 mm

120 |

100 |

80

F [kN]

60

40

20 |

0 20 40 60 80 100
w [mm]

Fig. 7.5: Load-deformation diagrams of the cylinder

Fig. 7.6: Display of an exemplary failure mechanism in bending of D1-4 specimen
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Table 7.2 gives the evaluation of the experiments within the linear elastic range. Table 7.3
provides the results of the mechanical testing following Equations (7.4) and (7.5) using the
values provided within Table 7.2. In addition, equivalent moduli of elasticity E* are calcu-
lated according to Equations (1) and (2) within EN 408 and given within Appendix A5.

Following the analytical approach, the local bending stiffness of the uDLT D1 series is
B = 6.35 MNm?/m. This value appears to be higher by 0.70 MNm?/m than the mean value

X

vaexp = 5.65 MNm?/m achieved by the mechanical testing.
The effective bending stiffness of D1 series following an analytical approach appears to
be B_ .= 5.95 MNm’/m considering the span of | = 4.6 m and a = 1.5 m (see Appendix

A5 for the analytical derivation of B_ for the four-point bending test). This value differs
by 0.61 MNm?/m to the experimental determined effective (global) bending stiffness
B = 5.34 MNm?/m.

x,eff,exp

Compared to reference CLT series O5 (B_, = 4.37 MNm’/m considering the
span of [ = 4.6 m and a = 1.5 m) the effective bending stiffness of the DLT D1 series
is by 22.7 % higher. This result is in a comparable range to the experimental findings
on the uniaxial bending stiffness in global x direction of DLT+45° of (Buck ET AL.
2016). Here, the four-point bending tests, which were carried out on ten CLT and
DLT+45° test specimens each (w/1/t = 1200/4136 /95 mm; 19-19-19-19-19; [0°,45°,0°;-45°,0°];
non-edge-glued) according to EN 408, demonstrated an increase in bending stiffness ercﬂ.vcxp
of 15.5 % (Buck ET AL. 2016).

The experimentally determined shear stiffness values (light gray within Tab 7.4) are
only of limited significance due to the high COV (31.6 %). For D1-1, and D1-5 to D1-7 no
shear modulus could be determined due to a probable error during the testing (statisti-
cal outliers). Even without these values, the mean value of the experimental investigation
(S, = 38.75 MN/m) is not in comparable range to the analytical value (S, = 28.08 MN /m).
In summary, the four-point bending tests according to EN 16351 seems to be well suited to
determine the bending stiffness (local) and the effective bending stiffness (global) of DLT. In
contrast to what was hoped for in Chapter 6.2, sufficient out-of-plane shear stiffness values
could not be determined by the four-point-bending test. This is astonishing, also in view of
the close correlation of the determined bending stiffness values to the analytical solution.

Whether this was due to measurement errors or other reasons needs further investigation.

The investigations on the bending stiffness of DLT are followed by the investigations on the

torsional stiffness properties.
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Tab. 7.2: Evaluation of the four-point bending tests on the uDLT series D1
0.3F | 0.1F Tosrs Mo slope m g
[ﬁiﬁ [kl\;]m [kﬁ]m [mm] [mm] [/] (/]
global | local global local global local

D1-1 98.00! 29.40 9.80 13.86 0.74 3.25 0.17 1847.52 34696.09 1.00
D1-2 144.25 43.28 14.43 19.31 1.00 5.18 0.27 2031.11 39045.22 1.00
D1-3 141.73 42.52 14.17 19.74 1.01 5.05 0.26 1871.52 36424.43 1.00
D14 138.54 41.56 13.85 19.61 0.94 5.03 0.24 1907.71 39533.63 1.00
D1-5 137.68’ 41.30 13.77 18.95 1.01 4.93 0.26 1987.71 36931.13 1.00
D1-6 104.73! 31.42 10.47 14.89 0.81 3.57 0.19 1824.02 33635.95 1.00
D1-7 125.00! 37.50 12.50 18.13 0.98 4.67 0.25 1851.81 34052.12 1.00
D1-8 117.71 35.31 11.77 17.48 0.90 4.45 0.22 1782.09 34336.11 1.00
D1-9 116.98 35.09 11.70 17.66 0.93 4.17 0.22 1767.58 33412.82 1.00
D1-10 119.15¢ 35.75 11.92 15.88 0.82 4.31 0.21 2020.56 39349.33 1.00

"load at initial failure

Tab. 7.3: MOE, bending stiffnesses B , |

and B and S following the four-point bending tests (EN 16351)

x,effexp’

S

IMNm? /] IMNme ] NN /]
DI-1 5.42 5.24 /
D1-2 6.10 5.76 45.89
D1-3 5.69 5.31 34.96
D1-4 6.18 5.41 19.28
D1-5 5.77 5.62 /
D1-6 5.26 5.18 /
D1-7 5.32 5.25 /
D1-8 5.37 5.06 38.76
D1-9 5.22 5.02 6.20
D1-10 6.15 5.73 37.42
mean 5.65 5.56 38.75
COV 6.8 % 5.0% 31.6 %
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8 Investigations on the torsional stiffness
8.1  Theoretical approach and analytical solution

8.1.1 Theoretical approach

Torsion appears to be a combination of different deformations, the latter include uniaxial
bending caused by normal stresses in x and y direction, as well as shear deformations in x
and y directions. Both have been previously investigated and, together with the findings on
laminates, provide the theoretical background to this Chapter. Parts of the investigations of
Chapter 8 were previously published within (ARNOLD ET AL. 2022a).

Following the law of elasticity, the torsional stiffness of an isotropic plate element is given
by Equation (8.1):

E ¢

Goylp = ———— =
T 2(1-v) 3

Key(1=v) = By, (8.1)

Thus, the moment-twist-relation is described by Equation (8.2):

1-v(dp, 0J¢,
m"y:KT(W-I_W :K(l—V)ny (82)

For the assumption of the Kirchhoff-Love plate theory, the curvature x,, can also be derived
from the bending surface (Equation (8.3)) (Porov 1970).

2
3 0w Myy

fay = T 9xdy (1—v)Kdd

¥V ox dy - (1-v)K (8.3)

By transferring the plate stiffness to a fictitious girder grid model, the relationship between
torsional stiffness, torsional moment, and the bending surface may be clarified (Figure 8.1)
(Popov 1970). In the following, the term “torsional stiffness” (torsion only) is defined by the
deformation w, achieved without taking into account deformations other than those caused
by the resistance of the torsional stiffness BXy to the loading R (Figure 8.1). The torsional
stiffness B_ can be taken from the matrix notation (D,,) of the ABD-E stiffness matrix of
the CLT or DLT element, multiplied by a factor 2 (ScutrMANN 2007) (Equation (8.4)).

Fig. 8.1: Girder grid model of an infinitesimal plate element under biaxial bending, according to (Popov 1970)
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Byy = (Kuy + Kyx) = 2Ky = 2D (8.4)

The torsional stiffness that includes bending and shear stiffness components is called “effective
torsional stiffness” Bxyyeﬁ. In order to be able to extrapolate the effective torsional stiffness,
deformation components from bending and out-of-plane shear must be taken into account by
using the method of consistent deformations (force method). Following the energy theorem,

this superposition is expressed in Equation (8.5):

5, =Z%L1(6Mi-Mi) de+2%f01(6Vi~Vi) de (8.5)

Figure 8.2 shows an extended girder grid model. Here, in addition to torsional stiffness, shear
and bending stiffnesses are assigned to the girders with the width dx/dy. Following the girder
grid model in Figure 8.2, the following energy theorem results in (Equation 8.6):

Lom,, -m Lém,-m Lsm, -m Lo, -V, Lsv, -V,
w5i,-=f udﬂf #dﬁf %dy+f ; "dx+f é Ldy  (8.6)
0 0 0 X 0 0

Zny By Xz yz

The shear stiffnesses S and S follow the analytical approaches described in Chapter 6.
The bending stiffnesses B_and lév follow the respective entries of the ADE-E matrix (D, and
D,,)). As previously discussed and shown in Equation (8.4), entry D, in the stiffness matrix
of the laminate represents half of the torsional stiffness B_ of the plate elements.

Following the force method and considering the supérposition of the distribution of
internal forces gained by the virtual and actual stress resultants ém, and m, the factors
1/3 result within Equation (8.7). The virtual displacement wé, is replaced by the relation-
ship between the torsional stiffness and the loading according to Figure 8.1. Therefore, the
equilibrium in Equation (8.7) applies to the total deformation w of the element, taking
into account the out-of-plane shear deformations and deformations caused by uniaxial and

biaxial bending, resulting in the effective torsional stiffness Bxyieﬂ.

F-dx~dy_F-dx-I-dy+1-F/2-dx~I-dx+1-F/2-dy-1-dy+F/2-I+F/2-i
Bryefs 2Dgg 3 Dy, 3 Dy Ess Ey

Fig. 8.2: Extended girder grid model of an infinitesimal plate element taking into account bending and shear defor-
mations (Arnold et al. 2022a)
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Consequently, the effective torsional stiffness is calculated in accordance to Equation (8.8).

11 N 1 N 1 N 1 . 1
|Bxy.eff|_|Bxy| 61Bx | 6|By| 2|8y, | - dx 2|Syz|-dx (8.8)

For the deformations of the CLT and DLT elements under a single point-load F on one
corner (torsion), the following approaches apply to the theories according to Kirchhoff-Love
(Equation (8.9)) and Reissner-Mindlin (Equation (8.10)).

_ F-dxdy -
WL = 2|Dggl (8.9)
F-dxdy+F-dx2+F-dy2+ F . F (5.10)
Wa_y = .
BN 21Dl 61Dzl 6IDys| * 2lEss|  2lEsl

8.1.2 Analytical solution

Table 8.1 compares the percentage increases in torsional stiffness of the series with a diagonal
layer arrangement, to the series of the same thickness with an orthogonal arrangement of the
layers following Equation (8.4).

In addition, Figure 8.3 compares the torsional stiffness values B (Equation (8.4)) and
the effective torsional stiffness values B_ . (Equation (8.8)) for the CLT and DLT series
with layer thicknesses . = 20 mm and ¢, — 40 mm. Within B_ ; the shear stiffness is imple-
mented according to the laminate theory using shear correction coefficients (dark grey) (see
Chapters 5 and 6). As it is for effective bending stiffness values, effective torsional stiffness
values according to Equation (8.8) are always dependent on the dimensions of the selected
equivalent static system (plate element dz /dy). Following the comparison within Figure 8.3,
the dimension of the equivalent plate are chosen to dx = dy = 1.0 m. These dimensions are

in reference to the later experimental and numerical investigations (Chapters 8.2 and 8.3).

Compared to the 5-layered CLT series O1 with an overall thickness of ¢t = 100 mm, the
torsional stiffness B, of DLT+45° series D3 can be increased by 63.5 %, for the DLT+30°
series D4 by 47.8 %. The approximate same ratio of increase in stiffness can be determined
by comparing the CLT and DLT series with a layer thickness of 40 mm and an overall
thickness of t = 200 mm. Compared to the CLT series O5, the torsional stiffness of DLT+45°
series D5 can be increased by 57.8 %, for DLT+30° series D6 by 43.5 %.

Following the plate theory according to Reissner-Mindlin, (dz = dy = 1.0 m) and taking
into account the bending stiffness values and the out-of-plane shear stiffness values, the
effective torsional stiffness B _ . of DLT445° series D3 is increased by 31.4 % compared to
the 5-layered CLT series O1 V\}ith an overall thickness of ¢t = 100 mm. The effective torsional
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stiffness B_ . of DLT+30° series D4 is increased by 6.9 % compared to CLT series O1. The
increase inweffective torsional stiffness by rotation of the respective layers is significantly
lower than the increase in pure torsional stiffness. This trend appears to be quite similar for
the comparison of the effective torsional stiffness of the O5 series with the D5 (+30.1 %) and
D6 (+6.5 %) series.

Tab. 8.1: Percentage increase of the torsional stiffness due to diagonal layer arrangements

thickness t =100 mm t =200 mm
series 01 D3 D4 05 D5 D6
type CLT DLT+45 | DLT#+30° CLT DLT+45 DLT+30°
B_ [MNm?/m] 0.12 0.19 0.17 0.920 1.50 1.36
rate [%] | (=100 %) +63.5 +47.8 (=100 %) +57.8 +43.5
1.75
BXy
1.50 W3,
E
T 125
E 1.00
o 075
e
= 0.50
=025
series (0)} 03 D3 D4 05 D5 D6
type CLT CLT DLT+45° DLT+30° CLT DLT+45° DLT+30°
Mges [] 5 3 5 5 5 5 5
fagers [Mm] 20 20 20 20 40 40 40
By [MNm?/m] 0.12 0.03 0.19 0.17 0.92 1.50 1.36 (Kirchhoff-Love)
By [MNmM¥m]  0.10 0.02 0.14 0.11 0.77 1.05 0.86  (Reissner-Mindlin)

Fig. 8.3: Torsional stiffness of the CLT and DLT elements following the analytical solution (dx = dy = 1.0 m)
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In addition to the bar charts presented in Figure 8.3, a parameter study using analytical
methods is carried out by varying the orientation (arrangement) of the second and fourth
layer, so as to determine the torsional stiffness values (Equation (8.4)) and the effective
torsional stiffness values (Equation (8.8)) in global x and y direction for dr = dy = 1.0 m.
The layer thickness is chosen as a constant at £ = 40 mm. The layers are again rotated in
opposite directions in steps of 15°, up to the limits of 0° and 90° (see also Figure 6.4).

Figure 8.4 shows the torsional stiffness and effective torsional stiffness in global x and
y direction in steps of 15°. The graphical representation highlights the change of the
stiffness values against the respective boundary values. The layups of the boundary values
[0°,0°,90°,0°,0°]g and [0°, 90°,90°,90°,0°|¢ provide the same torsional stiffness values B_, as
the reference value of CLT [0°, 90°,0°,90°,0°];. This follows the laminate theory. O]ﬂ~ the
other hand, the effective bending stiffness values of the extremes ([0°,0°,90°,0°,0°]; and
[0°, 90°,90°,90°,0°],) differ, hence the bending and shear stiffness values differ. Same holds
true for layer orientations under 30° and 60°—B_ is the same, but the bending and shear
stiffness values differ and so do the effective bending stiffness values.

According to Figure 8.4 the maximum torsional stiffness is achieved for the DLT+45°
element. The distribution of the torsional stiffness as a function of the layer arrangement
appears to be symmetrical. The effective torsional stiffness turns into extreme values for
DLT+60° and DLT+15°. Additional parameter studies on the torsional stiffness values as a
function of the layer thickness can be found at (ARNOLD ET AL. 2022a).

40-40-40-40-40 BXy v 1.750
+6 series [MNm?/m] [MNm?/m| 1.500
g
. .92 . =
0.0 / 0.9 0.59 3 1250
15.0 / 1.01 0.64 <
= 1000
30.0 D6 1.36 0.86 g
450 | D5 | 150 | 1.05 z 070
[~
60.0 / 1.36 1.06 :Q? 0.500
0 |/ | 101 | 085 0250
. .92 .
90.0 0.9 0.79 0,000 . . . | .
CLT! 05 0.92 0.77 0° 15 30 45 60 75 90°
'reference value [0°,90°,0°,90°,0° orientation 6 [O]

Fig. 8.4: Torsional stiffness and effective torsional stiffness of 5-layered CLT and DLT elements as a function of the
layer arrangement © (dx =dy = 1.0 m)
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8.2  Experimental determination of the torsional stiffness
8.2.1 Test setup

After the analytical studies on the torsional stiffness properties of CLT and DLT, specimens
with a side length [ = 1200 mm are twisted during biaxial bending tests. Here, the aim is
to determine the effective torsional stiffness B of the various specimens from the defor-
mation of the elements under an external point-load (Figure 8.5). The chosen test setup
mirror the girder grid model within Figure 8.1 and was proposed in a similar form before
by (MesTeEK 2011) and (LoeBus AND WINTER 2017). The mechanical testing is important to
confirm the theoretical investigations and to observe the failure mechanisms.

The point-load, directed vertically downward, was applied to the free corner of the
specimens by a hydraulic cylinder. The load application point as well as the supports were
realized by steel plates (120/120/12 mm). Each of them articulated and offset inwards by
100 mm from the free edges of the specimens. No reinforcement for compression stresses
perpendicular to grain in form of self-tapping screws was applied.

The applied loading “force_1” (point-load F) as well as the reaction force on the opposite
support “force_ 2”7 were measured by force transducers. Deflection “def 1”7 (deformation w in
z direction) is measured using a rope extensometer, which was attached at the opposite side

of the load introduction point at the bottom of the test specimens. In addition, the change in

plane view front view
A e 2"
1000
section A-A
l Load
% "force_1" % "force 2"
" " 707 707
def 1 |
1414

Fig. 8.5: Test setup of the biaxial bending tests
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the curvature %, Was measured determining the arc length “def 2”over 1000 mm by means
of a second rope extensometer on the upper side of the specimens. The mechanical testing
was carried out in a deformation-controlled manner. In other words, each test specimen was
loaded until a unit-deformation w (def 1) of 100 mm (geometrical limit due to load intro-
duction) was reached. All specimens were loaded with a constant feed rate of about 0.30
mm/s. The corresponding forces F ("force_ 1"="force_2") were measured as a function of
the time.

Prior to the start of the tests, the moisture content of each specimen was determined by an
electrical resistance moisture meter at a depth of approximately 15 mm. Five measurements
were taken on each specimen. The mean value u__ of the initial moisture content was 11.2
% (COV 7.6).The effective torsional stiffness for each specimen is calculated according to EN
408 [15] within the linear elastic range 0.1F__ (0.1F ) and 0.4F  (0.4F_ ) using linear
regression. Therefore, Equation (8.9) is converted to B_ (Equation (8.11)). As mentioned
before, the torsional stiffnesses determined experimentaliy are effective torsional stiffnesses
Bxy,eﬁ_’eXp since the transversal shear deformations are included in the total deformation w
[mm| measured by the rope extensometer. For all specimens that do not reach a failure load
(O1, D3, and D4 series), the corresponding load F  to reach a deformation of 100 mm is

used instead of ' to determine the effective torsional stiffness (Equation (8.11).

Fodx-dy (04Fng = 01Fp ) 12 1

B = —m-? (8.11)
2w 2(W04F gy = W0Fpgy)

xy.eff.exp =

8.2.2 Results of the mechanical testing

Figure 8.6 displays the load-deformation diagrams for the 5-layered CLT and DLT series
with an overall thickness of ¢ =100 mm (upper chart) and ¢ = 200 mm (lower chart). For the
CLT elements of thickness t = 100 mm (O1 series), no failure mechanism could be identified,
as the failure mechanism (large plastic deformation fraction) couldn’t be observed when
the unit-deformation of w = 100 mm was reached. The load-deformation curves confirm
this observation (Figure 8.6). The flattening of the curves can be explained by the occur-
rence of single cracks in the cross-layers (rolling shear failure). A cracking noise (tearing of
individual wood fibers) was audible from a deformation w = 40 mm onward. After the test,
the specimens of series O1 did not fully return to their original position (w, . .~ 2.3 mm).
The 3-layered series O3 (¢t = 60 mm) did not show any cracks and completely returned to its
original condition after unloading (Table 8.2).

The CLT elements with a thickness of ¢ = 200 mm (O5 series) show clear rolling shear
failure in the cross-layers when a deformation w of approx. 60 mm was reached. However,
neither brittle failure nor sudden loss of force occured (Figure 8.6, Table 8.2). After the
test, the specimens of Ob5 series similarly did not fully return to their original position
~ 2.4 mm) (Table 8.2).

(wunloaded ~
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Fig. 8.6: Load-deformation diagrams of the CLT and DLT specimens under biaxial bending
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Tab. 8.2: Failure mechanisms of the CLT series
. layup deformation figure and crack pattern at w =100 mm
series .
[mm] / [n°] observations side view
» plastic deformations hardly detect-
CLT able
o1 (20-20-20-20-20) » isolated rolling shear failures in the
cross-layers
[0;90;0;90;90]5 » noticeable cracking noise from a
deformation w = 40 mm onwards
CLT » no plastic deformations detected
03 (20-20-20) » no rolling shear failures detected
[0;90;0] » no noticeable cracking noise
» plastic deformations hardly detect-
able
CLT » rolling shear failures in the cross-
O5 (40-40-40-40-40) layers from a deformation w = 60
[0;90;0;90;90] mm on
» noticeable cracking noise from a
deformation of w = 40 mm onwards

The DLT elements with a thickness of ¢ = 100 mm (D3 and D4 series) show a very similar

deformation behavior as the CLT elements of the same thickness. Until the maximum defor-

mation of w = 100 mm was reached, only isolated fine cracks were visible, which indicated

the onset of rolling shear failures in the cross-layers. However, a sudden and extensive loss

of load carrying capacity did not occur (shear failure of complete layer).

