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Abstract

III IV

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° (±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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Nomenclature

α				    angle of load distribution
βi				    angle of tangency
γxy				   in-plane shear strain
γxz, γyz			   out-of-plane shear strain
εij				    strain in the 3D continuum
κi				    single curvature
κij				    double curvature
νij				    Poisson’s ratio
ρ				    density 
σx,	σy, σz 			   stress in the 3D continuum
τij				    shear stress 
ξ				    ratio of homogenization

Ѳi				   angle of layer orientation
[Φ ]			   creep matrix
Φij				   creep stiffness terms
[Ψ ]			   relaxation matrix
Ψij				   relaxation stiffness terms

Aij				   extensional stiffness terms
Bx, By			   bending stiffness
Bxy			   torsional stiffness
Bij				   bending-extension coupling stiffness terms
Cij				   stiffness terms in the 3D continuum
Ci				   correction coefficient for accumulated stresses
Dij				   bending-twist coupling stiffness terms
Dx, Dy			   extensional stiffness
Dxy			   in-plane shear stiffness
Eij				   shear stress-strain coupling stiffness terms
Ei	 			   modulus of elasticity; Young's moduli
F				    force, load
Gij				   shear modulus
K			   	 plate bending stiffness
P				    point load
[Q ]			   stiffness matrix
[Q ]L			   local stiffness matrix
[Q ]			   transposed stiffness matrix
Qij				   stiffness terms
[R ]			   Reuter’s matrix
R2				   coefficient of determination
[S ]	 		  compliance matrix

Sx, Sy			   static moment
Sxz, Syz			   out-of-plane shear stiffness
[T ]			   transformation matrix
[T-T ]			   inverse transposed transformation matrix
Vi	 			   shear force

ai				    shear area
a, b			   side length
dx, dy			   infinitesimal side length
ei				    eccentricity
h				    height
kz	 			   shear correction coefficient
kdef,i, kT, kL, kshear	 long-term deformation coefficient
li

				    length
m				    slope
mx, my			   bending moment on a plate element
mxy			   torsional moment on a plate element
nx, ny 			   normal force on a plate element
pi				    surface load
qxz, qyz			   shear force on a plate element
t				    shear flow
t				    thickness / depth
ti				    individual layer thickness
t0, tfin, t∞			   time points
u				    moisture content
uij				   shear deformation
[u ], [v ], [w ]		  vector notation of displacements
wi				   deformation, deformation
w				    width, board width
x, y, z			   global coordinate system
x0, y0, z0			   initial coordinate system
x’, y’, z’			   local coordinate system of single layers

mean			   mean value
max 			   maximum value
min			   minimum value
COV			   coefficient of variation
FEM			   finite element method
FE model			  finite element model
MOE			   modulus of elasticity
SLS			   serviceability limit state
ULS			   ultimate limit state
UD layer			  unidirectional layer

IX X
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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.
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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. 

1.3	 Motivation

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

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 Ѳ. For each –Ѳ layer 
there is one +Ѳ 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), (Schickhofer 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 ti > 18 mm in accordance with EN 16351 
and thus clearly distinguishes from LVL made of diagonally or star-shaped arranged veneers 
(see Bittner 1951 and Winter 1955).

1.2	 Context

Fig. 1.1:	Exemplary layups of CLT elements compared to DLT elements 
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Fig. 1.5:	Exemplary construction grid of point-supported slabs with the recommended arrangement of diagonal 
layers (dashed lines)

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) (Mestek 2011, Muster 2020, Maurer and 
Maderebner 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 κx, respectively κy. 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 
κxy (Figure 1.4). Consequently, a mass timber slab designed for point-supports should have, 
besides a high shear capacity, the highest possible torsional stiffness Bxy. This may be 
achieved by optimizing the arrangement of layers towards this objective. Hence, 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 
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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

Fig. 1.6:	Uniaxial load transfer of conventional CLT elements with linear support

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. 
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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 Görlacher 
in 2002 and can be achieved if a corresponding test configuration is applied (Blass and 
Görlacher 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 (Bosl 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).  