Complicated failure mechanisms occur when reaching the ULS of DLT elements with a

thickness of ¢ = 200 mm (D5 and D6 series). An extensive loss of the load carrying capacity

occurred in all DLT elements (¢ = 200 mm) prior to reaching a deformation of w = 40 mm,

due to multiple failure mechanisms of rolling shear in combination with tension perpendicu-
lar to grain (Figure 8.6, Table 8.3).

Tab. 8.3: Failure mechanisms of the DLT series
' layup deformation figure and crack pattern at w =100 mm
series .
[mm] / [n°] observations
» plastic deformations hardly detect-
able
DLT+45° » isolat(fd rolling shear failures in the
cross-layers
D3 20-20-20-20-20
( ) » isolated combined rolling shear and
[0;45;90;-45:0] longitudinal shear failures
» audible and visible cracking from a
deformation of w = 40 mm onwards
» plastic deformations hardly detect-
DLT+30° able , o
» isolated rolling shear failures in the
D4 (40-40-40-40-40)
cross-layers
[0;30;90:-300l5 |, poticeable cracking noise from a de-
formation of w = 40 mm onwards
» rolling shear failures with tension
perpendicular to grain
» clearly audible cracking from a de-
DLT+45° formation 1of 1(;} (:i 35 mm on;vard? o
tensi t il- |V
D5 (40-40-40-40-40) » extensive loa r.op (comp? e fai
ure) before reaching the unit-defor-
[0:45;90;-45;0] :
mation
» exceeding the permissible compres-
sion stress perpendicular to grain at
the load introduction plate
» rolling shear failures with tension < 3{
perpendicular to grain 3
DLT+30° » clearly audible cracking from a de-
D6 (40-40-40-40-40) formation of w = 35 mm onwards
[0;30;90;-30;0] » extensive load drop (complete fail-
ure) before reaching the unit-defor-
mation
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Complementary to Figure 8.6, the respective loads (£ ), the respective deformations, and a
evaluation within the linear elastic range of series with ¢ = 100 mm are provided in Table 8.4.
Table 8.5 lists the loads (maximum loads and loads at initial failure), the respective deforma-

tions as well as a evaluation within the linear elastic range of series with ¢ = 200 mm.

Tab. 8.4: Evaluation of the biaxial bending tests of the CLT and DLT specimens with t = 100 mm

1Fmax 0'4Fmax O'lFmax Wo.4Fmax W01 Fmax SloPe m R xy.eff.exp
[IN] [IN] [IN] [mm] [mm] /] /] [MN/m’]
0O1-1 18.87 7.56 1.87 227.92 8.18 0.22 1.00 0.16
01-2 17.96 7.18 1.80 34.67 9.67 0.22 1.00 0.15
01-3 19.80 7.92 1.98 38.29 10.27 0.21 1.00 0.15
01-4 19.27 7.71 1.93 36.38 9.12 0.21 1.00 0.15
D3-1 26.78 11.61 2.68 41.35 9.34 0.28 1.00 0.20
D3-2 25.11 10.04 2.52 36.90 9.21 0.27 1.00 0.20
D3-3 26.75 10.07 2.68 35.30 8.93 0.28 1.00 0.20
D4-1 25.99 10.40 2.60 37.49 9.21 0.28 1.00 0.20
D4-2 23.25 9.32 2.33 37.92 9.57 0.25 1.00 0.18
D4-3 24.99 9.99 2.50 38.11 9.35 0.26 1.00 0.19
"Load for achieving the unit-deformation in z direction "def 1" = w =100 mm
*Values for 0.3 F, due to a initial loss in force at O1-1 specimen at w =30 mm (see Figure 8.6)

Tab. 8.5: Evaluation of the biaxial bending tests of the CLT and DLT specimens with t = 200 mm

2Fma.\» 0.4F 0.1F Wo.4Rmax W1 Fnax slope m R xy,eff.exp
[kNN] [kN] [kN] [mm] [mm] I/ I/ [MN/m?|
05-1 160.72 24.29 6.07 20.13 5.35 1.247 1.00 0.90
05-2 150.63 20.25 5.06 19.48 4.84 1.051 1.00 0.76
05-3 151.77 20.72 5.13 20.18 4.84 1.034 1.00 0.75
05-4 159.86 23.94 6.00 23.24 6.14 1.061 1.00 0.76
D5-1 260.67 24.23 6.12 18.07 4.64 1.351 1.00 0.97
D5-2 254.80 21.95 5.49 16.34 4.29 1.364 1.00 0.98
D5-3 255.16 22.11 5.52 16.60 4.48 1.361 1.00 0.98
D5-4 257.00 22.82 5.71 15.58 4.27 1.512 1.00 1.09
D6-1 ’55.43 22.17 5.56 16.25 4.17 1.371 1.00 0.99
D6-2 260.40 24.17 6.03 18.82 4.91 1.309 1.00 0.94
D6-3 263.75 25.50 6.38 18.16 4.65 1.430 1.00 1.02
D6-4 254.17 21.68 5.41 16.59 4.20 1.321 1.00 0.95
'Maximum value
Load at initial failure
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The torsional stiffness for each series calculated by Equation (8.11) is highlighted in the
following box-plot diagram (Figure 8.7).

Compared to the 5-layered CLT series O1 with an overall thickness of ¢ = 100 mm, the
off exp of the DLT=+45° series D3 can be increased by 28.4 %,
for the DLT=+30° series D4 by 21.9 % (mean values). Following the results of the mechani-

cal testing, nearly the same ratio of stiffness increase can be determined by comparing the

effective torsional stiffness B_

CLT and DLT series with a layer thickness of 40 mm and an overall thickness of ¢ =200 mm.
Compared to the CLT series O5, the effective torsional stiffness of the DLT=+45° series D5
can be increased by 27.1 %, for the DLT+30° series D6 by 23.0 % (mean values).

The comparison of the experimentally determined effective torsional stiffnesses B e
and the torsional stiffnesses previously derived analytically—according to the plate theories
of Kirchhoff-Love (B, ) and Reissner-Mindlin (B, .)—provide good correlation (see Figure
8.3 and 8.10).

After introducing additional reference values using numerical models, Table 8.6 and
Figure 8.10 in the following Chapter 8.3 will summarize and compare the results of the
investigations on the torsional stiffness following the analytical, experimental, and numerical

approaches by means of bar charts in order to provide better comparability of the results.

1.20
1.00 Iil@
— T
g
& 0.80
é X
g 0.60
&
z
Q
0.40
0.20 e ———
—
— e
0.00
series o1 03 D3 D4 05 D5 D6
type CLT CLT DLT+45° DLT+30° CLT DLT+45° DLT+30°
nlayers ['] 5 3 5 5 5 5 5
nspecimens ['] 4 2 3 3 4 4 4
mean [MNm?*m]  0.15 0.03 0.20 0.19 0.79 1.01 0.97
COV [%] 2.0 3.7 1.6 5.6 9.1 5.5 3.9

Fig. 8.7: Torsional Stiffness of the orthogonal and diagonal laminated series (CLT and DLT) given from the
mechanical testing
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8.3 Investigations on the effective torsional stiffness using numerical models
8.3.1 General information and modelling approach

The mechanical testing was accompanied by numerical modeling, using parametric 3D FE
volume models (Ansys, Version 2021.R1). The modelling of the CLT and DLT specimens was
once again carried out with Solid186 elements with 20 nodes each. The contact between the
layers was considered to be rigid and thus was defined as type “composite”. No contact was
defined between the narrow sides of the single boards. The mesh was generated automati-
cally. The size of the mesh was set to 10 mm. Further parameters for the numerical models
are summarized in tabular manner in Appendix A4.

The bearing as well as the application of the displacement was carried out using "external
displacements", related to the surface of the cylindrical elevation of the load plate. In order
to model a support free of constraint, one fixed support was defined. The opposite bearing
point was fixed in the global z direction only and was free in the global x and y direction.
The material parameters according to Table 4.9 (T14; ETA20/0023) and the Poisson’s ratios
according to (HALAsz AND ScHEER 1996) were applied. The material parameters for structural
steel were used (E = 200.000 MPa, G = 76.923 MPa, » = 0.3).

8.3.2 Determination of the torsional stiffness and comparison of the results

The determination of the effective torsional stiffness from the numerical FE model (B_ . )
was deformation-controlled. To display the deformations, so-called deformation pathus’ were
defined in the model. By applying a deformation "def 1" to the models, the correspond-
ing force coordinate in the z direction was obtained (Figure 8.8). The effective torsional
stiffness was determined using Equation (8.1), inserting the corresponding force given from
the numerical model.

In addition, the mesh fineness (element size) was alternated from 20 mm to 5 mm for

exemplary series of each thickness. No remarkable influence of the mesh fineness on the

Fig. 8.8: Exemplary 3D model of O1 series (Inventor) and FE volume model of O1 series under biaxial bending
(Ansys)
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Number of elements Number of elements
1160834 145691 64855 18585 2312828 289673 96869 36858
0.150 0.750
E‘ \E 0.740
0.730
= 0.140 2
E 0.720
& 01 < 0710
O1 series O5 series
0.130 0.700
5 10 15 20 5 10 15 20
element size [mm] element size [mm]

Fig. 8.9: Exemplary mesh-convergence-diagrams of O1 series (left) an O5 series (right)

results given within the examined parameters was observed. Figure 8.9 exemplifies two
mesh-convergence-diagrams, one for the O1 series (¢ = 100 mm) and one for the O5 series
(t =200 mm) .

Table 8.6 gives the results of the numerical studies and compares the results of the inves-
tigations on the torsional stiffness following the different approaches. The effective torsional
stiffness values that were determined from the numerical models (B_ . ) are almost
the same as the values gained in the experiments. Thus, the model can be assumed to be
validated and used for further parameter studies. The adjustment of a load path of the arc
length "def 2" serves as an additional validation of the numerical models in comparison
with the results of the mechanical testing (Table 8.6). The numerical models were loaded
in analogy to the mechanical testing within the linear elastic range until the corresponding
deformations “def 1” were reached (see Table 8.4 and Table 8.5).

Tab. 8.6: Evaluation of the mechanical testing of the CLT and DLT specimens with t = 200 mm

layup analytical approach mechanical testing' numerical model
series ! B‘y B"’Y-eﬂ def_1* def_2 xy,effiexp def_1 def_2 y,eff,num
[mm] | [MN/m? | [MN/m? [mm] [mm] [MN/m? [mm] [mm] [MN/m?|

o1 100 0.12 0.10 36.45 1.94 0.16 36.45 2.02 0.15
03 60 0.03 0.03 39.05 1.45 0.03 39.05 1.31 0.03
05 200 0.92 0.77 20.76 1.83 0.79 20.76 2.08 0.74
D3 100 0.19 0.13 37.85 2.06 0.20 37.85 1.84 0.20
D4 100 0.17 0.11 37.84 1.86 0.19 37.84 2.19 0.19
D5 200 1.50 1.01 16.65 1.32 1.01 16.65 1.69 1.00
D6 200 1.36 0.82 17.45 1.23 0.97 17.45 1.76 0.94

imean values from the experimental investigations

*values “def_1"= w, , .. (see Table 8.4 and Table 8.5)
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7 tayers [-] 5 3 5 5 5 5 5
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B,y [MNm?’/m]  0.12 0.03 0.19 0.17 0.92 1.50 1.36  (Kirchhoff-Love)
Byyef [MNm?/m]  0.10 0.03 0.13 0.11 0.77 1.01 0.82  (Reissner-Mindlin)
By citexp [IMNM?’/m]  0.15 0.03 0.20 0.19 0.79 1.01 0.97 (Mechanical Testing)
By eftnum [MNmM?*m]  0.15 0.03 0.20 0.19 0.74 0.97 0.94  (Numerical Model)

Fig. 8.10: Torsional stiffness of the CLT and DLT elements following the analytical, experimental, and numerical
investigations

Table 8.6 and Figure 8.10 summarize all torsional stiffnesses determined for the series inves-
tigated. It becomes clear that, for thin plates (1/10 > t/dz > 1/50) the torsional stiffness
according to Kirchhoff-Love makes for a good correlation to the experimentally determined
effective torsional stiffness. For thick plates (1/5 > t/dz > 1/10), the calculated torsional
shear stiffness taking into account transversal shear deformations, provides good correlations
(Reissner-Mindlin). When calculating effective torsional stiffness values with the help of
girder grid models, the shear stiffness values should be taken into account according to the

laminate theory using transformed engineering constants.

In addition, the influence of the board width and edge-gluing on the effective torsional
stiffness is determined with the help of numerical models. Again, 5-layered DLT elements
with a layer thickness of 20 mm were considered. For a DLT+30° and a DLT+45° of the
same dimension, the widths of the lamellas (board widths) were varied from w = 80 mm to
w = 240 mm, at intervals of Aw = 40 mm.

Figure 8.11, left, presents the respective values of the effective torsional stiffness. On the
right-hand side, a graphical representation of the change in the effective torsional stiffness
as a function of the board width is given. Differing from the results by (Si.Ly 2010), this
parameter study shows that the board width has a noticeable influence on the effective
torsional stiffness only at widths of less than w = 160 mm. While the factor of B__
increases between board widths of w = 80 mm and w = 160 mm is still 13.7 %, it is” only
3.0 % between board widths of w = 160 mm and w = 240 mm. For board widths greater than
w = 180 mm, edge-gluing can be assumed. According to the evaluation, this has no further

positive effect on the effective torsional stiffness.
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DLT+30° | DLT+45° 0.25
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n yeff, eff,
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[mm] | | /m] | | /m] a e
1 80 0.162 0.175 T oous |
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4| 180 0.188 0.203 <o mm=== DLT430" (D4)
5 200 0.192 0.205
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'All CLT and DLT specimens experimentally examined .
had a board width of w = 180 mm (see Table 4.6) board width w [mm]

Fig. 8.11: Parameter set for the different board widths w of a 5-layered CLT and DLT (t=100 mm) (dx=dy=1.0m)

All in all, the investigations on the torsional stiffness values, comparing the analytical results

with experimental and numerical approaches, seem to provide sufficient results.

Before investigations on the in-plane shear stiffness properties of DLT are carried out
(Chapter 9), Chapter 8.4 aims to give a statement on the long-term deformation behavior of

DLT plate elements undergoing biaxial bending.
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8.4 Long-term deformation under biaxial bending

8.4.1 General information

This Chapter gives an outlook on the predicted long-term deformation behavior of DLT
plate elements undergoing biaxial bending, in comparison to CLT plate elements.

For this purpose, long-term deformation values are calculated for the CLT and DLT
series, which were previously as part of the experimental investigations (O1, D3, and D4
as well as O5, D5, and D6, and D1). The deformations are calculated for a plate under
biaxial bending using the static system according to the experimental investigations on the
torsional stiffness within Chapter 8.3 (Figure 8.5). Instead of linear elastic material param-
eters, viscoelastic material parameters are used for the analytical solution—previously intro-
duced in Chapter 4.2.3. It is therefore useful to briefly return to Chapter 4.2.3 (Viscoelastic
material properties of timber):

Table 4.5 summarizes deformation coefficient taking into account the different time phases
of the long-term deformation behavior of timber (#, = 1 min delay after loading, ¢, — 11 a
= end of primary phase (end of creep deformations), ¢ > 50 a = infinite time state (nearly
all stresses redistributed into longitudinal layers))—please see Chapter 4.2.3. The deforma-
tion coefficients following Table 4.5 influence the moduli of elasticity and shear moduli of the
respective UD layers (see Equations (4.16) and (4.17)). In order to derive long-term stiffness
properties, the principal engineering constants and the deformation coefficients are inserted
into the stiffness matrix of the UD layer (Equation (5.10))—for detailed explanations see

Chapter 5.2.2 (Implementation of long-term deformation coefficients).

Table 8.8 summarizes the long-term stiffness properties of the series previously investigated
experimentally. The stiffness values at ¢, the stiffness values after the creep phase (t, ), and
in the infinite time state (¢ ) are provided. The deformation-coefficients are chosen according
to Table 8.7, which is an extract from Table 4.5.

Table 8.8 shows, that after the creep phase (t, ), for CLT elements of ¢ = 100 mm, the
loss in bending stiffness is low compared to the initial stiffness properties (B:-17.0 %; B
-20.8 %). In contrast, the decrease in torsional stiffness and shear stiffness after the Creep
phase is eminent (Bxy: -78.7 % S :-71.4 % S, -T14 %). On the other hand, the decrease

in the stiffness values of DLT+45° after the creep phase is much lower for Bxy, compared to

initial values, while the loss in bending stiffness and shear stiffness stays at a comparable

Tab. 8.7: Deformation coefficients chosen for the exemplary long-term deformation analytical analysis

long-term deformation coefficient / k K &
time-phase L T shear
t 0 0 0
fin 0.2 1.2 2.5
t, 0.2 19.0 19.0
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Tab. 8.8: Time-dependent stiffness values of the series investigated

series 01 D3 D4 05 D5 D6 D1
type CLT DLT+45° | DLT+30° CLT DLT+45° | DLT+30° | DLT+45°
B_piNmym) | A 0.74 0.79 0.84 5.90 6.29 6.74 6.35
B MNwe/m) | A, 0.22 0.09 0.06 1.73 0.76 0.46 0.70
t, | B am | Dy | 012 0.19 0.17 0.92 1.50 1.36 1.50
S, MNm| | B 7.96 7.68 9.52 15.92 15.36 19.03 28.08
S, MN/m| | B 4.89 12.86 10.33 9.78 25.72 20.66 9.94
B_piNmem) | A 0.61 0.65 0.70 4.90 5.18 5.57 5.23
B MNwe/m) | A, 0.17 0.06 0.03 1.37 0.50 0.26 0.45
b | B, Mx/ml | Dy 0.03 0.11 0.09 0.26 0.85 0.70 0.85
S | E, | 232 2.26 2.86 4.64 4.52 5.73 8.31
S, ax/ml | B 1.34 4.19 3.49 2.68 8.38 6.97 2.91
B pivweml | A, | 061 0.64 0.69 4.87 5.15 5.55 5.21
B‘v [MNm2/m] | A, 0.16 0.05 0.02 1.29 0.39 0.14 0.42
t, | B, mxm | Dy 0.01 0.09 0.07 0.05 0.68 0.52 0.68
S nm | E, | 041 0.40 0.52 0.82 0.80 1.03 1.47
S, MNm] | B 0.22 0.78 0.75 0.45 1.56 1.49 0.50

level to the loss of stiffness of the CLT element (B_: -18.1 %; B: -34.0 %; B,_: -43.6 %, S_:
-71.4; S :-71.4 %). This is due to the higher deformation coefficients perpendicular to grain
(k, and“kshear), compared to k (longitudinal). Approximately the same relationship is valid
for CLT and DLT elements of the thickness ¢ = 200 mm. Due to the stress redistribution
processes from cross to longitudinal layers—see Chapter 4.2.3—, the difference in the loss
of torsional stiffness between CLT and DLT further increases within the time range towards
the infinite state. In case of biaxial bending the diagonal layers of DLT in x' and y' direction,
take much more stresses, than layers oriented in x and y direction. Since the inconsistency in
the deformation coefficients at ¢, , Table 8.9 additionally gives the maximum stiffness values
at t, using k, = 0.1, k.= 0.8, and k, = 2.3, instead of k, = 0.2, k, = 1.2, and k, = 2.5.

shear

Tab. 8.9: Maximum stiffness values at t. of the series investigated, using minimum values k,

series 01 D3 D4 05 D5 D6 D1
type CLT DLT+45° | DLT+30° CLT DLT+45° | DLT+30° | DLT+45°
B Nwe/m) | A 0.74 0.79 0.84 5.90 6.29 6.74 6.35
B, vNwe/m) | A, 0.22 0.09 0.06 1.73 0.76 0.46 0.70
by | By Dix/m] | Dy 0.12 0.19 0.17 0.92 1.50 1.36 1.50
S MN/m| | B, 2.46 2.39 3.03 4.92 4.79 6.07 8.08
S, MN/m| | B 1.43 4.35 3.59 2.86 8.71 717 3.11
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8.4.2 Proposal for a test setup

In view of possible experimental investigation on the effects of long-term defor-
mations, a possible test facility is proposed in Figure 8.12. The cuboid test frame
(w/l/h=1.4/1.4/1.0 m) could be assembled from a number of individual steel profiles. To make
the transport and assembly of the test frame as simple as possible, bolted connections at the

nodes provide detachable connections (Figure 8.12 (1)). The test frame should be installed

plate dimensions: dr = dy = 1.0 m
F=1.0kN
@®

HEB 100

= /I

<5

l_ HEB 100 %

Fig. 8.12: Exemplary test facility for the determination of long-term deformation behavior of CLT and DLT under-
going biaxial bending (VoceL 2021)
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in a climatic chamber providing climatic conditions in accordance to service class 1 (20°C,
65% RH). With the exception of the hydraulic cylinder, the experimental setup within the steel
frame corresponds to the one used in the biaxial bending tests (Chapter 8.2). The plate dimen-
sions are chosen to dz = dy = 1.0 m and the loading is chosen as constant to 40 % of 2.5 kN /m?
(F=0.4-25kN/m?- 1,0 m*>= 1,0 kN). Since the test may have a test duration of ¢ > 11 a,
instead of the hydraulic cylinder, a permanent load should be applied by means of a pendent
weights (m = 98,1 kg) (2). This guarantees a simple and robust test setup. The deforma-
tion is measured on the opposing site of the load introduction by means of a laser or a rope
extensometer (distance between steel frame and bottom of the test specimen) within the
measurement intervals (for example At = 2 weeks). This excludes the risk of measuring
long-term deformations of the steel frame or of the timber around the load-application
area (perpendicular to grain). The load-level can be cross-checked by the load-cell on the
opposing plate corner (3).

Based on the stiffness values according to Table 8.8, Figure 8.13 gives the expected defor-
mations of each series for the proposed long-term test as a function of the time (following
the analytical approach within Equation (8.10)). The graphical representation in Figure
8.13 underlines the potential of DLT for plates under biaxial bending regarding long-term
deformations. At ¢, the long-term deformation of CLT is on average 59.7 % larger than
for DLT+45°, and 45.7 % larger than for DLT+30°. Considering load redistribution, at the
infinitesimal time phase (> 50 a), the long-term deformation of CLT is on average 84.8 %
higher than for DLT+45° and by 79.2 % higher than for DLT+30°. For uniaxial bending,
on the other hand, hardly any difference between DLT and CLT is expected following the
stiffness values in Table 8.8.

Figure 8.14 additionally compares the expected deformations w, . of each series—using
the minimum shear deformation coeflicients at ¢, (Table 8.9)—to the expected deformations
using the deformation coefficient at #, recommended by previous investigations (Table 8.8)
(see references at Table 4.5, Chapter 4.2.3).

dx = dy = 1.0 m 60.0 VS|
F—=10kN b3
500 | e
400 <> s
/ —x—-D6
5 ¥ -
=300 f / — %
> ] x—- DI
20.0
100 ¥
0.0
0 10 20 30 40 50
t[a]
series 01 D3 D4 05 D5 D6 D1
type CLT DLT+45° | DLT+30° CLT DLT+45° | DLT+30° | DLT+45°
w,, [mm] 9.86 7.37 9.07 1.29 0.94 1.16 0.98
w, Ulmm|| 3214 12.59 17.05 4.26 1.65 2.34 1.78
w,, [mm| | 171.47 16.74 26.26 23.65 2.57 3.80 3.18

dr = dy = 1.0 m 40.0
F=1.0kN - wﬁn,min
| Wiin
30.0
ES 20.0
£

10.0 I I
(0] D3 D4 05 D5 D6 D1

Wfinmin [mm] 7.86 592 865 1.06 078 112 0.84
wg, [mm] 32,14 1259 17.05 426 165 234 178

Fig. 8.13: Long-term deformation of all series as a function of the time (F = 1.0 kN; dx = dy = 1.0 m)

Mechanical Properties of Diagonal Laminated Timber

Fig. 8.14: Comparison on the deformation at t,
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using the minimum and recommended deformation coefficients
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9 Investigations on the in-plane shear stiffness
9.1 General information and analytical solution

Even though this thesis prioritizes on CLT and DLT loaded out of the plane, and especially
the biaxial load transfer, tactile in-plane shear tests are carried out in order to give a
statement on the in-plane shear capacity of DLT, compared to CLT. Within DLT, the
diagonal arrangement of single layers promises an increase in in-plane shear stiffness proper-
ties due to the higher in-plane shear properties of the UD layer under orientations deviating
from 0° and 90.

The in-plane shear stiffness refers to the entry A of the global stiffness matrix following
the laminate theory (Equation (9.1) (Appendix A2).

t/2 n
Ajj = f Qij dz = Z[Gij]k' (2 — Zk-1) (9.1)
-t/2 k=1

Therefore, the in-plane stiffness values of CLT and DLT are calculated according to the sum
of the reduced and transformed stiffness terms of the UD layer, multiplied by the respective
layer thicknesses (Z@ijti). It is important to keep in mind, that within the laminate theory
the assumptions of the UD layer with ideally straight and continuous fibres stay valid.
Gaps or stress-reliefs between the boards can not be considered within the laminate theory.
Inversely, this means that within the analytical solution, the percentage increase in stiffness
can be quantified, but not the actual in-plane shear stiffness value of the DLT series without
edge-gluing.

Introducing an analytical solution following EC 5, the in-plane shear stiffness of non-edge-
glued CLT is calculated according to Equation (9.2) (DIN EN 1995-1-1/NA) using a approx-
imate reduction factor of 1/4, with respect to failure mechanism of "torsion" only (failure
in the adhesive joint of the single laminations) (see Chapter 1.4.1). However, experimental
investigations by Brandner and Dietsch (BRANDNER ET AL. 2017) showed, that the factor of
1/2 seems to provide sufficient in-plane stiffness values for CLT. Their statement on the
reduction factor is based on experimental findings on CLT. The analytical approach for the
evaluation of the shear compression test, on the other hand, is also based on the transforma-
tion relations of the UD layer (see Equation (9.9) within Chapter 9.2.4)

1
Dyy = Z'Z(G"y'i +d;) = 1/4- Age (9.2)

Note, that Equation (9.2) initially refers to the engineering constant of the in-plane shear
modulus G of the single laminations (G_ = 690 MPa for spruce, T14).
Table 9.1 gives exemplary the in-plane shear stiffness values of Ol, D3, and D4 series

following the laminate theory (Z@iiti), using an approximate reduction factor of 1/4. The
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stiffness values should be treated with caution, especially when compared to the tactile values
of the experiments. The analytical values in Table 9.1 only serve as a qualitative benchmark
regarding the effects of diagonal layer arrangements on the in-plane shear stiffness, but not

as quantitative analytical values.

Tab. 9.1: In-plane shear stiffness values according to the laminate theory, using a reduction factor of 0.25

Ay = Zamti D =1/4- Ay percentage
[MPA] [MN /m] increase / decrease
o1 69.00 17.25 (= 100 %)
D3 153.01 38.25 + 122 %
D4 132.00 33.00 +91%
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9.2  Preliminary experimental investigations

9.2.1 Test setup and analytical approach—shear frame test

For the experimental investigations on the in-plane shear stiffness, two different test methods
are applied: Compression tests in accordance with the method proposed by Kreuzinger and
Sieder, mostly applicable for CLT elements (KREUZINGER AND SIEDER 2013) and a newly
proposed test setup in accordance with the picture frame test by Andreolli and Turesson,
applicable for DLT (ANDREOLLI ET AL. 2014, TurEssoN ET AL. 2019). The shear frame test
used for the preliminary determination of the in-plane shear stiffness of CLT and DLT is a
combination of both, a picture frame test and a diagonal compression test (Figure 9.1).
The picture frame test uses a steel frame, which is connected to the edges of a square mass
timber specimen using dowel-type fasteners or bonding. Mostly, the load is brought into the
specimen over the shear connection at the edges of the specimen. In case of bolted connec-
tions, the shear connection of the specimen to the frame is a weak point that may hardly
achieve a force-fit due to its semi-rigid behavior (e.g. due to rope-effects). The diagonal
compression test, on the other hand, is carried out without a shear frame. The compression
force is brought into the specimen over two opposing corners of the specimen. In the picture
frame test, panels are equally stretched along one of the diagonals as they are compressed
along the other diagonal. This is not the case for panels in the diagonal compression test.
In the latter case, the shear modulus was determined to substantially higher values than for

the picture frame test (TURESSON ET AL. 2019).

<ﬂ4‘

side view section A-A

Load

Fig. 9.1: Test setup of the shear frame test based on construction sketches by (Massiv-HoLz-Maver GveH 2021)
and (HoLziner 2021)
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The shear frame test developed for the investigations on DLT uses a shear frame, which
is not rigidly or semi-rigidly connected to the edges of the square specimens. The force
is brought into the specimen in compression only over edges of the specimen (see Figure
9.1 and Figure 9.3). The bolts within the shear frame are used as spacers for the placing
of specimens with differing overall thickness and not for the purpose of load introduction
(Figure 9.1). The specimens have the dimensions of w/l = 1130/1130 mm.

The outer corners of the elements are cut away in order to guarantee load introduction
over the edges of the specimens and not via compression on the corner. Here, the specimens
act only in in-plane shear. Possible errors by the load introduction due to semi-rigid mechan-
ical connections or a concentrated compression forces are reduced. Furthermore, the method
enables to carry out a large number of tests within a short amount of time, because the
specimens are put in and out of the steel frame without gluing or attachment of mechanical
fasteners.

The steel frame used for the experiments was developed in the frame-work of a master’s
thesis (HorziNnGER 2021) and was produced in cooperation with the company Massiv-Horz-
Maver GMBH (Massiv-Horz-Mauver GusH 2021).

The applied load F'is limited by the load capacity and deformations of the steel frame. For
a loading of less than 0.5 MN, the minor deformations of the steel structure and bolts at
the corners may be neglected. The introduction of the load into the specimen is described
by triangular fictive compression loads with the resulting component of F//2 within the
third-point (Figure 9.2). Rope-displacement transducers are used to measure displacements
over a length of d = 500 mm at the core of the CLT and DLT elements. The transducers are
applied along the two diagonal directions and cover the central region. The latter represents
one third of the panel and follows the fictive force components F//2 (see Figure 9.2). For the
central region (core), it is assumed that effects of the boundary conditions can be neglected

(ANDREOLLI ET AL 2014, based on FrocuT 1931).

_ﬁ'AW
NTE

(9.3)

The shear stress acting within the core can be calculated by Equation (9.4):

V2lt (9.4)
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The coefficient C describes the ratio of the estimated shear stresses r amassed in the core
of the specimens and therefore within the chosen measuring range. Following the thesis by
Frocht from 1931, the compression and tensile stresses of a compressed square element are
given as a function of its diagonals and describe a non-linear distribution (TURESSON ET AL.
2019, Frocutr 1931). Using Mohr’s circle a mean value of the ratio C = 7/ T, Is calcluated
for points on the diagonals (length d). Therefore, C, depends on the ratio a/l (TURESSON ET
AL. 2019, ANDREOLLI ET AL. 2014). For the given test setup (d = 500 mm, a = /3 = 1130/3
mm), the coefficient C is 1.377 (see Appendix A6). The effective in-plane shear moduli of
the specimens are calculated using the well-know mechanical relation between shear stresses

and strains (Equation (9.5)).

T F Ci Ci
L S 9.5
Coverr =y = 5t~ ™ 6t (9.5)

—
_—

1600

d=
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Fig. 9.2: Geometrical parameters and static system for the experimental investigations
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9.2.2 Results of the experimental investigations—shear frame test

The tactile tests were carried out for one specimen of each series with ¢ = 100 mm (O1, D3,
D4 series). The chosen test setup is not suitable for series with ¢ > 100 mm due to the limita-
tion of the load-bearing capacity of the steel frame. Figure 9.3 gives the load-deformation
diagrams of each series within the linear elastic range. The displacement Aw is the absolute
value of the relative deformations in global x and y direction, measured over the distances
d and d, (Aw = |Ad |+|Ad,|). The shear strain within the core (a = [/3) is calculated using
Equation (9.3). The testing was carried out deformation controlled with a constant feed rate
of 3 mm/min. A analysis of the failure mechanisms or crack patterns is not possible, hence

a failure load was not reached for any of the specimens.

200 7 =
/ ‘
VI I
175 | / /
// 4
/
’ ;
’ 4
150 /) /
/
// !
/ 7/
125 / /
// /
E / /
/ /
= 100 | il
<3 4 1
/ 2
/ / The discontinuities in
75t Lo
i J the curves (presum-
,; o 01 (CLT) ably caused by the
50 /? ——— D3 (DLT+45°%) attachment of the
2 —— - D4 (DLT+30°)
F rope extensometer)
25 are excluded from
the linear regression
analysis.
0 ) ) ) ) analysis
0 0.5 1 1.5 2 2.5
Aw [mm]

Fig. 9.3: Load-deformation diagrams of the shear-frame test

Table 9.2 provides evaluation of the shear frame tests. Compared to the orthogonal O1
series, the in-plane shear stiffness of DLT+45° D3 series is 184 % higher, for DLT+30° D4
series 132 %.

Tab. 9.2: Evaluation of the shear frame tests

1Fl 1WFl l0.5F1 1W0_5F1 slope m R? q G’Xymf ny
[kN] [mm] [kN] [mm] /] /] /] [MPa| | [MN/m]
o1 199.99 1.928 100.06 1.003 105.89 1.00 1.377 243.02 24.30
D3 199.89 0.954 100.12 0.424 194.44 1.00 1.377 446.24 44.62
D4 199.89 1.360 100.02 0.632 139.72 1.00 1.377 320.65 32.07
!Chosen values for the evaluation within a linear elastic relationship (see coefficient of determination R?)
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9.2.3 Test setup and analytical approach—shear compression test

In addition to the shear frame tests, shear compression tests were carried out according to
the method proposed by Kreuzinger and Sieder (KREUZINGER AND SIEDER 2013) within the
framework of the research project InnoCrossLam. The method proposed by Kreuzinger and
Sieder is applicable for CLT specimens only due to the loading of the specimens under a
force-to-grain angle of 45° (Figure 9.4). Introducing specimens made from DLT+45° into
the shear compression tests could lead to single laminations acting in compression only.
Using shear compression tests, Brandner and Dietsch conducted extensive series of mechani-
cal investigations on CLT elements (BRANDNER ET AL. 2017). The shear compression test
could also be applicable to DLT+30° since in this case, no lamination would be loaded only
in compression. However, this assumption needs to be further investigated. The experi-
ments presented within this section refer to investigations on CLT and multifunctional CLT
elements and were therefore not carried out using DLT+30° series (see ARNOLD ET AL. 2021).

The shear compression tests are carried out on three CLT specimens (w//= 500/1250 mm)
of O1 series. The supports are made from teflon, so as to minimize friction in x direction. The
vertical (global y) and horizontal (global x) deformations are measured on both sides of the
specimen over a length of 300 mm by means of rope displacement transducers (Figure 9.3).
The testing was carried out deformation controlled with a feed rate of 2 mm/min. Unlike
the shear frame tests, the shear compression tests can be conducted until failure of the
specimens occurs (net-shear failure, gross-shear failure, torsion). This is explained by the
lack of limitation by deformations in the test setup (steel frame). Hence, the shear compres-

sion tests expand and validate the results of the tactile shear frame tests for CLT.
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Fig. 9.4: Test setup of the in-plane shear compression tests, based on (BRANDNER ET AL. 2017)
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In a first step the overall (effective) moduli of elasticity in the x and y direction of the CLT
specimens are calculated similar to the analytical investigations. Therefore, the modulus of
elasticity of each 0° and 90° layer is multiplied by the respective layer thickness ¢. In the end,
the sum is divided by the overall thickness t of the CLT element (Equations (9.6) and (9.7)).

YtixEy + XtiyEq

Exerr = ; (9.6)
Z ti,yEO + Z ti,xE90
Eyeff = - (9.7)

The effective modulus of elasticity in y’ direction is calculated according to Equation (9.8).
Due to the orientation of front and back layers under 45°, this modulus of elasticity is
derived using the deformation in vertical direction and horizontal direction measured by the
rope displacement transducers within the linear elastic range of 0.4F  and 0.1F . Thus,
the strains Ae are absolute values that take into account the relative deformations in global

x and y direction, measured in horizontal and vertical direction (Ag = Ag _ +Ae

i,vert i,horiz) .

E . :g:i: (0.4Fngx = 0.1Fpqz)
Vel = e T el A (Do 4r — Deg1p) -t W

(9.8)

Using the moduli of elasticity calculated previously, the effective shear moduli nycﬁ are
calculated according to Equation (9.9) which is based on the transformed and reduced

stiffness matrix of the UD layer, at an angle of 45°.

(9.9)

9.2.4 Results of the experimental investigations—shear compression test

Table 9.3 lists the evaluation of the shear compression tests. For all specimens, a net shear
failure in the second and fourth layer of the CLT was observed. The in-plane shear stiffnesses
of the three specimens are all within the same range. The mean value of the shear modulus
of O1 series following the shear compression tests appears to be ny,mean: 320.42 MN /m?
(COV 7.6).

Tab. 9.3: Evaluation of the shear compression tests

max K 0.4 F 0.1 &. &. E Ex E ny.cff D, xy

0.4 0.1 y v 3
[kN] | [kN] | [kN] [/] [/] [MN/m?| | [MN/m’| | [MN/m’| | [MN/m’| | [MN/m|
O1-1 | 378.93 | 151.57 | 37.89 | 0.0037737 | 0.0007658 | 1261.8 6748.0 4400.0 315.5 31.55

01-2 | 348.72 | 139.49 | 34.87 | 0.0035940 | 0.0007434 | 1190.2 6748.0 4400.0 297.5 29.75

01-3 | 337.38 | 134.95 | 33.74 | 0.0036699 | 0.0008137 | 1085.5 6748.0 4400.0 271.4 27.14

(COV 7.6), mean | 320.42 32.04
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9.3 Comparison of the experimental and analytical results

The analytical values among themselves, reflect well the relation in the stiffness change
as a result of the rotation of individual layers—regardless of which reduction coefficient is
implemented. However, the comparison of the experimental results and the analytical values
should be viewed with caution, which is also reflected by the large number of different test
methods. It is important to point out again the limited significance and evidence of the
values determined experimentally by means of the shear frame test, due to the small number
of test specimens. Further experiments must be carried out to confirm the experimental
setup and results.

Furthermore, the question of determining shear strength values arises with regard to
future research. These cannot be determined due to the limited load capacity of the shear
frame. Here, the shear compression test offers a promising alternative - at least for determin-

ing the in-plane shear strengths of CLT.

Comparing the results of the shear frame testing to the results of the shear compression
testing reveals a discrepancy in the in-plane shear stiffness for the orthogonal O1 series of
AD_ = 7.74 MN/m (Table 9.4). The value of the shear frame test (D_, = 24.30 MN/m)
is therefore by 31.9 % smaller compared to the in-plane shear stiffness determined using the
shear compression test (D_ — 32.04 MN/m).

The shear stiffness of Oi series according to the analytical solution appears to be very low.
The stiffness values of 17.25 MN/m is 40.9 % lower than the value determined in the shear
frame test and 85.7 % lower than the value determined by the shear compression test. Thus,
the analytical approach according to DIN EN 1995-1-1/NA may appear to be conservative
and approximate for non-edge-glued CLT and DLT, also reflecting the findings of Danielsson
and Jele¢ (DANIELSSON AND JELEC 2022) and Brandner and Dietsch (BRANDNER ET AL. 2017).

For the DLT, on the other hand, the values of the analytical approach correlate well to
the results of the shear frame test. The analytical in-plane shear stiffness of D3 series is
16.7 % lower compared to the experimentally determined value. The analytical in-plan shear

stiffness of D4 series nearly equals the in-plane shear stiffness determined experimentally.

Tab. 9.4: Comparison of the in-plane shear stiffnesses and shear moduli following the analytical approach and me-
chanical testing

analytical solution' shear frame test shear compression test
: G, D, o . . »
series Xy Xy Xy,eyp . Xy,exp Xy,exp Xy,exp
[MN/m? [MN /m] [MN/m?] [MN /m] [MN/m? [MN /m]
o1 172.50 17.25 243.02 24.30 320.42 32.04
D3 382.53 38.25 446.24 44.62 / /
D4 330.03 33.00 320.65 32.07 / /
Isimplified approach using a reduction factor of 0.25 according to EC 5
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By the results on the in-plane shear stiffness, the investigations on the stiffness properties
of CLT and DLT are concluded within this thesis. Theoretical, analytical and numerical
approaches for the characterization of DLT were derived and applied. Despite all positive
findings, however, it was also noted that some test setups—e.g. the experiments for deter-
mining the out-of-plane shear stiffness in the y direction—mneed to be further optimized in
order to demonstrate the increase or optimization in the stiffness properties of DLT that is

undoubtedly present according to the analytical approach.

Within the following Chapter, by means of possible application scenarios, it will be shown
in which design situations diagonal layer arrangements are reasonable and provide benefits
regarding deformations and stress distributions around point-supports. The following inves-
tigations are carried out using 2D and 3D numerical models of linear and point-supported
mass timber slabs, which are close to real-scale structures in terms of their represented
dimension (w/l = 3.0/3.0 m). The models aim to provide information regarding deforma-
tions in the SLS and stress distributions in the ULS.
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10  Evaluation and quantification using real-scale numerical models

10.1 Deformation analysis using 2D FE models (SLS)

10.1.1 General information and modelling approach

The limiting factors for the design of mass timber slabs are deformations in the SLS and
concentrated stresses in the ULS. By using DLT instead of CLT, lower total deformation
may be expected, especially under biaxial bending. This is, among others, due to the higher
torsional stiffness, which was proven by the analytical and experimental investigations in the
previous chapters.