1.4	 Previous investigations

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 (Bosl 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 Kämpf-web-girder in 1946, 
that made use of the diagonal arrangements of individual boards (Swiss patent no. 254319,  
Voormann and Pfeifer 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 Pixner investigated the in-plane load-bearing capacity of 
various laminated timber elements with different layer arrangements (diagonal and orthogo-
nal) (Tavoussi 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 (Bejtka 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 
(Bejtka 2011). 

1.4.1	 In-plane load-bearing capacity

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 (Bosl 2002)

3 Die konstitutiven Gleichungen für die Schnittgrößen 
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Die Wandscheiben aus Brettlagenholz unterscheiden sich in der Ausrichtung der mittleren 
Brettlage. Betrachtet wird zum einen Brettlagenholz mit orthogonaler Struktur und zum 
anderen Brettlagenholz mit diagonaler Struktur. Bild 3.7 veranschaulicht in Verbindung mit 
Tabelle 3.2 den Aufbau der beiden untersuchten Wandscheiben aus Brettlagenholz. 
 

 
a) Brettlagenholz mit orthogonaler Struktur 

 
b) Brettlagenholz mit diagonaler Struktur 

Bild 3.7: Aufbau der Wandscheiben aus Brettlagenholz 
 

 Brettlagenholz mit orthogonaler 
Struktur 

Brettlagenholz mit diagonaler 
Struktur 

 φ [°] φ [°] 

Brettlage 1 90 90 

Brettlage 2 0 0 

Brettlage 3 90 45 

Brettlage 4 0 0 

Brettlage 5 90 90 
Tabelle 3.2: Ausrichtung der Einzellagen bei Brettlagenholz mit orthogonaler bzw. diagonaler Struktur 
 
Der jeweils symmetrische Aufbau zur Scheibenmittelfläche führt zur Entkopplung von 
Scheiben- und Plattentragwirkung, Koppelsteifigkeiten Bik treten nicht auf. Es gilt Gleichung 
3.87 (vgl. Kapitel 3.3.3). 
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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 (γxz, γyz) 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 (Silly 
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 (Silly 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.

1.4.2	 Out-of-plane load-bearing capacity

layup of the DLT±45° specimens

test setup

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 Jeleč presented a review of previously proposed models (Danielsson and Jeleč 
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 Jeleč 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.

Vol.:(0123456789)

SN Applied Sciences (2020) 2:2126 | https://doi.org/10.1007/s42452-020-03918-1 Research Article

as shown for the mid layers in Fig. 1a–c. The boards in the 
odd layers were arranged with the main laminate direction 
at 0°, as shown in Fig. 1d. The 3L90, 3L90M and 5L0M CLT 
panels were created without controlled board position.

2.1  Diagonal compression test

In the diagonal compression test method, a square CLT 
panel was compressed in one diagonal direction by a dis-
placement controlled hydraulic jack. Please refer to [5, 6] 
for more details on the test procedure.

During a diagonal compression test, only one diagonal 
was compressed, and the second diagonal was left with-
out control of the displacement. This created an uneven 
deformation of the sample and gave two different load 
versus displacement relations, one for each diagonal. 
There were two choices for the loading direction since all 
square CLT panels had two equal diagonals. For the ordi-
nary CLT panels where the board lay-up was cross wise 

directed (e.g. 0°, 90° and 0°), the two choices of loading 
direction were arbitrary, as shown in Fig. 2a. This means 
that the shear stiffness of an ordinary CLT panel did not 
depend on the choice of the compressed diagonal. How-
ever, this was not the case for non-ordinary CLT panels, 
as shown in Fig. 2b and c. Testing on one of the diagonals 
for 3L30Gp or 3L45Gp would result in a compression simi-
lar to the ordinary CLT panel i.e. in somewhat “cross-fibre” 
direction, cf. Figure 2b for CLT panel 3L45Gp. The situation 
changed in the case of compressing the other diagonal, 
where the compression in the mid layer would be in some-
what “fibre” direction, cf. Figure 2c for CLT panel 3L30Gp. 
So, in the testing of 3L30Gp and 3L45Gp, both the fibre 
and the cross-fibre directions were tested.