The overall deformation behavior of CLT and DLT within static systems commonly used
for mass timber floors is analyzed as a function of the number of layers and their respec-
tive orientation. The static systems investigated feature dimensions of w/l = 3.0/3.0 m and
represent possible application scenarios in real-scale structures. The chosen systems further
feature different support conditions (point-support and linear supports) to analyze different
cases of predominant internal forces. The systems are loaded with a constant surface load of
p = 5.0 kN/m? or a point-load of P = 5.0 kN. The chosen layups equal the series presented
in Table 4.8.

Systematically, the overall deformations and maximum deformations of the slabs are
analyzed and compared to each other. Linear-elastic 2D FE models were used for the modeling
of the plate elements. The models were created by means of the FEM software Dlubal
RFEM (version 5.24). The plates were defined as orthotropic plate elements. Therefore, the
stiffness matrices were calculated manually using the laminate theory. Herby, the material
parameters according to Table 4.9 (T14; ETA20/0023) and the Poisson’s ratios according
to (HALASz AND ScHEER 1996) were applied. Each stiffness matrix of the investigated series is
provided in Appendix AT.

Within the 2D models, no individual solids were modelled. Contacts between layers
were considered rigid. In using 2D models, furthermore no board width was taken into
account. This is consistent with the assumption of UD layers. However, for the deformation
behavior under uniaxial bending, the edge-gluing is not relevant in any case. Under biaxial
bending, the influence of edge-gluing seems negligible for board width of w > 180 mm (see
Figure 8.11). The mesh size was chosen to be 50 mm and generated automatically. The solver
follows an iterative approach. The modelling of the CLT and DLT specimens was carried out
with Serendipity elements with 8 nodes each. The most important parameters of the 2D FE
models are summarized in Appendix A4. The boundary conditions and support conditions
were chosen according to the respective static system. For centric point-supported plates,
the respective column was fixed in all directions (z = y = z = 0) and defined as torsionally
rigid (¢ = @ = ¢ = 0). For plates, point-supported at several corners, only one corner was
fixed horizonvtally, so as to refrain from violating the static system s degrees of freedom and
induce constraint stresses. Rotational restrained plate edges were defined by line bearings

with the respective attributes (¢ = 0 or P, = 0).
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10.1.2 Deformation analysis of 5-layered CLT and DLT elements

In a first step, the deformations of 5-layered CLT and DLT series are analyzed. Table 10.1
gives six exemplary static systems of point-supported mass timber slabs (row 2). The static
systems are numbered from (1) to (6). The dimensions of all plates are w/l = 3.0/3.0 m
(4.5 m in case of an additional cantilever). The dimensions of the columns are w/l =
0.2/0.2 m. The loading of the respective system is given within row 1. The uniformly distrib-
uted surface load p = 5.0 kN/m? represents a value which may be expected in residential
buildings by the service load (payload) and self-weight of the timber slab.

Regarding the number and orientation of the layers, the 5-layered CLT O7 series and
DLT445° D7 series correspond to the O5 and D5 series, that were used within the previouss
experimental investigations. However, the layer thickness is now specified as & = 30 mm
instead of £ = 40 mm. The total plate thickness is thus ¢ = 150 mm. This may correspond

to a common thicknesses for mass timber slabs within the selected construction grid.

The overall deformations of the CLT and DLT series are shown within

w, [mm]

>1/300=10.0 rows 3 and 4. For a better readability, the supports and loads are

hidden within the graphical representation. The colored gradation

87 makes possible the analysis of the amplitudes and distribution of the
.6

j‘, deformations. The corresponding scale is shown in Figure 10.1. The
83 maximum value (dark red) is reached for deformation values w>1/300.

11 In addition, the respective maximum deformation w  (u-z) is given

Z,max

within the graphical representation of each system. Row 5 gives the

percentage change (increase or decrease) of the maximum deformation

Fig. 10.1: Scale for the values of the DLT element compared to those of the CLT element.

deformation analysis

Tab. 10.1: 5-layerd CLT O7 and DLT+45° D7 series under uniaxial and biaxial bending due to point-supports

loading system deformations w,
w/ 1 CLT (OT series) DLT+45° (D7 series) o
30-30-30-30-30 30-30-30-30-30 DLT/
p/ P 30m /3.0m
[0°,90°,0°,90°,0°] [0°,45°,90° -45°,0°] CLT

5.0 +
kN /m? 56.3 %
5.0 n
kN /m? 21.6 %

four rotationally restrained edges
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loading system deformations w,
w/ 1 CLT (OT7 series) DLT=+45° (D7 series) -
30-30-30-30-30 30-30-30-30-30 DLT/
p/ P 30m /30m
[0°,90°,0°,90°,0°] [0°,45°,90°,-45°,0°] CLT
5.0 n
kN /m? 53 %
540 +
k:N/I’Il2 11.1 %
5.0 _
kN 41.0 %
5.0 - -
kN 15.4 %
two rotationally restrained edges

The maximum deformation of a centric point-supported slab (system (1)) is significantly
higher for the 5-layered DLT series, than for CLT (+56.3 %). This is mainly due to the
lower bending stiffness in y direction of the DLT445° series (B = = 0.32 MNm*/m; S =
19.29 MN/m), compared to the CLT O7 series (B, , = 0.73 MNmz/m; S =133 MN/m)
The relative high shear stiffness value in y direction of the DLT element loses importance
within the total deformation according to Reissner-Mindlin (see Chapters 7 and 8). The
DLT element deforms primarily uniaxial around the x axis. Additional bending around the
y axis is locked by the uniaxial curvature. This locking effect is also observed for the CLT
element, but in the latter case is much less pronounced. For the centric point-supported slab
with rotationally restrained plate edges (system (2)) the locking effect is less pronounced.
The low bending stiffness of the 5-layered DLT+45° governs the deformation behavior
also for point-supports at all corners of the plate, with and without a cantilever (systems (3)
and (4)). For system (3), the maximum deformation of the DLT slab is 5.3 % higher than
the one of the CLT slab. For system (4), with an additional 1.5 m long cantilever, the deflec-
tion of the DLT element is higher by 11.1 %. The overall deformations of the DLT elements

following static systems (3) is close to the exemplary limiting value of /300 = 10 mm.
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In summary, the uniaxial deformations are much more pronounced for the DLT D7 series
than for the CLT O7 series. Within systems (1) to (4) predominantly uniaxial bending
around the x axis occurs. For a load-cases of pure torsion, this effect is reversed (see system
(5)). For the given point-load (P = 5.0 kN) on the cantilevered corner of the slab, the
corner of the CLT element lowers by 12.2 mm and the corner of the DLT+45° by 7.2 mm.
This reflects the significantly higher torsional stiffness of the DLT+45° element (B =

xy,D7

3.16 MNm’/m) compared to the CLT element (B_, = 1.94 MNm®/m). For systefﬁ (6)
cantilevered corner with additional rotational constrained plate edges, the uniaxial bending
stiffnesses are activated in addition to the torsional stiffness. This equalizes the deforma-
tions of the CLT and DLT element. In summary, the chosen DLT layup of the D7 series
may only be more efficient than CLT series for point-supported slabs, if the resulting load
case results in torsion. This does not mean that DLT elements are generally less suitable for
point-supported slabs.

Within further investigations, the deformation behavior of the 5-layered CLT O7 and
DLT DT series due to linear support is examined (Table 10.2). The exemplary construction
grid and the dimensions of the plates remain constant at w/l = 3.0/3.0 m. The cantilevered
corner of systems (5) and (6) are replaced by a linearly supported circular slab with a radius
of r = 3.0 m (system (11)). The surface load remains at p = 5.0 kN/m?. The colored scale

for the deformation analysis according to Figure 10.1 is left unchanged.

Tab. 10.2: 5-layered CLT O7 and DLT=+45° D7 series under uniaxial and biaxial bending due to linear supports

loading system deformations w,
w/ 1 CLT (OT series) DLT+45° (D7 series) o
30-30-30-30-30 30-30-30-30-30 DLT/
p/ P 30m /30m (r=3.0m)
[0°,90°,0°,90°,0° [0°,45°,90°-45°,0°] CLT
5.0 +
KN /m? 0%
5.0 .
kN/m? 118.5 %
5.0 -
kN /m? 14.3 %
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loading system deformations w,
CLT (OT7 series) DLT=+45° (D7 series) o
/P 30-30-30-30-30 30-30-30-30-30 DLT/
u [0°,90°,0°,90°,0°] [0°,45°,90°,-45°,07] CLT
5.0
kN /m? 14.3 %
5.0 .
kN/m? 45.5 %

Slabs modelled by the 5-layered CLT and DLT series behave almost identical for uniaxial
bending in the main load-bearing direction (system (7)). Due to the slightly higher bending
and shear stiffnesses in the x direction of the DLT D7 series, the deformations at the free
corners of the slabs are lower by 1.0 %, compared to the CLT series (B_,. = 2.48 MNm*/m;

X,

B_,, = 2.65 MNm®’/m; §_ = 11.94 MN/m; S_, = 11.52 MN/m). For uniaxial bending
in ’y direction (system (8)), the findings of Table 10.1 are further confirmed. The maximum
deformation for the DLT D5 series is higher by 118.5 % than the one for CLT O5 series. This
is due to the significant smaller bending stiffness in y direction of the DLT series (B . =
0.73 MNm*/m; B ;. = 0.32 MNm*/m; S .= 7.33 MN/m; § == 19.29 MN/m. .

The opposite is observed for systems that provide linear support of all plate edges, which
prevents uniaxial curvatures (see systems (9) and (10)). For the slab with linear support
on all edges, the maximum deformations of the DLT+45° D5 series are by 14.3 % lower,
compared to those of the CLT O5 series. This follows a logical order, since uniaxial bending
is less pronounced and biaxial bending becomes more dominant. For the circular slab over
linear supports (system (11)), a single curvature occurs due to bending around the x-axis.
This observation is consistent to the deformation behavior within static systems (8). The
maximum deformation of the DLT D7 series is by 45.5 % higher, compared to the CLT O7
series.

Within the following Chapter, the deformation analysis is carried out on 7-layered CLT
and DLT series of comparable overall thickness t. Different deformation behaviors are
expected for the 7-layered series. This may be due to the higher number of layers and thus

the higher ratio of homogenization of the stiffness parameters in x and y directions.
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10.1.3 Deformation analysis of 7-layered CLT and DLT elements

The previous investigations based on the 2D FE models of 5-layered mass timer elements
demonstrated that DLT can hardly benefit from its advantages—regarding for example the
high torsional stiffness—if the structure acts predominately in uniaxial bending as a result
of the chosen static system and loading.

In the following, CLT and DLT=£45° series of comparable overall thickness but with
a higher number of layers, are chosen for further investigations. The number of layers is
increased from n = 5 to n = 7, while the thickness of the individual layers is reduced
from ¢ = 30 mm to £ = 20 mm. The resulting layups provide a thickness of ¢ = 140 mm
and correspond to O8 and D8 series (see Table 4.8). The bending stiffnesses in x and y
direction of DLT D8 series are B_ . = 1.70 MNm*/m and B . = 0.84 MNm?/m, the torsional
stiffness is B = 1.94 MNm?/ m. The bending stiffnesses” of the CLT O8 series are B, =

- 1.82 MNm®/m and B, = 0.79 MNm?®/m, the torsional stiffness is B_
>1/300=100 = 1.03 MNm?/m. The bending stiffnesses in y direction of these CLT

89
78

67 matrices of the 7-layered series are also presented in Appendix A7. In
5.6

44 analogy to Table 10.1, Table 10.3 shows the deformation behavior of

Zz the mass timber slabs due to point-supports, modelled by 7-layered

14 CLT and DLT series. The static systems (1) to (6) equal those of Table

0.0
-1.0

D8

08 and DLT D8 series are almost identical. The corresponding stiffness

10.1. The loading remains unchanged. This guarantees comparability

to the deformation analysis on the 5-layered CLT and DLT elements.

Fig. 10.2: Scale for the The colored scale of the deformations remains unchanged and is given

deformation analysis once more in Figure 10.2.

Tab. 10.3: 7-layered CLT O8 and DLT+45° D8 series under uniaxial and biaxial bending due to point-supports

loading system deformations w,
W, | ax
w/ 1 CLT (O8 series) DLT (D8 series) .
20-20-20-20-20-20-20 20-20-20-20-20-20-20 DLT/
p/P 3.0m /3.0m
[0°,90°,0°,90°,0°,90°,0°] [0°,90°,45°,90°,~45°,90°,0° CLT
5.0 _
kN /m? 9.9 %
5.0
kN /m? 135 %
four rotationally restrained edges
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loading system deformations w,
CLT (O8 series) DLT (D8 series) o
/P 20-20-20-20-20-20-20 20-20-20-20-20-20-20 DLT/
b [0°,90°,0°,90°,0°,90°,0°] [0°,90°,45°,90°,-45°,90°,0°] CLT
5.0 =
kN /m? 12.3 %
5.0 -
kN /m? 7.3 %
5.0 -
kN 21.3 %
5.0 -
kN 6.4 %
two rotationally restrained edges

The maximum deformations for the 7-layered CLT O8 series within systems (1) to (4) are in
the same range as the deformations of the 5-layered CLT O7 series (see Table 10.1). On the
other hand, the 7-layered DLT D8 series experiences smaller deformations than its 5-layered
counterpart D7 series within the static systems (1) to (4).

When comparing maximum deformations due to centric point-supports of the 7-layered
CLT O8 series to the 7-layered DLT D8 series, the observations from Table 10.1 are reversed
(system (1)). Now, the 7-layered DLT=+45° element experiences lower deformations than
the 7-layered CLT element (— 9.9 %). The previously uniaxial curvature and the locking
effect for bending around the y axis disappear. For the centric point-supported slab with
rotationally restrained edges, the deformations of DLT D7 series are smaller by 13.5 %,
than those of CLT O7 series (system (2)). For point-supports at all corners of the slab, the
maximum deformation for the DLT is by 14.5 % lower than for the CLT element (system
(3)). For the same support conditions, yet with an additional cantilever of [ = 1.5 m, the
deformations of the DLT slab compared to the CLT plate are reduced within a comparable
range (— 7.3 %; system (4)). This is remarkable, since for the 5-layered DLT D5 element the
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deformations were higher by 5.3 % in situation (3) and by 11.1 % than those of the 5-layered
CLT Ob series (Table 10.1).

For the plate acting in pure torsion (system (5)), the 7-layered DLT series experiences
significantly lower deformation values (— 21.3 %), compared to the 7-layered CLT element;
even though, within the comparison of the 5-layered DLT element to the 5-layered CLT series
this increase was much more pronounced (— 41.0 %) (Table 10.1). The results according to
Table 10.3 show, that a higher number of orthogonal layers in the cross-section decrease the
impact and differences within the torsional stiffness of DLT compared to CLT. At the same
time, the bending stiffnesses are harmonized, which leads to moderate deformations—even
and especially under uniaxial bending. Table 10.3 validates, that the use of 7-layered DLT
elements featuring the chosen layup of D8 series is in general more appropriate within point-
supported systems governed by both, uniaxial and biaxial bending.

Table 10.4 summarizes the deformation behavior of the 7-layered CLT and DLT series

due to linear supports, analogous to Table 10.2.

Tab. 10.4:7-layered CLT O8 and DLT+45 D8 series under uniaxial and biaxial bending due to linear supports

loading system deformation w,
w1 CLT (O8 series) DLT (D8 series)
/P 20-20-20-20-20-20-20 20-20-20-20-20-20-20 DLT/
P [0°,90°,0°,90°,0°,90°,0°] [0°,90°,45°,90°,~45°,90°,0°| CLT
5.0 .
kN /m? 5.9 %
5.0 _
kN /m? 7.2 %
5.0 -
kN /m? 8.0 %
5.0 +
kN /m? 0%
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loading system deformation w,
w/ 1 CLT (O8 series) DLT (D8 series) o
20-20-20-20-20-20-20 20-20-20-20-20-20-20 DLT/
p/P 3.0m /3.0m (r=3.0m)
[0°,90°,0°,90°,0°,90°,0° [0°,90°,45°,90°,-45°,90°,0°] CLT
5.0 -
kN /m? 12.0 %

Table 10.4 shows, that the 7-layered DLT+45° D8 series is in general more efficient for
uniaxial and biaxial load transfer of linearly supported mass timber slabs, than its 7-layered
CLT counterpart. Only for uniaxial bending around the y axis (system (7)), the maximum
deformation of the DLT D8 series is higher by 5.9 %, than the deformation of the CLT O8
series. When considering the layup as well as the stiffness matrices, this is not surprising.
The bending stiffness in x direction (B ) of O8 series is slightly higher than the one of D8
series, while the out-of-plane shear stiffness values (S_) of both series are in the same range
(Appendix AT).

Instead of an increase of +118.5 %—as achieved for the 5-layered DLT in comparison
to the 5-layered CLT (Table 10.2, system (8))—, the 7-layered DLT D8 series provides a
decrease of the maximum deformation by 6.8 % for uniaxial bending around the x axis
(Table 10.4, system (8)). For slabs linearly supported on all edges, similar to the 5-layered
DLT, the 7-layered DLT experiences 8.8 % less deformations than it does for the CLT. If
a cantilever is added, the maximum deformations of the 7-layered DLT and 7-layered CLT
series resemble (system (10)). For the special construction of circular mass timber slab over
linear support (circular platform), the 7-layered DLT element achieves 12.0 % less deforma-
tions than its CLT counterpart (system (11)).

In the context of application-optimized mass timber elements, the layups can and should
be adjusted depending on the prevailing static systems and load cases. Therefore, an
additional deformation analysis is carried out for a 7-layered DLT+45° series with a higher
number of diagonally arranged layers. The 7-layered DLT D9 series features four layers
oriented at +45° and —45° (see Table 4.8).

Table 10.5 compares the deformations of DLT D9 series to DLT DS series for slabs with
point-supports. The hypothesis is, that the deformation behavior of D9 series under biaxial
bending is much better, than for D8 series. This may be due to the higher torsional stiffness
of D9 series (B_ , = 3.31 MNm*/m), compared to D8 series (B_ - = 1.94 MNm’/m). The
static systems (1) to (6) equal those of Tables 10.1 and 10.3. The lé)ading remains unchanged.
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Tab. 10.5: 7-layered DLT+45° D8 and D9 series under uniaxial and biaxial bending due to point-supports
loading system deformation w,
w/ 1 DLT (D8 series) DLT (D9 series) o
20-20-20-20-20-20-20 20-20-20-20-20-20-20 D9/
p/ P 30m /3.0m
[0°, 90°,45°,90°,-45°,90°,0°] | [0°45°-45°90°,45°-45°.0°] | D8
5.0 i
kN /m? 57.8 %
5.0 _
kN /m? 34.4 %
5.0 n
kN /m? 14.0 %
5.0 +
kN /m? 20.2 %
5.0
kN 34.6 %
5.0 -
kN 13.7 %
two rotationally restrained edges

On the one hand, the absence of the additional cross-layers in the layup of the DLT D9 series
leads to significantly higher bending deformations around the x axis than for the DLT D8
series (+ 47.8 %, situation (1)). On the other hand, if the four plate edges are rotationally
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restrained and the locking effect due to a single curvature is prevented, the centrally point-
supported DLT D9 series provides by 34.4 % smaller deformations than the DLT D8 element
(see system (2)). Within system (5) (plate under pure torsion), the maximum deformation of
D9 series is lower by 34.6 %, than the deformation of D8 series and therefore lower by 48.6
% compared to the CLT O8 series providing same layer thicknesses.

For completeness, Table 10.6 compares the uniaxial deformations of the DLT+45° D9
series with D8 series due to linear support. The static systems and the loading are identical
to those in Tables 10.2 and 10.6, however, only the two governing systems (7) and (8) are

presented.

Tab. 10.6:7-layered DLT+45° D8 and D9 series under uniaxial and biaxial bending due to linear supports

loading system deformation w,

Z,max

w/ 1 DLT (D8 series) DLT (D9 series)
20-20-20-20-20-20-20 20-20-20-20-20-20-20 D9/
[0°, 90°,45°,90°,-45°,90°,0°] | [0°,45°,-45°,90° 45°,-45°.0°] | D8

p/ P 30m /3.0m (r=3.0m)

5.0 _

kN /m? 28 %
5.0 n

kN /m? 136.2 %

In the following, 3D FE models are created of centric point-supported slabs with rotationally
restrained edges (in reference to system (2)) and slabs, point-supported at three corners (in
reference to system (5) and (6)). The volume models are generated representing both, mass
timber slabs made from CLT and DLT. The models are used to analyze the distribution
of normal stresses and shear stresses over the cross-sections. The construction grid and the
static systems of the 3D FE models follow the static system of the respective 2D FE models.
Therefore it is possible, to cross-check and validate the 3D FE models by comparing the
deformations of the 3D FE models to those of the 2D FE models.
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10.2  Stress distribution analysis using 3D FE models (ULS)

10.2.1 General information and modelling approach

For the calculation of the stress values and the analysis of their distribution over the cross-
section, volume models can be a useful tool. Therefore, the software Ansys (version 2022.R1)
is used. The models and results obtained should be relevant for practical implementation of
DLT and the strength verification in the ULS.

In a first step models of centric point-supported slabs are chosen for the detailed stress
analyses (see Figure 10.3). The rotationally restrained plate edges represent continuous flat
slabs. The static systems are equivalent to system (2) of the investigations using the 2D FE
models featuring the dimension w/l = 3.0/3.0 m (see Tables 10.1, 10.3 and 10.5). The models

are again loaded with a constant surface load of p = 5.0 kN/m?.

axonometry of the slab, FE volume model
centric point-supported loaded with p = 5.0 kN/m?

7
\
N [N

N\

)

Fig. 10.3: Axonometry of the centric point-supported slab (left) and an exemplary 3D FE model (Ansys)

In addition, models of flat slabs with point-supports at three corners are created (w/l =
3.0/3.0 m). The models are loaded with a point-load P = 45 kN, equivalent to the vertical
reaction force of the centric point-supported slab. Two edges of the plate are rotationally
restrained, the opposing edges are free (see Figure 10.4). Afterwards, the rotational constraint

at the edges is removed.

axonometry of the slab, FE volume model

point-supported loaded with P = 45.0 kN

at three corners

Fig. 10.4: Axonometry of the slab, point-supported at three corners (left) and an exemplary 3D FE model (Ansys)

Mechanical Properties of Diagonal Laminated Timber



141 Evaluation and quantification using real-scale numerical models

The investigations are carried out on 7-layered CLT OS series, and the 7-layered DLT+45°
D8 series. These series provide appropriate deformation values in their respective main appli-
cation area in the SLS, and may therefore be well suited for direct comparison in the ULS.
For CLT O8, the advantages in the SLS became clear for uniaxial load transfer, and for DLT
D8, the advantage became clear for uniaxial and biaxial load transfer (see Chapter 10.1).

Within the 3D models each lamination was modeled separately and the contacts were
defined afterwards (the board width was 180 mm without edge-gluing). The size of the
mesh was set to 10 mm (layer thickness ¢/2). Additionally, the essential parameters for the
numerical models are summarized in tabular manner in Appendix A4.

The bearing as well as the application of the surface loads were realized by external
displacements’ and "forces", related to the respective surfaces. Following the procedure of
the 2D FEM models, the column of the centric point-supported slab is fixed in all directions
(x = y = 2z = 0) and defined as rotationally rigid (¢ = ¢ = ¢ = 0). For plates that are
point-supported at three corners, only one horizontal fixed éupport is defined. The opposite
bearing points were fixed in the global z direction only and are free in the global x and y
direction. Rotational constrained plate edges were defined by adding external displacements
with the attributes (¢, = 0 or ¢ = 0) to the respective surfaces. The material parameters
according to Table 4.9 (T14; ETAQO/OOQS) and the Poisson’s ratios according to (HALAsz
AND SCHEER 1996) were applied.

In order to validate the volume models, Figure 10.5 exemplifies and compares the defor-
mations of DLT D8 series of the 3D FE model with the deformation of the 2D models
previously investigated. The static system equals the centric point-supported plate with
rotationally restrained edges. The deformations are given within sections A-A (diagonal over
the mid-plane). Both models are loaded with a constant surface load of p = 5.0 kN /m? Even

if the functions of the deformations differ slightly, the maximum values are almost identical

(wz,maxBD - 327 min ; wz,max,QD — 319 mm)
section A-A 2D FE model of the deformed
4,0 DLT element (D8)
30 [T — -
£ S~ -
E 20
3 ™ o 3D FE model A
§ 1‘0 \\\\ ///
R s e 2D FE model
0,0 D
0,0 0,5 1,0 1,5 2,0 2,5 3,0 35 40
section A-A

Fig. 10.5: Comparison of the deformations of centric point-supported mass timber slab using 3D and 2D FE models
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10.2.2 Stress distribution analysis of a centric point-supported plate

For the analysis and display of the stress distributions, longitudinal sections in x and y
direction are defined over a length of 1.0 m. In addition, sections in x' and y' directions are
defined within the plate element. The sections are arranged in a star shape around the load
introduction point (center of the column). The edges of the longitudinal sections describe a

circular section with a radius of 1.0 m (see Figure 10.6).

p = 5.0 kN/m?

500

Section x" -x"

Fig. 10.6: Circular and longitudinal design sections within the centric point-supported mass timber slab

Within the longitudinal sections, normal stresses due to bending and the out-of-plane shear
stresses are given for design-relevant punching shear perimeters. These perimeters are
considered as the critical sections, in which shear failures could occur (perimeters for stress
verification). The perimeters are dependent on the thickness of the plate and the dimensions
of the column (d). For the plates with the thickness of ¢ = 140 mm, the first perimeter is
defined by the distance d/4 = 0.05 m (see Figure 10.7). This value appears to be in accor-
dance with the suggestions of Working Draft SC5.T1, following a load-distribution angle of
o = 35°. The second perimeter is specified as 2d = 0.4 m in accordance with EC 2 (DIN EN
1992-1-1). The third perimeter equals the radius r = 1.0 m of the circular section.

In the following, the stress distributions occurring within the 3D CLT and 3D DLT+45°
models are compared to each other (Figures 10.7 to 10.9). The aim of this stress analysis is
a statement regarding the load-bearing capacity in the ULS. On the left side of these figures,
the graphical display of the stresses within the CLT elements are given. On the right side,
the stresses within the DLT element are given.

Each layer is assigned a color according to its orientation to the considered section. Layers

oriented longitudinally to the considered section are displayed in white, layers oriented
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crosswise to the considered section are displayed in gray. Diagonally oriented layers are
displayed in green (in this case +45° or —45° to the considered section). In addition, the
respective layer orientation and designation of the sections (x-x; x'-x"; y-y; y'-y') is indicated

on the left hand side of each section.

- Normal stresses due to bending (centric point-support)

Figure 10.7 shows the normal stresses due to bending (bending stresses) for each layer
in the critical sections d/4 and 2d as well as in the circular section 7. The sections
are scaled 1:20. A stress amplitude of 10 mm equals 2.0 MN/m? Tensile stresses are
signified in red, compression stresses are given in blue. The extreme values of each

stress amplitude are given beneath or above the respective section.
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CLT (O8 series) - centric point-supported DLT (DS series) - centric point-supported
20-20-20-20-20-20-20 20-20-20-20-20-20-20
[0°,90°,0°,90°,0°,90°,0°] : [0°,90°,45°,0°,-45°,90°,0°] ¢
[10 mm = 4.0 MN/m?] [10 mm = 4.0 MN/m?]
normal stresses o, normal stresses o,
¥4 4 2 e a2 T 7 Y4 e 2 e aar T
X-X :g X-X ‘?
-5.29 20.92 133 -5.27 -0.94 1.38
normal stresses 0, normal stresses 0,
) a4 2.54 d 0.46 -0.14 ! /4 2.52 2d 0.46 -0.14 r
-1.57 - -0.46 0.14 -7.46 : -0.46 0.14
normal stresses o, normal stresses o,
EL a4 2037 136 38 2d 438 133 "
y-y ‘gjr y-y «z,j—'
344 BRI 034 135 35 [ 035 131
normal stresses o, normal stresses o,
265 V4 2 045 03 [ 2 |94 2 053 025 |
‘.wzlﬁ—rl -045 -042 0.1

Fig. 10.7: Normal stresses due to bending acting along the critical sections (centric point-support)

The bending moment is always the same for the CLT and DLT at the considered
perimeters, since the former depends on the static system and the load. The moment
results from the integration of the bending stresses over the cross-section. Thus, the
value of the integral is always constant, but the respective distribution of the stresses
are not. The extreme values of the normal stresses due to bending are in a comparable
range for the CLT and DLT elements. Within section x-x, the maximum bending stress

value appears to be slightly higher for the CLT (o, .. = ~5.29 MN/m?), compared to
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the DLT element (ox,DLT -

5.27 MN/m?) (see d/4 perimeter). The slightly different

maximum values observed for the DLT result from the different stress distribution over

the cross-section compared to the CLT. This can be seen, for example, in the longitu-

dinal y'-y' section (upper edge of d/4 perimeter). The diagonal +45° layer of the DLT

element is oriented at 90° with respect to the y'-y' section. Due to the low modulus of

elasticity in transversal direction, almost no normal stresses act in the respective layer.

These are transferred to the layers above and below. In this case, slightly higher stress

peaks in the outer layers (upper edge) of the DLT element occur, compared to the

CLT element. However, these minor differences will hardly influence the load-bearing

capacity.

- Compression stresses perpendicular to grain (centric point-support)

Figure 10.8 highlights the compression stresses perpendicular to grain acting along

the longitudinal sections. The values are given in the midplane of the plate and in a

distance of 30 mm to the load-introduction point. The aim is to analyze the compres-

sion stresses in the areas relevant for the verification of the out-of-plane shear capacity

(due to the interaction compression perpendicular to grain and shear). The sections

are again scaled 1:20. A stress amplitude of 10 mm equals 1.0 MN/m?

CLT (O8 series) - centric point-supported
20-20-20-20-20-20-20
[0°,90°,0°,90°,0°,90°,0°]

[10 mm = 2.0 MN/m?]

normal stresses o
90

DLT (DS series) - centric point-supported
20-20-20-20-20-20-20
[0°,90°,45°,0°,-45°,90°,0°]
[10 mm = 2.0 MN/m?]

normal stresses @
€90

s ) 77

\:- 20.52

=035

- 1.01

normal stresses &
.90

e
s
y-y s
a5

normal stresses &

<N d/4

! -0.65

normal stresses &
90

s
ey

=035

=036

- 1.00

Fig. 10.8: Compression stresses acting along the longitudinal sections (centric point-support)
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A concentration of compressive stresses perpendicular to grain occurs in the sections
near the supports. These stress concentrations are clearly higher in the diagonal
sections x'-x' and y'-y' than in the x-x and y-y sections. This can be explained by the
rectangular shape of the supports, whose corners lead to stress concentrations. Local
constrictions in the support area at the corners of the column cannot be prevented
under biaxial bending. In general, the compression stresses perpendicular to grain
in the design-relevant and critical sections vary between 0.3 MN/m? and 1.0 MN/
m?” During the experimental investigations, a value of 0.5 MN/m? was chosen (see
Chapter 6.2).

Out-of-plane (punching) shear stresses (centric point-support)

Figure 10.9 displays the out-of-plane shear stresses in the critical sections d/4, 2d,
and r. The sections are in a scale of 1:20 and a stress amplitude of 10 mm equals
1.0 MN/m? The maximum punching shear stress values of each stress amplitude are

given below the respective perimeter.

CLT (O8 series) - centric point-supported DLT (D8 series) - centric point-supported
20-20-20-20-20-20-20 20-20-20-20-20-20-20
[0°,90°,0°,90°,0°,90°,0°] [0°,90°,45°,0°,-45°,90°,0°]
[10 mm = 2.0 MN/m?] [10 mm = 2.0 MN/m?]
shear stresses T, shear stresses T,
d/4 2d r d/4 2d r
I I 'Vgi [ [
X-X a0 | I | X-X 5 b |
% ; f 5 ¢ ;
T 0.65 0.17 0.07 T 063 0.15 0.06
shear stresses T, shear stresses T,
d/4 2d r d/4 2d r
x-x i 2 | x-x’ 41'% 7 \1
e / B b /
[ IR 0.15 0.05 I — T 0.14 0.06
shear stresses z, shear stresses z,
d/4 2d r d/4 2d r
vy % ‘ ! y-y f ‘ I
‘!z I i \4‘:' N, )
BT 054 0.12 0.03 T 048 0.13 0.03
shear stresses Ty,, shear stresses ‘L'V,7
d/4 2d r ' d/4 2d r
Cow . o® B
Y-y j Y-y ‘ f
[ 0.15 0.05 [ (P 020 0.07

Fig. 10.9: Punching shear stresses acting along the critical sections (centric point-support)

For CLT and DLT, the maximum values of shear stresses are observed in x' and y'
direction. The largest shear stresses occur close to the point-support (d/4 perimeter).
This is consistent with the design specifications of Working Draft SC5.T1.
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As is the case for the bending stresses and the moment m, the integration of the shear
stresses over the cross-section results in the same value of the shear force ¢, (V) for
CLT and DLT at the respective perimeters. On the other hand, the distribution of the
shear stresses over the cross-section depends on the stiffness parameters of the single
layers and their orientation. The advantage regarding the distribution of shear stresses
in DLT compared to CLT becomes obvious. Similar to the distribution of bending
stresses, the stiffer layers oriented at 0°, with respect to the x'-x' and y'-y' sections,
accumulate shear stresses and thus reduce the governing design values.

Considering only the global x and y directions, it is also becomes clear that the
shear stresses within DLT are more uniformly distributed over the cross-section as
they are within CLT. In x and y direction, a homogenization effect is achieved for DLT
with respect to the shear stresses. This is particularly evident in the y direction.

In the following, the static system is modified. Instead of centric point-supported

plates, the stress analysis is carried out on plates with point-support at three corners.
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10.2.3 Stress distribution analysis of a plate, point-supported at three corners

In order to analyze stress distributions within CLT and DLT elements within load cases
governed by biaxial bending, the stress analysis is carried out for a slab with point-supports
at three corners. The dimensions of the slab remain the same compared to the previous
static system (w/l = 3.0/3.0 m). Each column has the dimensions of w/l = 0.20/0.20 m. In
a first step, two edges of the plates are modelled with rotational restraint, so as to simulate
a continuous flat slab with a cantilevered corner (see Figure 10.10). These 3D FE models
are consistent to system (6) of the 2D FE models (see Chapter 10.1, Tables 10.1, 10.3, and
10.5). In a second step, the plate elements, point supported at three corners, are modelled
with four free edges (see Figure 10.14, consistent to system (5)).

Once more, stress analysis are carried out in longitudinal sections, forming a circular
section with radius » = 1.0 m. The center of this circular section is located beneath the load
application point (see Figure 10.10). The longitudinal sections are again arranged in a star
shape around this point. However, the model is now loaded with a point load of P = 45 kN,
equivalent to the vertical reaction force of the centric point-supported slab. This guarantees

comparability.

P = 45.0 kN

0,14 m

Fig. 10.10: Circular and longitudinal design sections within the mass timber slab, point-supported at three
corners, with rotational restraint at two edges
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- Normal stresses due to bending (point-supported at three corners)

Figure 10.11 gives the normal stresses due to bending for each layer in the critical

sections d/4 and 2d as well as in the circular section r. The sections are scaled 1:20

and a stress amplitude of 10 mm equals 2.0 MN/m?

CLT (O8 series) - point-supported at three corners DLT (DS series) - point-supported at three corners
20-20-20-20-20-20-20 ’WQQ\'“\‘ 20-20-20-20-20-20-20
[0°,90°,0°,90°,0°,90°,0°] < It >yt [0°,90°,45°,0°,-45°,90°,0°]
[10 mm = 4.0 MN/m?] < [10 mm = 4.0 MN/m?]
normal stresses [ normal stresses o,
r” 4.81 2d 1.59 -4.22 a4 [ ‘ r 4.53 2d 1.15 - 4.64 a4 [
X-X X-X “g: ‘L
-4.82 -1.81 3.71 -5.12 -2.04 4.53
normal stresses 0, normal stresses 0.
! 1.33 d 0.78 -3.75 a4 r . 2d 1.87 -4.06 &4
X=X’ ﬁ; — —~
- 1.31 -0.68 2.24 2.02
normal stresses o, normal stresses o,
f 3.77 2d 0.55 -3.77 aa | r 2.73 2d 0.78 -4.38 &4 |
lv;l — 'rg; AV
M= Yoy E‘
‘w ‘w L
-3.48 -0.58 4.08 -3.73 -1.09 3.60
normal stresses o, normal stresses o,
-0.50 r -0.97 2d -9.84 aa -0.58 r -1.21 2d -10.21 &4
; j% e
Y-y ¢ —= Y-y r :i i
YT 097 3.26 © 090 133 327

Fig. 10.11:  Normal stresses due to bending acting along the critical sections (point-supported at three
corners)

The maximum normal stresses in the d/4 perimeter are higher for the DLT element in
the x' and y' directions than for the CLT element. The zero point of stresses (change
from compression to tension) of the normal stresses in the DLT element is shifted by
the +45° respective —45° layers towards the compression zone. This is due to the fact
that the layer, which is now oriented at 0° to the longitudinal x'-x' and y'-y' section
takes higher normal forces. Looking at the stresses in the rotational section 7, this
effect becomes even more evident. In the main load-bearing directions x and y, the
maximum bending tensile stresses in the DLT are lower than those in the CLT. Vice
versa, the bending compression stresses are higher, due to the displacement of the zero
point of stresses. In the y direction, for example, the maximum bending tensile stress
in the critical radius is 2.73 MN/m? distributed over the layers oriented at 0° and —45°,
whereas in the CLT element 3.77 MN/m? occur at the same location, distributed over
the 0° layer.
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Compression stresses perpendicular to grain (point-supported at three

corners)

Figure 10.12 gives the compression stresses perpendicular to grain within the longitu-
dinal sections. The scale of the sections stays at 1:20. An amplitude of 10 mm repre-
sents 1.0 MN/m?.

CLT (O8 series) - point-supported at three corners DLT (D8 series) - point-supported at three corners
20-20-20-20-20-20-20 ) 20-20-20-20-20-20-20
[0°,90°,0°,90°,0°,90°,0°] [0°,90°,45°,0°,-45°,90°,0°]
[10 mm = 2.0 MN/m?] [10 mm = 2.0 MN/m?]

normal stresses o
.90

normal stresses o
r 90
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X-X ‘,23 -0.53 X-X g
"EZ -0.27 i

-1.00 | gy “'gz -0.89
-035 z -0.26
normal streises T 0 normal streises .00
s s
y-y % -0.51 y-y % -0.59
¥ -0.22 - -031
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Fig. 10.12:  Compression stresses acting along the longitudinal sections (point-supported at three corners)

The distribution of the compression stresses should be almost identical for the CLT and
DLT elements in the respective sections. The plots confirm this assumption. Compared
to the compression stresses perpendicular to grain for the centric point-supported slab
(Figure 10.8), whose reaction force corresponds to the point-load within this system,
the stresses perpendicular to grain are increased in the y and y' directions. This can be
explained by the asymmetric loading of the slab with point-supports at three corners
and rotationally restrained edges.

The increased compression stresses beneath the load application area lead to slight
tensile stresses perpendicular to grain next to the load application (see Figure 10.12).
These reduce the shear strength, leading to rolling shear failures in combination with
tension perpendicular to grain. Such combined failure mechanism were also observed
in the biaxial bending test (see Tables 8.2 and 8.3).

FEvaluation and quantification using real-scale numerical models 150

- Out-of-plane (punching) shear stresses (point-supported at three corners)

Figure 10.13 demonstrates the out-of-plane shear stresses in the critical sections d/4
and 2d as well as in the circular section r. The sections are again displayed in a scale
of 1:20. A stress amplitude of 10 mm equals 1.0 MN/m?. Similar to Figure 10.9, the
maximum punching shear stress values of each stress amplitude are given below the

respective perimeter.

CLT (O8 series) - point-supported at three corners DLT (D8 series) - point-supported at three corners
20-20-20-20-20-20-20 20-20-20-20-20-20-20
[0°,90°,0°,90°,0°,90°,0°] [0°,90°,45°,0°,-45°,90°,0°]
[10 mm = 2.0 MN/m?] [10 mm = 2.0 MN/m?]

shear stresses T, shear stresses T,

0.07 0.17 0.65 0.26 0.22 0.64

2d d/4 r 2d d/4

.
i B }
0.22 0.79 0.14 0.30 0.77
shear stresses T,
2d d/4 r 2d d/4
o
i i R N L
‘ — AR ) E
0.64 0.77 0.21 0.17 0.48

2d 2d d/4

0.12 0.25 0.17 1.33

Fig. 10.13:  Punching shear stresses acting along the critical sections (point-supported at three corners)

For CLT and DLT, the maximum values of the shear stresses in the slab are again
obtained in the x' and y' directions. The maximum stresses are reached in the area
of load application (d/4 perimeter). Within the longitudinal x-x and x'-x' sections as
well as in the y'-y' section, no significant differences between CLT and DLT can be
observed for the distribution and the maximum values of the shear stresses.

On the other hand, the distribution of the out-of-plane shear stresses of the CLT
and DLT elements in y-y section is striking. The homogenization effects of the shear
stresses, which were already observed in Figure 10.13, are now more pronounced for
DLT. In the CLT element, clear stress peaks occur within the distribution of shear
stresses in the longitudinal 0° layers of section y-y. These shear stress profiles are
typical for a cross-section under torsional stresses. The out-of-plane shear stresses in

y-y direction are therefore referred to torsional shear stresses mainly. The linear stress
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distribution is caused by the torsional moments, acting longitudinally to the 0° layers.
Within the chosen CLT element, the shear flow can hardly be transferred from the
stiff 0° layers to the soft 90° layers. For DLT on the other hand, the distribution of
shear stresses over the cross-section is homogenized by the comparatively high moduli
of elasticity and shear moduli of the +45° and —45° layers within the inner layers.
Moreover, for both, CLT and DLT, the outer layers in the y-y section are nearly taking
zero shear stresses, due to the missing edge-gluing (also see Chapter 6.1). Therefore
the shear stresses are concentrated within the inner five layers. For the stress verifi-
cation in the ULS, shear verification for both, longitudinal and transversal oriented

layers to the respective longitudinal sections have to be considered.