The two supports illustrated in Fig. 2a–c. had the same 
dimensions. The contact length between one side of 
the support and the thickness side of the CLT panel was 
110 mm out of the total support length, LS, 130 mm due 
to the cut off corner, as shown in Fig. 2a–c. The length 

Fig. 1  Board positions for the mid and odd layers of 3L30Gp, 
3L45Gp and 3L90Gp CLT panels. The non-ordinary CLT panels with 
the main laminate direction of the mid layer at 30° and 45° are pre-
sented in (a) and (b), respectively. The ordinary CLT panel with the 

main laminate direction of the mid layer at 90° is shown in (c). The 
odd layers with the main laminate direction at 0° are shown in (d). 
The dashed line illustrates the symmetry axis, and the colours indi-
cate the boards with equal dimensions in each panel

Fig. 2  An ordinary CLT panel compressed in the direction named 
cross-fibre (a), a non-ordinary CLT panel compressed in the direc-
tion named cross-fibre (b), and a non-ordinary CLT panel com-

pressed in the direction named fibre (c). Grey scale shows the main 
laminate directions and the central region where the displace-
ments were measuredFig. 1.8:	Diagonal compression test on 3-layered CLT and DLT elements (Turesson et al. 2020)

3-layered CLT 3-layered DLT+45° 3-layered DLT+30°

central region 

Fig. 1.9:	Laminated mass timber elements prepared for the diagonal compression test (left) and picture frame test 
(right) (Turesson et al. 2019)

Fig. 1.10:	DLT panel with alternating layer configuration in four-point-bending tests (Buck et al 2016)
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20 Chapter 2. Load carrying behaviour and potential failure mechanisms

column capital
beech plywood

dsup

dcol

dsup

dcol

column capital
beech plywood

drop panel
spruce CLT or
beech plywoodglulam column

Figure 2.6: Section through locally reinforced column-slab connections.

column and Ac,ef the contact area between the column capital and the CLT slab or the drop
panel. Two independent areas have to be considered when describing the load carrying behaviour
of a drop panel. Around the columns, the rolling shear and bending stresses can be described
as presented in Chapter 2.3 and 2.4. Where the drop panel ends, contact stresses in tangential
and normal direction occur between the drop panel and the CLT slab. In Chapter 4.2.6, it is
shown how to determine these stresses numerically and in Chapter 5.5 a failure criterion and a
simplified calculation of the acting stresses are presented.

2.6 Conclusions

The load carrying behaviour of a column-slab connection in a flat slab made of CLT can be
described as explained in the previous paragraphs. For the relevant topics of compression per-
pendicular to the grain, rolling shear and bending stresses next to the opening the calculation
approaches are shown. The combination of existing knowledge with findings from the present
work is thereby of great importance. In Chapter 3 and 4 the results of experimental and numer-
ical analyses are presented and establish the necessary knowledge about the punching behaviour
of column-slab connections with an opening in the slab. In Chapter 5 the analytical approaches
are explained in detail, which lead to the calculation approaches described in the present chapter.




 

 

         















 







          

“” 
        

“” 

“”

   ◦

 

 



Fig. 1.11:	Punching test on CLT element using system connectors (Maurer and Maderebner 2021)

section
plane viewtest setup

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 et 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 (Tapia et al. 2021).

1.4.3	 Concentrated loading on laminated mass timber elements

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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Introduction Introduction

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

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.

2.1	 Structure of the thesis

Scope of investigations Scope of investigations

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 (Mestek 2011) and 
(Löbus and 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

Scope of investigations Scope of investigations

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

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

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 
ultimate limit state (ULS). Table 2.1 

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

investigations
analytical 

investigations
experimental
investigation

numerical 
investigations

out-of-plane shear  1 

uniaxial bending  

biaxial bending (torsion)   

in-plane shear  2

deformation analysis and 
stress distribution analysis

3

1out-of-plane shear tests according to EN 408 and (Mestek 2011) with and without compression perpendicular to grain
2compression tests according to (Kreuzinger and Sieder 2013) and shear frame tests according to (Turesson et al. 2019)
42D and 3D FE models of different static sytems of point-supported slabs

Tab. 2.1:	 Investigations carried out within this thesis
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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°]S.
	 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:

yi

x0

y0

x0

y0

xi

z0 = zi
z0

+ θi

layer 5, θ5

layer 4, θ4

layer 3, θ3

layer 2, θ2

layer 1, θ1

Fig. 3.1:	Notation of laminates on a CLT element (left) and DLT element (right)

Mass timber laminates—general and definitions Mass timber laminates—general and definitions

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 
(A16 = A26 = D16 = D26 = E54 = 0). Furthermore, laminates with described characteristics have 
no coupling between the bending and extension stiffness terms (Bij = 0) (Reddy 2004). The 
laminate stiffness matrix of a balanced, symmetrical laminate is given by Equation (3.1) 
(Without taking into account Poisson's ratios) (Jones 2014). 