In the following the rotational restraint is removed (see Figure 10.14). The dimensions of the
slab remain at w/l = 3.0 m / 3.0 m. Also the point-load stays constant at P = 45 kN. The
plate acts in pure torsion. The static system of the presented 3D FE models is consistent to
system (5) of the 2D FE models (see Chapter 10.1).

P = 45.0 kN

o.14

=
i l.g

O

1

&
e - .
g Yy -y

Fig. 10.14:  Circular and longitudinal design sections within the mass timber slab, point-supported at three corners
without rotationally restrained edges.

- Normal stresses due to bending (point-support at three corners, without

rotationally restrained edges)

Figure 10.15 gives the normal stresses due to biaxial bending in the critical sections
d/4 and 2d as well as in the circular section r. The sections are scaled 1:20 and a stress

amplitude of 10 mm equals 2.0 MN /m?
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CLT (O8 series) - point-supported at three corners
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Fig. 10.15:  Normal stresses due to bending acting along the critical sections (point-supported at three
corners without rotationally restrained edges)

The maximum normal stresses in y'-y' direction at d/4 perimeter are highly increased
for the CLT and DLT specimens, due to the missing boundary condition of the
rotationally restrained edges. Even though the deformation of the CLT O8 element
under pure torsion is smaller by 21.3 % than the maximum deformation of D8 series,
the maximum normal stress value (bending compression stress) in y' direction of O8
series is higher by — 1.14 MN/m?, than for D8 series (see d/4 perimeter, y'-y' section).

The y'-y' section acts as a single axis beam under bending. In x'-x' direction, the
section can be regarded as a single axis beam, which bends over the y'-y' section (with
opposite curvature and thus opposite orientation of the compression and tension zones
in the cross-section). The global +45° layer of the DLT (oriented at 0° in x' and y'
section) accommodates the higher bending tensile stresses (o, = 3.72 MN/m?* and
O — 0-37 MN/m?). It is thus provoked that, unlike in the CLT, the layer oriented
at 0° to the considered section absorbs the maximum normal stresses. This follows the
theoretical approach of fictive tension and compression parabolas (also see ARNOLD ET
AL. 2023a).
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- Out-of-plane shear stresses (point-support at three corners, without

rotationally restrained edges)

Figure 10.16 highlights the distribution of the out-of-plane shear stresses due to biaxial
bending in the critical sections d/4 and 2d as well as in the circular section r. The

sections are set to a scale of 1:10. A stress amplitude of 10 mm equals 1.0 MN/m?.

CLT (08 series) - point-supported at three corners DLT (D8 series) - point-supported at three corners
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Fig. 10.16:  Punching shear stresses acting along the critical sections (point-supported at three corners
without rotationally restrained edges)

The maximum values of the shear stresses under mainly torsion are in a comparable
range for CLT and DLT in x-x section. In sections x'-x' and y'-y', the large torsional
shear stresses in the CLT now also affect the overall shear stress distributions within
the 2" layers (see d/2 perimeter, x'-x" and y'-y' perimeter). For the DLT, on the other
hand, the distribution of shear stresses remains rather homogeneous in the x' and y'
directions. The previously explained homogenization effect of shear stresses within
DLT is even more pronounced. In y direction, the maximum shear stress values of
the CLT and DLT appear in the layers oriented at 0° to the y-y section. This value is
significantly higher at the d/4 perimeter for CLT, than it is for DLT. As previously
described, this highly linear and unsteady shear stress distribution within the CLT
results from the high torsional moments. However, regarding rolling shear verifications
in the ULS, the shear stresses in the cross-layers are nearly on the same level for DLT

and CLT in y direction (see cross-layers within the y-y sections).

Mechanical Properties of Diagonal Laminated Timber

FEvaluation and quantification using real-scale numerical models 154

10.3 Discussion based on the results derived from 2D and 3D FE models

The deformation analyses on various static systems (application scenarios) showed, that a
general statement regarding the advantages of DLT in terms of deformations is difficult. The
deformations result from the stiffness parameters of the chosen material and layup, under-
going the stress resultants. The stress resultants in turn depend on the static system, the
loading, and the chosen layup of the plate element.

To clarify this, Table 10.7 exemplary gives the respective stress resultants (for DLT D7
series) under a constant surface load of 5.0 kN /m? for the static systems (1) and (2) used in
Chapter 10.1.

While the torsional moments are the same for both systems with centric point-support,
the bending moments m_and m_vary considerably. Without the boundary condition of
rotationally restrained edges (systhem (1)), the maximum values m_and m, are almost twice
as large as those in system (2). This leads to the conclusion, that within system (1) the
chosen layup should provide a bending stiffness in y direction being in comparable range
to its bending stiffness in x direction. Otherwise, highly uniaxial deformations are to be
expected.

This, in turn, is consistent with the findings on the 5-layered elements of the DLT D7
series and the CLT O7 series (see Table 10.1). The maximum deformation in system (1) was
significantly higher for the 5-layered DLT series, than for the CLT series (4+56.3 %), since
the spread in bending stiffness in y direction (B, = 0.32 MNm*/m; B = 0.73 MNm*/m).
If a layup is chosen that provides a more homogeneous distribution of the bending stiffness
values in the x and y directions (as it is for DLT D8 series—see Table 10.3), the higher
torsional stiffness of DLT becomes apparent and the total deformations are lower than those
for CLT.

Tab. 10.7: Comparison of stress resultants within two different static systems for DLT D7 series

system internal forces (stress resultants)
w/l =3.0m /3.0 m m. [kNm /m]
p = 5.0 kN/m? x
Jr2.52p—7T2 54]

four rotationally restrained edges
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By deformation analysis on the chosen 5-layered and 7-layered CLT and DLT elements by
means of 2D FE models, it can be stated that for the most application scenarios deforma-
tions within the SLS of CLT were higher, than those of DLT. This is based on the respective
higher stiffness values of DLT (Appendix A8)—especially regarding the torsional stiffness.
Mass timber elements with a strongly asymmetric spread of the bending and shear stiffness
values in x and y direction are an exception. This is the case, e.g., for the 5-layered DLT
D5 and D6 series, and for the 7-layered DLT D9 series, investigated in this thesis. These
series feature only one layer oriented in global y direction. Therefore, their comparable low
bending stiffness in y direction, leads to an uniaxial deformation behavior within static
systems governed by bending moment m_and m . Nevertheless, these 5-layered elements are
still and above all suitable for biaxial load traﬁsfer and point-supported slabs governed by
torsional moments. This is due to their comparably high torsional stiffness, in contrast to

the low bending stiffness in y direction.

- In conclusion, the deformations of the chosen 5-layered DLT=445° series D7 (¢t =
150 mm) were much higher for point-supported slabs (systems (1) to (4): up to
+56.3 %) and systems mainly undergoing uniaxial bending in y direction (systems
(8) and (11): up to +118.5 %), than of the 5-layered CLT O7 series. As previously
described, this is due to the comparable low bending stiffness of the D7 series in y
direction (B . = 0.32 MNm®/m vs. B . = 0.73 MNm’/m) (see Table 10.8).

- For static syétems mainly undergoing uniaxial bending in x direction (system (7)), the
deformations were in a comparable range, mirroring the similar bending stiffness in x
direction of the chosen laminates (B_,, = 2.65 MNm*/m vs. B_,, = 2.48 MNm*/m).

- For static systems governed by torsional moments (systems (5), (6), (9), and (10)), the
comparable high torsional stiffness of the DLT D7 series led to smaller deformations
compared to the 5-layered CLT O7 series (up to ~41.0 %) (B_ 5, = 3.16 MNm*/m vs.

B o; = 1.94 MNm®/m).

- Adding two additional cross-layers achieving 7-layered series D8 and O8 (¢ = 140 mm),
results in smaller deformations for the DLT series compared to the CLT series for point
-supported slabs (systems (1) to (4): up to —13.5 %) and for systems mainly undergo-
ing uniaxial bending in y direction (systems (8) and (11): up to —12.0 %). This is due
to the comparable low spread of the bending and shear stiffness values between the D8
and O8 series (B , = 0.84 MNm?/m, S, = 8.05 MN/m vs. B = 0.79 MNm?/m,
S,,08 = 8:31 MN/m).

- The same holds true for systems undergoing uniaxial bending in x direction, resulting
in nearly similar deformations (system (7): +5.9%).

- For static systems governed by torsional moments (systems (5), (6), (9), and (10)),
the impact of the torsional stiffness values of DLT compared to CLT is decreased by
the additional cross-layers leading up to —21.3 % smaller deformations of the 7-layered

DLT compared to CLT (B_ s = 1.94 MNm®?/m vs. B_ o = 1.03 MNm®/m).

08

Mechanical Properties of Diagonal Laminated Timber

FEvaluation and quantification using real-scale numerical models 156

The deformation analysis of the different DLT and CLT layups have shown that in the
majority of the static systems, the influence of the bending and shear stiffness values become
dominant for the resulting total deformation. The torsional stiffness in the form of diago-
nally arranged layers should be added as an additional benefit so that the distribution of the
bending deformation in x and y remains as homogeneous as possible.

Due to this, the terminology "ratio of homogenization" with respect to the number of
layers oriented diagonally or crosswise in relation to the overall number of layers, is intro-
duced. Hereby, the layer arrangements O, are taken into account by the square of the sinus
function (sin’0,) (Equation 10.1). An isotropic plate element could be stated as an extreme
value, providing the range ¢, /¢ = 1. In conclusion, the ratio § may serve as an indicator due
to the applicability of the chbsen layup, regarding structures undergoing uniaxial in addition
to biaxial bending in the SLS. However, the ratio introduced should not lead to omitting the

advantages of DLT in deformation behavior due to higher torsional stiffness.

g2t Y (10.1)

Tab. 10.8:Exemplary examined static systems featuring point-supports ((1) - (6)) and linear supports ((7) - (11))

point-supports (plate dimension w/l = 3.0/3.0 m)

system (1) system (2) system (3)

linear supports (plate dimension w/l = 3.0/3.0 m)

system (7) system (8) system (9)

DLT+45° D7 CLT O7

see
Appendix A8

30-30-30-30-30 30-30-30-30-30 20-20-20-20-20-20-20 20-20-20-20-20-20-20 20-20-20-20-20-20-20
0°, 45°, 90°, -45°, 0° 0°, 90°, 0°, 90°, 0° 0°, 90, 45°, 0°,-45°, 90°, 0° | 0°,-45°,45°, 90°,-45°,45°, 0° 0°, 90°,0°, 90°, 0°
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Regarding the stress distribution analysis: The 3D FE models indicated homogenization
effects for the stress distributions within DLT elements—especially regarding out-of-plane
shear stresses around concentrated load-application. This is remarkable, given that the
DLT elements of D8 series experienced smaller deformations than the CLT elements of O8
series, while featuring almost the same extreme values of normal stresses due to bending.
For the plates governed by torsion (point-supported plate at three corners under a single-
load P, without rotationally restrained edges), the stresses were slightly smaller for the DLT
element—especially with respect to the out-of-plane shear stresses.

As it is for the stress resultants, the stress values depend on the static system and the
loading only. The deformations and the stress distribution over the cross-section, on the
other hand, are caused by the stresses in relation to the corresponding layup and stiffness
values of the laminate. For example, the interaction of shear modulus and shear stress
distributions defines the out-of-plane shear stiffness and vice versa. The same applies to the
distribution of normal stresses due to bending over the cross-section and the related moduli

of elasticity.

Table 10.9 summarizes the maximum stress values of the previous investigations using the
3D FE models. These stress values are relevant for the strength verifications (stress verifica-
tions) within the ULS. The location of the design-relevant stress value (critical section) is
given below each value. In addition, the respective deformations in the SLS and the ratio of
homogenization are provided. Table 10.9 shows that in nearly all design-relevant perimeters,
higher stresses are achieved for the CLT element than for the DLT element at the same load
level. This occurs despite the fact that the deformations for the investigated DLT D8 series
remain lower than for the CLT O8 series (the D8 and O8 series were chosen for the 3D FE
models). The stress distribution analysis does not replace a strength verifications in the ULS
and the deformation analysis does not replace a verification of serviceability in the SLS.
The linear elastic models do not include fracture mechanics. Consequently, the deter-
mined stresses and deformations have to be transferred to common design rules for mass

timber slabs.

The following Chapter aims to provide guidance for planers regarding the design processes

when adapting and producing DLT elements.
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Tab. 10.9: Comparison of exemplary design-relevant stress values for strength verifications in the ULS, given by the

3D FEM models

centric point-support

point-support

at three corners

point-support

at three corners

system
p = 5.0 kN/m? P = 45.0 kN P =450 kN
four rotationally restrained edges two rotationally restrained edges without rotationally restrained edges
series CLT 08 DLT+45° D8 CLT 08 DLT+45° D8 CLT 08 DLT+45° D8
/] 0.571 0.571 0.571 0.571 0.571 0.571
max. deformations [mm)] 3.7 3.2! 4.7 4.4 13.6! 10.7!
max. shear stresses
(longitudinal) 0.65 0.63 0.77 0.64 1.96 0.65
[N/mm?|
location? X-X section, X-X section, y-y section, X-X section, y-y section, X-X section,
ocatio
o 1% layer, d/4 | 1%layer,d/4 | 2" layer,d/4 | 7%layer,d/4 | 6thlayer,r | 7thlayer, d/4
max. bending?®
tensile stresses 4.63 4.67 4.81 4.53 6.28 6.37
[N/mm?|
location ? X-X section, X-X section, X-X section, X-X section, y-y section, y'-y' section,
ocation 1% layer, d/4 1" layer, d/4 7" layer, r 7" layer, r 21 layer, d/4 3" layer, d/4
max. bending?
compression stresses -5.29 -5.27 —4.22 —4.64 -6.82 -7.39
[N/mm?|
focati X-X section, X-X section, X-X section, X-X section, X-X section, y-y section,
ocatio
on 7 layer, d/4 7™ layer, d/4 7™ layer, d/4 7t layer, d/4 7™ layer, d/4 6™ layer, d/4

!deformations close to the SLS (P = 5.0 kN), Tab. 10.3

*the layers are numbered form the lower to the upper edge of the specimens (see Figure 3.1)

*normal stresses due to bending
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11 Outlook on design processes and production stages of DLT
10.4 Design processes of point-supported DLT slabs

Regarding the design process of point-supported mass timber slabs made of DLT, the thesis
alms to provide guidance regarding layer orientations and additional strength verifications.
After the construction grid and static system are developed and set, the planers decide
weather to use CLT or DLT elements for the slab. As previously examined, the application
of DLT does not generally provide the respective characteristics needed to achieve a high
material efficiency.

If the decision on DLT is made, the next step is to define the layup and the layer orien-
tations. With regard to the former, the ratio of homogenization ¢ can be addressed. The
latter refers to the given geometry of the construction grid. When using DLT, the diagonal
layers can be arranged regarding the corresponding diagonals between the single columns of
a point-supported slab (also see Figure 1.5, Chapter 1). However, if the orientation of these
diagonals is not obvious due to, for example, varying construction grids, a mathematical
approach can be used to determine the optimized orientation of the layers:

For a point-supported slab under a constant distributed surface load, there is a particu-
lar angle @ where the bending moments acting in the direction of the respective diagonals
become extreme values, called m, and m, (see also Figure 10.5). With the help of the Mohr’s
circle the angle ¢ for an optimized arrangement of the layers can be found with Equation
(11.1). Figure 11.1 demonstrates the relationship between bending and torsional moments
and the angle ¢ according to Equation (11.1). In this context, DLT could be utilized as

application-optimized mass timber elements.

me-my, 1 my—m,

tang = — — Myy? (11.1)

2:Myy T My, 2

aE

dy

<
<

Q] ¢

1.5m 1.5m 3.0m

3.0m

Fig. 11.1: Relationship between bending and torsional moments and the angle ¢
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In general, most of the methods of strength verification of DLT slabs should be carried out
in a similar way as is the case for CLT slabs. The dimensioning of CLT slabs is carried out
according to EC 5. The determination of stresses follows analytical methods or can be taken
from FE models (see Chapter 10.3, Table 10.9). In any case, stresses and stress resultants
derived from FE models should be critically reviewed and additionally verified by manual
calculation. For DLT, the stresses in x' and y' direction, following the respective diagonal
layers, also have to be considered for strength verifications (marked green), since the stresses
in these directions may be dominant. The following strength verifications within the design

process of mass timber slabs are mandatory:

- Bending verification due to normal stresses (tension);

Zelyd 10 Zpyd g (11.2)
fm,d fm,d

- Shear verification due to out-of-plane shear stresses in the longitudinal layers;

Tl,xz/yz,d < 1 0 Tl'x’z/y’z'd <1.0 (113)

foa ' foa
- Rolling shear verification due to out-of-plane shear stresses in the cross-layers;

Trxz/yz,d <1.0 Urx'z/y'zd < 1.0 (114)

f rd - fr,d B

- and compression verification due to compression perpendicular to plane,

0¢,90,d
— <10 11.5
kp ' kc,90 : fc,90,d ( )

wherein kp and k_,, are the factors to take into account material behavior and degree
of compressive deformation perpendicular to grain (see Table 8.1 and Figure 8.6; prEN
1995-1-1:2023 (E)). Within future research, the transferability of these factors from
CLT to DLT should be examined (see Chapter 11.3).

Furthermore, within the second generation of EC 5 (prEN 1995-1-1:2023), additional content
is added with narrow and specific scope to CLT and its design rules. Regarding out-of-plane
loading, Annex G ("Annex G (normative) special design provisions for cross laminated

timber (CLT)") provides additional design rules for among others:

- Concentrated loads perpendicular to plane without reinforcement.

- Concentrated loads perpendicular to plane with reinforcement.
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Since reinforcement at the load-introduction points was not investigated within this thesis,
this topic should also be addressed within future investigations. The question of whether,
and to what extent, the observed stress homogenizations and redistributions due to diagonal
layer arrangements reduce the need for additional reinforcement in the form of fully thread
screws, for example, cannot be answered from the investigations to date.

The same holds true for the strength verifications on DLT connection techniques.
Regarding connection techniques, some of the common connections for CLT plate elements
may be applied analogous on DLT elements. However, before any reliable statements can
be made on connection techniques, further specific research and experimental results are
required—this applies in particular for rigid connections, considering the diagonally arranged

layers.

Regarding deformations and the serviceability limit states (SLS) of DLT floors under
uniaxial and biaxial bending, the well-known deformation criteria following EC 5 and DIN
EN 1995-1-1/NA, Table NA.13, should be applied. Regarding vibrations of DLT floors under
uniaxial load transfer, the design rules following prEN 1995-1-1:2023 - Chapter 9.3, may
be used. The following rules are valid for human induced vibrations of timber floors in the
categories of use A, B, C1, C3 and D as defined in EN 1991-1-1:2002 - Table 6.1.
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11.1 Considerations on the production stages of DLT

The aim is to investigate the possibility to add specially arranged laminates into the produc-
tion lines of conventional CLT without excessive effort and additional costs. An economi-
cal manufacturing process is crucial for a successful market launch of DLT. Together with
our partner and producer of the DLT test specimens, Holzbau Unterrainer GmbH, it was
discussed in the production halls in East Tyrol how the production process can be further
optimized.

Optimized production processes in terms of layer arrangement and speed of manufactur-
ing require close cooperation and a flexible, project dependent adaptation of the production
parameters. Hence, close cooperation between planners, customers, and production indus-
tries should be prioritized, in order to implement and automate the optimization of mass
timber panels, as early as the planning phase. Therefore, within the previous Chapter, the
design process and selection of layups and layer arrangements was described.

Figure 11.2 reveals the basic production stages of mass timber elements, specified for
DLT. Furthermore, the interaction of forestry and production industries on the one hand
and the researcher, planner, and client on the other is shown. Figure 11.2 shows that most of
the well-known CLT production stages can in principle be converted to DLT without great
effort. Even though, the production of the DLT test specimens according to Tables 4.6 and
4.7 was characterized by labor-intensive processes, Holzbau Unterrainer GmbH managed to

introduce diagonal layer arrangements into their production lines.

As it is for CLT, the single boards are finger-joint to endless lamellas The next step—cutting
the endless lamellas according to the joinery plan—requires the input of the planners and
researchers (marked with (1) within Figure 11.2). The planners forward the project-specific
layer dimensions and arrangements to the producer (see Chapter 11.1).

Afterwards, the cutting of the lamellas is carried out (see (2) in Figures 11.2 and 11.3).
For the production of the test specimens, the lamellas were numbered according to manually
created CAD models and were individually mitered. In a standard saw (2), however, this
process can be carried out automatically (Holzbau Unterrainer GmbH). In this case, every
second board cut from the endless lamella serves as a board in the oppositely oriented layer
of the antisymmetric laminates, in order to minimize cutoffs. At best, the dimensions and
layer arrangements of the individual plate element are stored in a 3D model and provided
by the planers.

After the cutting, the assembly of the specific layup is initiated by placing the individual
boards side by side on the alignment table (3) forming solid wood layers. Until now, this
process is carried out manually, even though an automation would be possible. The lifter
with the vacuum suction heads picks up the boards of a whole layer and places them on the
adjacent production line of the press (4). Every layer of the later CLT or DLT element is
sprayed with an adhesive and afterward pressed together with a hydraulic or vacuum press.

Then, the panels are cut to size, milled, and finished as required (4).
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Fig. 11.2: Production processes of CLT and DLT and their interaction to the input by researchers and planers
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(2) automated cutting according to the joinery plan

— - P - i
(4) pressure application, planing and cutting to DLT plate elements, and packing

Fig. 11.3: Stages within the CLT and DLT production of Holzbau Unterrainer GmbH
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11.2 Further research tasks regarding the practical implementation of DLT

The overall aim of this thesis was the study and further development of the building product
DLT and to make a contribution to towards its maturity for application. Before a detailed
summary of the results achieved so far is given (Chapter 12), future research needs are to be
addressed. Needs for further research became already apparent and were partly addressed
within the previous Chapters.

At the regulatory level, the main objectives for new building and construction products
are to achieve the technical and regulatory requirements according to the Construction
Product Regulation (CPR). On an organizational level, the development of a construction
product and its successful implementation on the market can be summarized in four stages
(Figure 11.4). These form a coherent cycle, which strives for constant optimization and
interaction. The aim is to show which steps towards market maturity have already been
taken with this thesis and which still need to be taken.

Conceptualization:

This stage includes the development of innovative concepts and new configurations.
Regarding Figure 11.2, this stage is related to researchers and planners, based on the needs
of the production industries and clients. In terms of DLT, this stage is related to layups and
material properties.

With this thesis, the product DLT was defined and the expected benefits were addressed.
Different configurations regarding layups and layer arrangements were presented. Future
research may address additional configurations using hardwood lamellas for diagonal or
crosswise arranged layers. Regarding environmental relevance and sustainability, the usage
of biodegradable adhesives may be considered for the production of DLT. Currently, DLT
is not covered by EAD 130005-00-0304, due to the orientation of individual layers deviating
from 0 and 90° to each other. A future goal should be a new EAD document or the extension
of EAD 130005-00-0304 towards laminated mass timber elements featuring diagonal layer

arrangements.

Conceptualization \

Characterization

Assembly on site DLT and evaluation

and case-studies

\ Design guidance and /

manufacturing

Fig. 11.4: Stages of product development and the implementation on markets
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Characterisation and evaluation:

This stage includes the characterisation and evaluation of the product performance at the
component level. This stage is applicable to researchers and planners as well as to the
producers. The main task is the characterisation and evaluation in terms of data acquisition
from experimental and numerical investigations. In general, this stage is concerned with how
well DLT fulfills the seven essential requirements for construction products according to
the CPR. By now, DLT was characterized regarding its stiffness properties and the related
deformation behavior. Additional numerical investigations served as indicator on stress
distribution undergoing concentrated loading due to point-supports. Additional experimen-

tal investigations should cover:

- Punching shear test on 5-layered and 7-layered DLT and CLT series, with and without
reinforcement. This could help to quantify the failure mechanisms regarding punching
shear and the positive effects of the diagonal layer arrangements on the stress distribu-
tions in case of concentrated load application. Anyway, reinforcement measures might
be required for the construction of point-supported slabs with larger spans or point-
supported slabs under higher loads, than the ones investigated.

- Additional in-plane and out-of-plane shear tests on a larger number of specimens
should be carried out to determine shear strength properties.

- The analytical studies on the long-term deformation behavior are promising. How-
ever, long-term experiments are necessary to prove these indications. The proposed
experimental long-term test setup (Chapter 8.4.2) should be considered within these
investigations.

- Investigations on the fire resistance and dimensional stability under different climatic
conditions should be carried out.

- Further experiments should also investigate vibrations of CLT and DLT slabs under
biaxial bending. These results may also lead to findings regarding the sound-insulation

criteria.

In addition to the centric and multiple point-supported slab, the results of the analytical,
mechanical, and numerical investigations promise further advanced application areas for
DLT, which should be characterized and quantified.

The additional layers arranged under for example +45° my further provide improved
load-bearing capacity towards rigid plate joints. As previously mentioned, the segmenta-
tion of DLT slabs and the load-bearing capacity of resulting joints need to be investigated
analytically and experimentally (STIEB ET AL 2023).

Regarding openings and notches in deep beam elements or beam elements acting in the
in-plane stress state, the in-plane shear stiffness of DLT promises improved load-bearing
capacity (Figure 11.5, left). By arranging layers at 45° or 60°, for example, the diagonal
layers act as trusses between which openings can be integrated into the plane element (also
see BEJTKA 2011). In the case of openings and notches in slabs, the diagonal layers may act

as reinforcement analogous to reinforced concrete structures (Figure 11.5, middle).
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Fig. 11.5: Deep-beam with openings (left), plate elements with opening and notches (middle), and segmentation
and joints of DLT slabs (right)

Design guidance manufacturing:

The production of the DLT test specimens within the standard CLT production has already
demonstrated that production of DLT elements can be integrated into existing production
lines without additional machinery due to the resemblance of the manufacturing processes.
The future goal is the production of a large number of DLT specimens on industrial scale
in order to achieve economic efficiency. The objective must be that additional costs due
to planning and production efforts for DLT are compensated and exceeded by material
savings compared to CLT cross-sections. Furthermore, strength verification methods given
in current codes and standards need to be transferred to DLT, in particular regarding the

specific reduction factors.

Assembly on site and case-studies:

The construction steps on site using DLT do not differ from those for CLT. The construction
of a reference building using DLT elements in addition to CLT elements should therefore
be the goal. Further studies and measurements could then be carried out on the reference
object (for example with regard to vibrations and deformations). The outcomes and experi-
ences of stage 4 provide the basis of future research and thus create the newly input to
stage 1 (Figure 11.4). This input can include proposals for novel products or suggestions for

improvement of the existing ones (see also research project INNOTLT 2023-2026).
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12 Summary

The overall aim of this thesis was to extend the development of a new timber laminate,
optimized for plates under biaxial bending and concentrated loading, as required for point-
supports. The presented work aims to provide a proof of concept and detailed results for the
realization of the idea of future mass timber elements made from softwood featuring improved
stiffness properties by optimized layer arrangements. In particular, DLT was characterized
with respect to its mechanical properties as a laminate. Different layups of conventional CLT
were compared to their DLT counterparts regarding the effects of diagonal layer arrange-
ments on the stiffness properties by means of theoretical, analytical and numerical investi-
gations. Therefore, analytical and experimental approaches already available for CLT were

expanded and transferred to DLT.

The mechanics of composite materials featuring moderately thick and orthotropic layers
were derived. The derived stiffness matrices formed the basis of the analytical studies. The
stiffness properties of different series of CLT and DLT elements were derived by a number
of different experimental investigations. For the mechanical experiments, test specimens for
various series, featuring different layups were developed and produced.

The out-of-plane shear properties of CLT and DLT were determined by means of small-
scale shear tests. The investigated stiffness values were compared to the different analytical
solutions and numerical models. In order to derive statements regarding the suitability of
DLT for uniaxial load transfer, the bending stiffness of DLT was determined by four-point-
bending tests and compared to analytical solutions, taking into account shear deformations.
The torsional stiffness of CLT and DLT was studied by means of extensive analytical,
experimental, and numerical investigations. Parameter studies on the layer arrangements
were carried out. Subsequently, statements on the long-term deformation behavior under
biaxial bending were derived. Chapter 9 contains preliminary considerations and different
tactile experiments for the determination of the in-plane shear stiffness properties of DLT.
Although the focus of this thesis prioritized the out-of-plane stiffness properties of mass
timber elements, the in-plane shear stiffness parameters were determined by means of
diagonal shear compression tests.

By the comparison of CLT to DLT using numerical 2D and 3D models on different real-
scale static systems of point-supported slabs the benefits of DLT were quantified regarding
deformations and homogenization effects around concentrated load-application. Within the
previous Chapter, future research needs, in order to achieve maturity for application for
DLT, were addressed.

The main outcomes of the analytical, experimental and numerical investigations achieved

are given in the following:
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Out-of-plane shear stiffness

Based on investigations in this thesis on the out-of-plane shear properties, for laminates with
3 to 7 layers of the same thickness each, the introduction of shear correction coeflicients is
mandatory. When determining the out-of-plane shear stiffness of DLT in the course of the
experimental, analytical, and numerical investigations one finding was that shear correction
coefficients &, based on transformed engineering constants provide realistic values within
the analytical solutions following the laminate theory. It was found, that within previous
version of common 2D FE tools, e.g. RF Laminate, an possible overestimation of the out-of-
plane shear stiffness values of DLT occurred, since transformed and reduced stiffness terms
were used within the calculation of shear correction coefficients, and not the transformed
engineering constants (also see flowchart in Appendix A2). This needs to be further inves-

tigated.

- The out-of-plane shear stiffness values refer to the entries E_, E_, and E, of the
ABD-E stiffness matrix. According to the laminate theory, the out-of plane shear
stiffness of the DLT+45° D3 series (£ = 100 mm) in y direction is much higher than
of the CLT O1 series (¢ = 100 mm), while the values in x direction remain in a com-
parable range (S5, ,; = 7.68 MN/m to S = 7.96 MN/m; and S . = 12.86 MN/m
to S, = 4.89 MN/m).

- The out-of-plane shear stiffness values of DLT can also be determined analytically
in x direction by the Shear Analogy Method. Therefore, the respective values of the
shear moduli are applied as a function of the fibre orientation to the global x axis (for
example G, = 94 MPa for spruce T14). These shear stiffness values of DLT in x di-
rection provide good correlation to the values according to the laminate theory using
shear correction coefficients. This is not fulfilled for the out-of-plane shear stiffness in
y direction, due to assumptions of linearly distributed shear stresses over the cross-
section. The Shear Analogy Method therefore underestimates the shear stiffness values
of DLT in y direction.

- The experimental results on the 5-layerd DLT series, gained by shear test on three
inner layers, provided good correlation in x direction to both analytical approaches.
The out-of-plane shear stiffness of the 5-layered CLT O1 series on the other hand were
much higher, than the analytical approaches. The very high experimental results of
the O1 series in x direction could indicate a measurement error. Also, the O1 series in
x direction is the only series featuring two layers oriented under 90° within the three
inner layers (shear area), which is contrary to an actual homogeneous distribution of
the shear stress over the inner layers. This needs to be further investigated.

In y direction, the experimental values are quite inconsistent and differ from the
analytical and numerical solutions for both, the CLT and DLT series. The experi-
ments therefore failed to point-out the increase in shear stiffness in y direction due

to diagonal layer arrangements. The experiments showed deformations at the load-
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introduction areas of the specimens. It is therefore questionable, whether the chosen
experimental test setup is suitable for the determination of the actual out-of-plane
shear stiffness of DLT in y direction.

- Alternatively, experimental results could be gained by shear-bending tests according to

EN 16351 or according to EN 408, using steel lamellas for load-introduction.

Bending stiffness

The unidirectional bending properties of DLT depend on the chosen layup. Which means,
that the arrangement of DLT can be adopted in order to provide maximum bending stiffness
values in x direction (see uDLT specimens), or in order to achieve a high ratio of homogeni-
zation (see Chapter 10.3).

- The bending stiffness of the elements is determined by the laminate theory and can
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Torsional stiffness and effective torsional stiffness

Based on investigations in this thesis the increase in torsional stiffness due to diagonal layer

arrangements is significant and therefore one of the main benefits of DLT.

- The torsional stiffness values va are obtained from the ABD stiffness matrix

(entry D). B, of the 5-layered DLT=+45° D3 series (¢ = 100 mm) is increased by 60
% on average compared to the conventional CLT O1 series and by 45 % on average for
the DLT+30° D4 series. Comparing the 7-layered DLT+45° D9 series (¢ = 140 mm),
featuring four diagonally oriented layers, to CLT O8 series (¢t = 140 mm) the torsional
stiffness B_ is increased by 70.6 %.

Consideriné deformations from uniaxial bending and out-of-plane shear, as well as
the static system regarding the plate dimensions dz/dy/t, effective torsional stiffness
values BX%CH are achieved. The values are needed to determine deformations under a
combination of both, bending and shear in two directions.

therefore be taken from the entries D and D,,. The bending stiffnesses in x direction
B_of the DLT445° D3 series is increased by 6.6 % compared to CLT O1 series and
by 14.2 % for DLT+30° D4 series. On the other hand, the bending stiffnesses in the y
direction By are decreased by 56.4 % for D3 series and by even 73.6 % for D4 series in
comparison to the CLT O1 series.

Comparing the uDLT=+45° D1 series also used for the experimental investigations
(t = 200 mm) to the CLT O5 series (¢ = 200 mm), the bending stiffness is increased
by 7.6 % in x direction and decreased by 39.9 % in y direction.

- Taking into account the shear deformations and the static system regarding the ratio
I/ d, effective bending stiffness values B and By,eH can be calculated using the method
of consistent deformations. These values are, among others, needed, for the compari-
son to global stiffness values following experimental investigations and comparable
thick cross-sections undergoing high shear deformations.

The experimental investigations on the bending stiffness follows four-point-bending
tests according to EN 16351, seems to be well suited for investigations on DLT.
Following the analytical approach, the local bending stiffness B, of D1 series is
6.35 MNm?/m. This value appears to be higher by 0.70 MNm?/m than the mean value
B ., = 5.65 MNm?/m achieved in mechanical testing.

The effective bending stiffness B_ of D1 series, following the analytical approach,
appears to be 5.95 MNm?/m (conSidering the span of [ = 4.6 m and a = 1.5 m of the
four-point bending tests). This value differs by 0.61 MNm?/m to the experimental

determined effective (global) bending stiffness B 5.34 MNm?/m).

x,effexp (
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- Based on investigations in this thesis, the analytical determined torsional stiffness
values and effective torsional stiffness values are consistent with the experimental de-
termined values according to the proposed biaxial bending test for the 5-layered CLT
and DLT specimens with ¢ = 100 mm and ¢ = 200 mm.

- Regarding the experimental investigations within the plate dimension dz = dy = 1.0 m,
increase in the effective torsional stiffness within of DLT elements compared to the
CLT elements is undeniable. Compared to the 5-layered CLT series O1 and O5 with
an thickness of 100 mm and 200 mm, the effective torsional stiffness B_ . of DLT+45°
elements is increased 32 % on average. For DLT+30° the increase is 25"% on average.

- A parameter study shows that the board width has a noticeable influence on the effec-
tive torsional stiffness for board widths w < 160 mm. For board widths w > 180 mm,
the torsional stiffness of CLT and DLT with edge-gluing is the same as for CLT and
DLT without edge-gluing.

In-plane shear stiffness

The advantages of DLT over CLT in terms of in-plane shear stiffness appear to be another

benefit of diagonal layer arrangements.

- The in-plane stiffness refers to the entry A, of the ABD matrix and therefore refers
directly to the laminate theory. It is important to keep in mind, that within the lami-
nate the assumption of the UD layer with ideally straight fibres are valid. Gaps or
stress-reliefs between the boards can not be considered within the laminate theory.
The in-plane stiffness values therefore refer to the sum of the transformed stiffness
terms ZQU. of the UD layer, multiplied by the respective thickness.

- Following the laminate theory, the in-plane shear stiffness ny of DLT445° D3 series is
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increased by 123.8 % compared to CLT O1 series and by 91.3 % for DLT+30° for D4
series. These ratios are based on the assumption of the continuous and ideally straight
UD layer.

- The analytical values reflect the relation in the stiffness change as a result of the rota-
tion of individual layers. However, the comparison of the experimental results and the
analytical values should be viewed with caution, which is also reflected by the large
number of different available test methods and approaches.

- Comparing the results of the shear frame testing to the results of the shear compression
testing reveals a discrepancy in the in-plane shear stiffness for the orthogonal CLT O1
series of AD_ = 7.74 MN/m. The value of the shear frame test (D, = 24.30 MN/m)
is therefore by 31.9 % smaller compared to the in-plane shear stiffness determined us-
ing the shear compression test (D_ = 32.04 MN /m).

- The analytical stiffness value of the CLT O1 series of 17.25 MN/m is 40.9 % lower
than the value determined in the shear frame test and 85.7 % lower than the value
determined by the shear compression test. Thus, the analytical approach according
to DIN EN 1995-1-1/NA appears to be somewhat conservative and approximate for
non-edge-glued CLT and DLT, also reflecting the findings of (BRANDNER ET AL. 2017).

- The experimental investigations resulted in an increase of 83.6 % for the DLT D3 series
compared to the experimental in-plane shear stiffness value of the CLT O1 series. For
the DLT D4 series the increase of the experimentally determined in-plane shear stiff-
ness is 32.0 % compared to the CLT O1 series. Comparing the experimental values of
DLT D3 and D4 series to the analytical in-plane shear stiffness value of CLT O1 series
results in an increase of 159.7 % (D3) and 85.9 % (D4).

- Due to the small number of tactile tests carried out, the results of the experimental

investigation are only of limited validity. Further investigations need to be carried out.

Deformation behavior and stress distribution

The deformation analysis of the different DLT and CLT layups have shown that in the
majority of the static systems, the influence of the bending and shear stiffness values becomes
dominant for the resulting total deformation. The torsional stiffness in the form of diago-
nally arranged layers should be added as an additional benefit so that the distribution of the
bending deformation in x and y remains as homogeneous as possible. Due to this, the termi-
nology "ratio of homogenization" with respect to the number of layers oriented diagonally
or crosswise in relation to the overall number of layers, was introduced. In addition, and by
adapting the orientation of single layers regarding the respective static system and loading,

the term "application-optimized" laminated timber element was introduced.

Mechanical Properties of Diagonal Laminated Timber
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- In conclusion, the deformations of the chosen 5-layered DLT+45° series D7 (¢
= 150 mm) are much higher for point-supported slabs (up to +56.3 %) and systems
mainly undergoing uniaxial bending in y direction (up to +118.5 %), than of the
5-layered CLT O7 series. This is due to the comparable low bending stiffness of the D7
series in y direction (B, = 0.32 MNm?/m vs. B_,, = 0.73 MNm?/m).

- For static systems mainly undergoing uniaxial bending in x direction the deformations
are in a comparable range, mirroring the similar bending stiffness in x direction of the
chosen DLT and DLT series (B, ,, = 2.65 MNm*/m vs. B_,. = 2.48 MNm’/m).

- For static systems governed by tbrsional moments, the comparable high torsional stiff-
ness of the DLT D7 series leads to smaller deformations compared to the 5-layered
CLT O7 series (up to -41.0 %) (B _p,, = 3.16 MNm*/m vs. B_ . = 1.94 MNm*/m).

- Adding two additional cross-layers achieving 7-layered series D8 and O8 (¢ = 140 mm),

o7

results in smaller deformations for the DLT series compared to the CLT series for point
-supported slabs (up to —13.5 %) and for systems mainly undergoing uniaxial bending
in y direction (up to —12.0 %). This is due to the comparable low spread of the bend-
ing and shear stiffness values between the D8 and O8 series (B ,, = 0.84 MNm’/m,
S, s = 8.05 MN/m vs. B o, = 0.79 MNm?/m, S o, = 8.31 MN/m).
The 3D FE models indicated homogenization effects for the stress distributions within DLT
elements—especially regarding out-of-plane shear stresses around concentrated load-appli-
cation. This is remarkable, given that the DLT+45° D8 series also experienced smaller defor-
mations than the CLT OS8 series for point-supported slabs. The results therefore indicate a
slightly higher load-bearing capacity of point-supported DLT slabs compared to CLT slabs
and offers interesting prospects for future research.

However, the stress distribution in combination with low deformations due to uniaxial
and biaxial bending, may lead to brittle and sudden failure mechanisms of the DLT when
reaching the ULS. The question of whether, and to what extent, the observed stress homog-
enizations due to diagonal layer arrangements reduce the need for additional reinforcement
around point-supports cannot be answered from the investigations to date. Future experi-
mental investigations such as punching shear test on 5-layered and 7-layered DLT and CLT
series could help to quantify the failure mechanisms and the positive effects of the diagonal

layer arrangements on the stress distributions in case of concentrated load application.

Based on these investigations and findings, the potential of DLT becomes more obvious. DLT
promises potential to increasing the efficiency of laminated mass timber elements—efficient
regarding optimized mechanical properties, regarding the use of the valuable resource timber,

and regarding the realization of demanding constructions, such as point-supported slabs.
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Appendizx

A1l: DERIVATION OF THE TRANSFORMED STIFFNESS TERMS AND ENGINEERING CONSTANTS IN NON-

PRINCIPAL DIRECTIONS

200

The derivation of the transformed stiffness terms can be taken exemplarily from (SCHICKHOFER

1994) or (Jongs 2014) (Equations (Al) to (A9)).