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 +Ѳ layer in the 
laminate there is an equally thick -Ѳ layer (Nettles 1994). In addition, these layers have 
the same thicknesses. For antisymmetric, balanced laminates, simplifications according to 
(Reddy 2004) can be made (A16 = A26 = D16 = D26 = B11 = B12 = B22 = B66 = E54 = 0) which 
leads to the stiffness matrix in Equation (3.2) (Jones 2014).

(3.1)� �

𝐴𝐴�� 𝐴𝐴�� 0 0 0 0 0 0
𝐴𝐴�� 𝐴𝐴�� 0 0 0 0 0 0
0 0 𝐴𝐴�� 0 0 0 0 0
0 0 0 𝐷𝐷�� 𝐷𝐷�� 0 0 0
0 0 0 𝐷𝐷�� 𝐷𝐷�� 0 0 0
0 0 0 0 0 𝐷𝐷�� 0 0
0 0 0 0 0 0 𝐸𝐸�� 0
0 0 0 0 0 0 0 𝐸𝐸��

� �

𝐴𝐴�� 𝐴𝐴�� 0 0 0 𝐵𝐵�� 0 0
𝐴𝐴�� 𝐴𝐴�� 0 0 0 𝐵𝐵�� 0 0
0 0 𝐴𝐴�� 𝐵𝐵�� 𝐵𝐵�� 0 0 0
0 0 𝐵𝐵�� 𝐷𝐷�� 𝐷𝐷�� 0 0 0
0 0 𝐵𝐵�� 𝐷𝐷�� 𝐷𝐷�� 0 0 0
𝐵𝐵�� 𝐵𝐵�� 0 0 0 𝐷𝐷�� 0 0
0 0 0 0 0 0 𝐸𝐸�� 0
0 0 0 0 0 0 0 𝐸𝐸��

(3.2)

� �

𝐴𝐴�� 𝐴𝐴�� 0 0 0 0 0 0
𝐴𝐴�� 𝐴𝐴�� 0 0 0 0 0 0
0 0 𝐴𝐴�� 0 0 0 0 0
0 0 0 𝐷𝐷�� 𝐷𝐷�� 0 0 0
0 0 0 𝐷𝐷�� 𝐷𝐷�� 0 0 0
0 0 0 0 0 𝐷𝐷�� 0 0
0 0 0 0 0 0 𝐸𝐸�� 0
0 0 0 0 0 0 0 𝐸𝐸��

� �

𝐴𝐴�� 𝐴𝐴�� 0 0 0 𝐵𝐵�� 0 0
𝐴𝐴�� 𝐴𝐴�� 0 0 0 𝐵𝐵�� 0 0
0 0 𝐴𝐴�� 𝐵𝐵�� 𝐵𝐵�� 0 0 0
0 0 𝐵𝐵�� 𝐷𝐷�� 𝐷𝐷�� 0 0 0
0 0 𝐵𝐵�� 𝐷𝐷�� 𝐷𝐷�� 0 0 0
𝐵𝐵�� 𝐵𝐵�� 0 0 0 𝐷𝐷�� 0 0
0 0 0 0 0 0 𝐸𝐸�� 0
0 0 0 0 0 0 0 𝐸𝐸��

- 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 (σz = 0) (Schürmann 2007).
- The bond between the layers is ideal and considered rigid. The thickness of the adhe-

sive layer is neglected (Schürmann 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.
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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).