Q11 = Q1 cos* 0 + 2(Qq2 + 2Qqg) sin? § cos? 6 + Q,, sin* 6

Q12 = (Qq1 + Qzy — 4Qgg) sin? B cos® B + Q5 (sin* B + cos* )

Q2 = Qiysin* 8 + 2(Qq, + 2Qge) sin? B cos? B + Q,, cos* 6

Qus = Q11 — Q12 — 2Q6) sin B c0s* 6 + (Qq2 — Q22 + 2Qge) sin* 6 cos §
Qa6 = (Q11 — Q12 — 2Qg6) sin® B cos 6 + (Qq, — Q22 + 2Qe) sin 6 cos® 6
Qo6 = Q11 + Qa2 — 2Qq2 — 2Qgg) sin® B cos? B + Qg4 (sin* 6 + cos* §)
Q55 = Q55 c05% 0 + Qqq 5in? O + 2Q45 cos H sin

Q45 = Qu5(cos? 6 — sin? 0) + (Q4q — Qss) cos O sin O

Q44 = Qq4 €05% 0 + Qs 5in? 6 — 2Qs6 cos O sin O

Equations (A10) to (A14) give the engineering constants in non-principal directions.

1 1 2 1 -
E,(6) = |—cos*6 + | — — = | sin? @ cos? 6 + —sin* @
E, ny " Ey

1 1 2 1 -
—sin*0 + (— - ﬂ) sin 6 cos? 6 + —cos* # ]
E, ny " Ey

E,(0) =

-1

[ (2 2 4y 1 1
Gyy(6) = _2 (— + E_y =2 G_xy> cos?fsin®6 + . (cos*Bsin*6)

E, E, xy
1 AV
Gy, (0) = |— c0s20 + sin?g - 22
_Gyz Gyz |

\éhlxh

N IN

—
AN

[ 1
Gy, (0) = G—<c0520 + sin?@ -
| V' XZ

(A10)

(A11)

(A12)

(A13)

(A14)
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A2: DERIVATION OF THE OF THE ABD-E MATRIX

Appendix

Equation (A15) gives the extensional stiffness terms, Equation (A16) gives the bending-

extension coupling stiffness terms, Equation (A17) gives the bending stiffness terms, and

Equation (A18) gives the shear stress-strain coupling stiffness terms.

In addition, Figure A1l gives the flowcharts for the determination of transformed elastic

coefficients and laminate stiffness matrices.

t/2 n
Ayj = f Qij dz = Z[Qij]k' (2 = 2k-1)
-i/2 k=1
t/2 &
B = f Qij z dz = EZ[Qij]k' (2* = 23-1%)
-i/2 k=1
t/2 L&
Dij = f Qj 7* dz= §Z[Qi}']k' @’ = zk1°)
-i/2 k=1
t/2 n
Eij=kiz - f Qij dz = k{q'Z[QU]k' (Zk = 2e-1)
-i/2 k=1

(A15)

(A16)

(A17)

(A18)

(El Engineering_ cqnslants Ei, Bz viz, Gz
referred to principal axes

o]

Q)2 [S)i.z Mathematical constants

Fiber orientation
equal

- [, 8L, DL,
£(6) |

G,(0) Transformed engineering constanis ' B T .

" JEEREEEY =110/

--------- - ABD-E stiffness matrix

T Location of layer k and
[ shear correction coefficients

@ . g S Transformed Location of layer k surfaces
by |g-— 1Slsy mathematical constants

Laminate stiffness matrices referred to
x-z and y-z system.

Engineering constants of unidirectional layer

Principal layer stifinesses

Fiber orientation of layer k

Transformed layer k stiffnesses referred
{0 x-y system

Laminate stiffness matrices referred to
X-y system

Fig. Al: Flowcharts for the determination of transformed elastic constants (left) and laminate stiffness
matrices (right) bades on DANIEL AND IsHAI (2006), extended by own findings (dashed lines)
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A3: TABULAR CALCULATION OF SHEAR CORRECTION COEFFICIENTS

202

Table A1 provides the calculation of the shear correction coefficients and out-of-plane shear

stiffness values according for O1 series in tabular manner (¢ = 100 mm; 20-20-20-20-20; [0°,

90°, 0°, 90°, 0°|,; spruce T14, EN 338).

Tab. A1l: Shear correction coefficients for O1 series:

=t Ziu Ziu Zimin \2
. g Zkmi “([ES],,’
o | E, u (s Y sy [ sz Ly BT
g — g Zio G
k=1 i
S Yy LS y X Yy X Yy X Yy
-50
1 20 0 | 110719 3724 -8.8576E+09 -2.9794E+08 | -8.8576E+09 -2.9794E+08 5.9169E+20 6.6944E+17 | 8.5752E+14  1.3389E+13
-30
2 20 90 370.0 11000.0 -1.4800E+08 -4.4000E+09 | -9.0056E+09 -4.6979E+09 1.5999E+21 1.9692E+20 | 3.1998E+16 2.85396E+14
-10
3 -5.5360E+08  -1.8621E+07| -9.5592E+09 -4.7166E+09 | 8.7911E+20 2.2187E+20 | 1.2741E+15 4.43749E+15
— 20 0 | 110719 3724 0
3 -5.5360E+08 1.8621E+07| -9.5592E+09 -4.6793E+09 sym. sym.
10
4 20 | 90 370.0  11000.0 -1.4800E+08 -4.4000E+09 | -9.0056E+09 -4.6979E+09
30
5 20 0 |[11071.9 3724 -8.8576E+09 -2.9794E+08 | -8.8576E+09 -2.9794E+08
50

2 6.8259E+16  9.4725E+15

Vk, 54516 6.2563
k, 0.183 0.160
S, [MN/m] 7.961 4.891

Table A2 gives the calculation of the shear correction coefficients and out-of-plane shear
stiffness values for D3 series in tabular manner (¢ = 100 mm; 20-20-20-20-20; [0°, 45°,

90°,-45°, 0°|, ; spruce T14, EN 338).

Tab. A2: Shear correction coefficients for D3 series:

i1 Ziu Ziu Zkmin y2
. g ES
I — (Esizern > tesizen [ s oy )’
’ =1 ' o Gi
X y X y X y X y X y
-50
1 20 0 |[11071.9 3724 -8.8576E+09  -2.9794E+08 | -8.8576E+09 -2.9794E+08 5.9169E+20 6.6944E+17 | 8.5752E+14  1.3389E+13
-30
2 20 | 45 958.4 958.4 -3.8334E+08 -3.8334E+08 | -9.2409E+09 -6.8128E+08 1.6496E+21 5.6804E+18 | 1.7691E+16 6.10163E+13
-10
3 -1.8621E+07  -5.5360E+08| -9.2595E+09 -1.2349E+09 8.5624E+20 1.1305E+19 | 1.7125E+16 1.63836E+13
——1 20 | 90 3724 11071.9 0
3 -1.8621E+07  5.5360E+08| -9.2595E+09 -1.2768E+08 sym. sym.
10
4 20 | -45 | 9584 958.4 -3.8334E+08 -3.8334E+08 | -9.2409E+09 -6.8128E+08
30
5 20 0 | 11071.9 3724 -8.8576E+09  -2.9794E+08 | -8.8576E+09 -2.9794E+08
50

S 7.1347E+16  1.8158E+14

Vk, 42097 1.5185
k, 0238 0.659
S, [MN/m]  7.680 12.861
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A4: INPUT PARAMETERS FOR THE FE MODELS

Table A3 summarizes the most important input parameters for the FE models in tabular
manner. The order of the models are given in the row 1 and follows the order of the
numerical investigations in in this thesis. The boundary conditions of the static systems are

described within the respective chapters.

Tab. A3: Input parameters for the FE models

*bond
model software element mesh mesh mesh
. . . solver | between the
and Chapter version type size generation refinements
layers
out-of-plane . automatic, | load-introduction
Ansys, Solid 186, t/3 . . . . type
shear tests, ' quadratic points iterative .
2022 R1 20 nodes (6.67 mm) ) composite
Ch. 6.2.2 functions and screws
biaxial . . ) automatic, . .
. Ansys, Solid 186, "min ¢ /2 . load-introduction . type
bending tests, ! quadratic . direct .
2021 R1 20 nodes 10 mm . points composite
Ch. 7.3.2 functions
uniaxial 3-point . . ) automatic,
R Ansys, Solid 186, min ¢/2 i . . type
bending tests, N quadratic no iterative .
2021 R2 20 nodes 10 mm . composite
Ch. 8.3.1 functions
real-scale 2D
models for Serendipity X
. Dlubal, . yes, adaptive . . o
deformation elements 50 mm automatic . iterative rigid
. RFEM 5.24 (automatic)
analysis 8 nodes
Ch. 10.1
real-scale 3D
models for . . ) automatic, . .
Lo Ansys, Solid 186, min t/2 . load-introduction | | . type
stress distribu- ! quadratic . iterative .
K X 2022 R1 20 nodes 10 mm . points composite
tion analysis functions
Ch. 10.2
'Additional mesh-convergence studies were carried out for mesh sizes between 5 to 20 mm
No contact was defined between the narrow sides of the single boards
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ADb: ADDITIONAL RESULTS OF THE FOUR-POINT BENDING TESTS

Table A4 gives the local and global moduli of elasticity E* according to Equations (1) and
(2) within EN 408, as an additional result to the four-point bending test (EN 16351). The
given moduli of elasticity refer to the cross-section of D1 series only. The global modulus of
elasticity is calculated with the equivalent shear modulus, considering the shear stiffness S
according to the analytical solution (G = S_/A = 28.08 MN / 0.12 m? = 234 MPa).

In addition the load-deformation curves measured by the displacement transducers (w

local

and wglobal).

Tab. A4: Local and global MOE following the four-point bending tests on D1 series (left) and load-deformation
diagram of the local and global displacements.

EN 408

E*local E*global !
[MN/m?| [MN/m?|
8358.48 8131.90
9246.89 9151.22
8473.94 8536.98 .

4
8648.51 9265.69 =
8992.17 8655.73
8245.54 7883.43
8379.07 7980.97
8044.51 8047.53
7975.09 7831.13 0 L
0 5 10 15 20 25
9195.50 9222.50 w [mm]
'with equivalent shear modulus G = 234 MN/m?

Determination of effective bending stiffness values following four-point bending tests:

2 _ 443 3. . 3
B, = 3al’ ~ 4a WEI+GA=3al F+6(1 F_Fi (AL9)
12,(2.M_6_a) 24B, ' 55, 6B,
F 35S,
3
5 ([0 4 (0 FeE-(3()-4(9))
I ) (7)-+0)
W= 24 24Bx,eff (AQO)
WEI+64 = W
3
3l F 6a-F F&’ F-Pra yitho= (3(%)_4@) ) (A21)

24B, ' 55, 6B, 24B, o1

1 3a ; 144a a’
Bx,eff_Bx'l'a 58, B-a 4Bx-l3-a
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A6: COMPUTATIONS OF COMPRESSION AND TENSION FORCES WITHIN A SQUARE ELEMENT UNDER DIAGONAL
COMPRESSION

Figure A2 reveals the stress trajectories and isoclinics of a square element under diagonal

compression following (FrocHT 1931).

Y
w8 F
B

8 ')

S

>
A
N

&h F’
AW
]

) & N
ISR )

1 Y] #2 .3 ¢ 5 é 7 .8 -9 2
X

- J—

Fig. A2: Stress trajectories (heavy lines) and isoclinics (light lines), FRocHT 1931

Table A4 gives the values of the tension and compression forces for the axes of symmetry in

reference to (FrocHT 1931).

Tab. A5: Tension and compression forces for the axes of symmetry within a square element

r , a,

</ tension P compression ) tension P compression @
' F/h F/h F/h F/h

0.0 0.3668 -1.1900 0.3668 -1.1900
0.1 0.3520 -1.1300 0.3593 -1.2040
0.2 0.3100 -0.9850 0.3379 -1.2530
0.3 0.2510 -0.8000 0.3025 -1.3420
0.4 0.1860 -0.6130 0.2573 -1.4800
0.5 0.1250 -0.4730 0.2048 -1.7000
0.6 0.0741 -0.2600 0.1492 -2.0540
0.7 0.0380 -0.1270 0.0950 -2.6700
0.8 0.0151 -0.0498 0.0476 -3.9360
0.9 0.0045 -0.0170 0.0134 -7.7900
1.0 0.0010 0.0116 0.0000 00

example: 2h = 1.6 m; d,/2 = r = 0.25 m; Copy = ~1.337
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Appendix

AT: STIFFNESS MATRICES OF THE CHOSEN CLT AND DLT ELEMENTS FOR THE DEFORMATION ANALYSIS AND
STRESS DISTRIBUTION ANALYSIS

In the following, the stiffness matrices used within the real-scale FE models are given
(Equations (A15) to (A19)) (for spruce T14, EN 338).

CLT O7 series, t — 150 mm; 30-30-30-30-30; [0°, 90°, 0°, 90°, 0°].;

[1017.00

21.19

O OO O OO

21.19
696.68
0

(=N eNeNe N

10

0
—2.484
—0.040

0

0

0

0

0

0
—0.040
—0.730

0

0

0

|
o
ocopmpoococoo

11.94.

[=NelelolNoNo Nl

CLT O8 series, t = 140 mm; 20-20-20-20-20-20-20; [0°, 90°, 0°, 90°, 0°, 90°, 0°].;

[906.60
19.78

[ NN N N

19.78
693.00
0

O OO oo

0
0
96.60

0
0
0
0
0

0

0

0
—1.822
—0.032

0

0

0

0

0

0
—0.032
—0.790

0

0

0

0
0
0
0

0

—0.102557

0
0

DLT D7, t = 150 mm; 30-30-30-30-30; [0°, 45°, 90°,-45°, 0°]:

[Q]

[891.40
146.90

—4.806
0

0

146.90
570.90
0
0
0
—4.806
0
0

0 0 0 —4.806

0 0 0 —4.806
229.24 —-4.806 —4.806 0
—-4.806 -2.650 -—0.162 0
—-4.806 -0.162 -0.318 0

0 0 0 —0.316

0 0 0 0

0 0 0 0

SO OO OO

11.52
0

woOoOooocooo

=

=NeNeNeNoNoNe]

19.29

(A22)

(A23)

(A24)
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DLT D8, ¢ = 140 mm; 20-20-20-20-20-20-20; [0°, 90°, 45°, 0°, ~45°, 90°, 0°];

'823.78 103.61 0 0 0 -2136 0 0
103.61 609.14 0 0 0 —2136 0 0
0 0 18043 -2136 -2136 0 0 0
| o 0 -2136 -1701 —-0069 0 0 0
i=| 0 —2136 —0069 —0839 0 0 0 (A25)
2136 —2136 0 0 0 —0194 0 0
0 0 0 0 0 0 1165 0
0 0 0 0 0 0 0 805
DLT D9, ¢ = 140 mm; 20-20-20-20-20-20-20; [0°, 45°,-45°, 90°, 45°,-45°, 07];
173890 187.40 0 0 0 —2136 0 0
18740 52530 0 0 0 -2136 0 0
0 0 26426 -2136 -2136 0 0 0
| o 0  -2136 -1.906 —-0206 0 0 0
l=| 0  -2136 -0206 —0360 0 0 0 (A26)
—2136 -2136 0 0 0 —0331 0 0
0 0 0 0 0 0 1123 0
0 0 0 0 0 0 0 1422
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Appendix A8 summarizes the layups of the series investigated (analytical, experimental,
and numerical) within this thesis and gives radar charts on their stiffness values (for spruce
T14, EN 338). The radar charts provide a qualitative comparison of the bending, shear,
and torsional stiffness values of each series. The maximum values of the respective stiffness

parameters define the reference values within the charts for each series of the same thickness.

In addition, Tab. A6 summarizes the stiffness parameters of each series.

Tab. A6: Stiffness properties of O1, D3, D4, 05, D5, and D6 series (spruce T14)

series t [mm| BX [MNm?/m] BV [MNm?/m| Bxy [MNm?/m] sz [MN /m]| sz |MN/m]|
o7
100 0.74 0.22 0.12 7.96 4.89
CLT
D3
100 0.79 0.09 0.19 7.68 12.86
DLT+45°
D4
100 0.84 0.06 0.17 9.52 10.33
DLT+30°
05
200 5.90 1.73 0.92 15.92 9.78
CLT
D5
200 6.29 0.76 1.50 15.36 25.72
DLT+45°
D6
200 6.73 0.46 1.36 19.03 20.66
DLT=+30°

Appendix
t 20-20-20-20-20

i

o, 0°, 90°,0°, 90°, 0°

i

i

t 20-20-20-20-20
0. 0°, 45°, 90°,-45°, 0°
45°
-45°
t 20-20-20-20-20
6, 0°, 30°, 90°,-30°, 0°
30°
-30°
t 40-40-40-40-40
0. 0°, 90°,0°, 90°, 0°
t 40-40-40-40-40
6, 0°, 45°, 90°,-45°, 0°
450
45°
b 40-40-40-40-40
6, 0°, 30°, 90°,-30°, 0°

30°

B}’

S, S,
B}’

S}’
B.

211
CLT O1
t =100 mm
BXy = 0.12
B, = 074
By = 022
Sy = 796
Sy = 4.89
DLT D3
t =100 mm
BXy = 0.19
B, = 079
By = 0.09
Sy = 7.68
Sy = 12.86
DLT D4
t =100 mm
Bxy = 0.17
B, = 084
By = 0.06
Sy = 952
Sy = 10.33
CLT O5
t =200 mm
BXy = 092
B, = 590
By = 1.73
Sy = 1592
Sy = 978
DLT D5
t =200 mm
Bxy = 1.50
B, = 629
By = 0.76
Sy = 1536
Sy = 2572
DLT D6
t =200 mm
BXy = 1.36
B, = 673
By = 046
Sy = 19.03
S = 20.66
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A8: LAYUPS OF THE SERIES INVESTIGATED AND RADAR CHARTS OF THE OUT-OF-PLANE STIFFNESS DISTRIBUTION

series:
01, D3, D4,
05, D5, D6

unfold —
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Appendix A8 summarizes the layups of the series investigated (analytical, experimental,
and numerical) within this thesis and gives radar charts on their stiffness values (for spruce
T14, EN 338). The radar charts provide a qualitative comparison of the bending, shear,
and torsional stiffness values of each series. The maximum values of the respective stiffness

parameters define the reference values within the charts for each series of the same thickness.

In addition, Tab. A7 summarizes the stiffness parameters of each series.

Tab. A7: Stiffness properties of D1, 07, D7, 08, D8, and D9 series (spruce T14)

Appendiz

series t [mm| Bx [MNm?/m)] Bv [MNm?/m] va [MNm?/m] sz [MN /m] sz [MN /m]
D1
200 6.35 0.70 1.50 28.08 9.94
uDLT+45°
o7
150 2.48 0.73 1.94 7.33 11.94
CLT
D7
150 2.65 0.32 3.16 11.52 19.29
DLT+45°
08
140 1.82 0.79 1.03 11.35 8.31
CLT
D8
140 1.70 0.84 1.94 11.65 8.05
DLT+45°
D9
140 1.91 0.36 3.31 11.23 14.22
DLT+45°
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t 40-40-40-40-40
) 0°, 45°, 0°, 45°, 0°
By B,
45°
-45°
By
t 30-30-30-30-30
6. 0°, 90°, 0°, 90°, 0°
Bx 7 By
Sy Sy
t 30-30-30-30-30
s} 0°, 45°, 90°,-45°, 0°
1 Bx
45°
-45°
By,
t 20-20-20-20-20-20-20 .
0, 0°, 90°,0°, 90°, 0°
B \ By
Sy Sy
By
t 20-20-20-20-20-20-20 e
©  0°,90,45°, 0°-45°, 90°, 0°
S, S,
t 20-20-20-20-20-20-20

o 0°,-45°,45°, 90°,-45°, 45°, 0°

214
DLT D1
t =200 mm
Bxy = 1.50
B, = 635
By = 0.70
Sy = 28.08
Sy = 994
CLT O7
t =150 mm
Bxy = 194
B, = 248
By = 073
Sy = 733
Sy = 1194
DLT D7
t =150 mm
Bxy = 3.16
B, = 265
By = 032
Sy = 11.52
Sy = 19.29
CLT 08
t =140 mm
Bxy = 1.03
B, = 182
By = 079
Sy = 1135
Sy = 831
DLT D8
t =140 mm
BXy = 1.94
B, = 170
By = 084
Sy = 11.65
Sy = 8.05
DLT D9
t =140 mm
B,(y = 331
B, = 191
By = 036
Sy = 11.23
N = 14.22
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A8: LAYUPS OF THE SERIES INVESTIGATED AND RADAR CHARTS OF THE OUT-OF-PLANE STIFFNESS DISTRIBUTION

series:

D1

o7, D7
08, D8, D9

please unfold —



"Die Zweifel gehdren zum Prozess,

aber nicht zum Resultat."

- Peter Zumthor -