3.2	 Naming and abbreviations 

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 
made from hardwood

Brettsperrholz 
aus/mit Hartholz-Lamellen

DLT1 ILT
diagonal laminated timber/
inclined laminated timber

Diagonallagenholz2 / 
Diagonal verklebtes Brettsperrholz

NLT
nailed laminated timber/

nail-laminated timber
Vernageltes Brettsperrholz/
Genagelts Brettsperrholz

DLT DW3
dowel laminated timber/

dowelled wood
Gedübelte Brettstapeldecke/ 

Dübelholz

GLT Glulam glued laminated timber Brettschichtholz

VRT VRW4
veneer reinforced timber/ 
veneer reinforced wood

 Holzbewehrtes Holz

MPP mass plywood panel Sperrholzplatten

LVL laminated veneer lumber Funierschichtholz
1Suggested abbreviation by Bejtka 2011, Maderebner 2021 and Arnold et al. 2022a
2Suggested naming by Dietsch 2022 and Arnold et al. 2023b
3Abbreviation recommended for future use
4Recently introduced by Lechner 2021
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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-

3.3	 Standardization progress of laminated timber elements
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Fig. 3.2:	CEN/TC 250 and CEN/TC 250/SC 5 work structure (Schenk and Winter 2021)

nized  European standard. This leads to 
relatively heterogeneous manufacturer-specif-
ic products without harmonized dimensions 
and layups. Mass timber elements, like CLT, 
thus cannot be replaced easily by another 
without redesigning the respective structure 
or assembly situation. Furthermore, the 
design of CLT is not covered in the current 
EC 5. The latter is an aim for the future.
	 Following standardization mandate M/515 
(European Commission 2012) the Eurocodes 
are amended and updated towards a second 
generation in order to ensure applicability 
and focus further on users’ needs (Schenk and 
Winter 2021).  EC 5 is part of the Structural 
Euro-codes under the European Committee 
for Standardization (CEN) Technical 
Committee CEN/TC 250 (Figure 3.2). 
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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).

Mass timber laminates—general and definitions

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 m3 per year, while the production volume in 2022 has 
already reached 1,28 million m3 (Jauk 2020, Jauk 2023). Forecasts for the production volume 
in 2023 for Europe as a whole are up to 2.3 million m3 CLT (Jauk 2023) and—as a reference 
value—up to 4.6 million m3 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 (Mindrup 2019; 
Arnold et al. 2022b). In previous research, CLT has also been improved by adding channels 
for prestressing-cables (Gräfe et al. 2018).

Mass timber laminates—general and definitions
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4	 Material behavior and configurations

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 σij and strains εij. 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).
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Considering a 3D continuum, elasticity stiffness tensors Cii are used to describe the elasticity 
of an element—instead of the moduli of elasticity Ei (Equation (4.1)) or the shear moduli 
Gij (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 -1 ]).

(4.1)
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(4.3)

(4.4)

4.1	 Elastic rheology
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4.1.1	 Linear elastic material law

Fig. 4.1:	Stresses and Strains acting on the 3D continuum, according to (Niemz and Sonderegger 2017)
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Fig. 4.2:	Principal material directions of unprocessed wood

By replacing the stiffness tensors Cnn with the respective moduli of elasticity E- and shear 
moduli Gij taking into account the Poisson’s ratios, the law of elasticity of wood is described 
using the compliance matrix [S ]within Equation (4.7):
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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):

(L)

(T)
(R)



27 28

Mechanical Properties of Diagonal Laminated Timber Mechanical Properties of Diagonal Laminated Timber

Tab. 4.1:	 Exemplary orthotropic material properties of different wood species (mean values) (Goodman and Bodig 
1970), (Schickhofer 1994), (Katz et al 2007), (Niemz and Sonderegger 2017), (DIN 68364)

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).

Ex 

[MPa]
Ey 

[MPa]
Ez 

[MPa]
Gyz 

[MPa]
Gxy 

[MPa]
 Gxz 

[MPa]
orientation

Spruce
Picea abies

11000 370 370 40 650 600

Pine
Pinus sylvestris

11000 370 370 70 680 /

Douglas Fir
Pseudotsuga menziesii

13000 370 370 80 900 800

Maple
Acer pseudoplatanus

10500 890 1550 / 1120 1240

Oak
Quercus petraea

13000 920 1580 400 800 1150

Beech
Fagus sylvatica

14000 1160 2280 470 1080 1640

Bongossi
Lophira alata

17000 2060 3230 / / /

x, longitudinal

z, radial

y, tangential

The entries of the stiffness matrix are filled by mean values derived from mechanical inves-
tigations within various previous studies (see exemplary (Goodman and Bodig 1970), 
(Schickhofer 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 u = 12 %.

4.1.2	 Linear elastic material properties of timber

Material behavior and configurations Material behavior and configurations

Poisson’s ratios ν 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 (Neuhaus 1981, Winter 2021). Different values of the Poisson’s ratio at a 
wood moisture content of 12 % are provided by Table 4.4.

νxz νxy νyz νzx νyx νzy orientation

Halász and 
Scheer 1996

0.220 0.380 0.203 0.018 0.017 0.360

Neuhaus 1981 0.410 0.550 0.310 0.056 0.035 0.600

Keylwerth 
1951

0.463 0.532 0.240 0.019 0.013 0.420

x, longitudinal

z, radial

y, tangential

fm,k

[MPa]
ft,0,k

[MPa]
ft,90,k 

[MPa]
fc,0,k

[MPa]
fc,90,k

[MPa]
fv,k

[MPa]
ρk

[kg/m3]
ρmean

[kg/m3]

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

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.

x, longitudinal

z, radial

y, tangential

Ex

[MPa]
Ey 

[MPa]
Ez 

[MPa]
Gyz

[MPa]
Gxy

[MPa]
Gxz

[MPa]
orientation

C24 11000 370 370 / 690 690

T14 11000 370 370 / 690 690

D40 13000 870 870 / 810 810

D50 14000 930 930 / 880 880

Tab. 4.2:	 Elastic material properties of different strength classes according to EN 338 (mean values)

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

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

Experimental investigations and different experimental approaches, like those of Neuhaus 
(Neuhaus 1981), vary considerably due to the inhomogeneity of wood. The Poisson’s ratios 
according to Halász and Scheer (Halász 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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If a constant stress gradient is applied at time ti, 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) (Schürmann 2007).

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 (Schürmann 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) (Schürmann 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)).

4.2	 Viscoelastic rheology

4.2.1	 Definitions and Boltzmann’s superposition principle
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Fig. 4.3:	Boltzmann’s superposition principle (Vogel 2021) based on (Schürmann 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 Φ(t) (Equation (4.9)).
	 Relaxation describes the decrease of internal stresses whilst the deformation maintains 
constant. The related relaxation function Ψ(t) describes a time-dependent stiffness value  
(Equation (4.10)).
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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 (Niemz and Sonderegger 2017). Creeping and relaxation rarely 
occur by themselves in structures. Usually both time-dependent processes occur simultane-
ously (Schürmann 2007).
	 The correspondence principle is based on Boltzmann’s superposition principle 
(Schürmann 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 [S ] forming the elastic theory are replaced by the time-
dependent creep matrix [Φ ] and the relaxation matrix [Ψ ] (Equations (4.11) and (4.12)) 
(Schürmann 2007).
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(4.12)
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Fig. 4.4:	Presentation of the rheological models according to DIN 13343
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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 Maxwell 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. Schänzlin compared different 
rheological models for the description of the time-dependent material law of timber with 
respect to the variation of the moisture content (Schänzlin 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))

Material behavior and configurations Material behavior and configurations

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 [Φ ] and relaxation matrix [Ψ ] of timber, the moduli of elasticity Ei, shear moduli 
Gij, and Poisson’s ratios νij are replaced by time-dependent values Ei(t), Gij(t), and νij(t) 
(Equations (4.14) and (4.15)).
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(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 Clancy 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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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 Gressel in 1984, Niemz and Sonderegger 
offer a fiber-parallel deformation coefficient of kL = 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 kT between 0.8 
and 1.6. In transversal direction, Aondio recommends deformation coefficients within the 
range kshear= 2.0 to 3.0 (Aondio 2014). This recommendation is consistent with the experi-
ments and calculations made by Jöbstl and Schickhofer at the University of Graz in 2007 
(kshear= 2.3) (Jöbstl 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 
(t0, tfin, 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 σ1 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 t0 represents a 1 minute delay after loading, 
taking into account the linear elastic deformations (DIN EN 1156). The second defined time 
tfin 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 tfin 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 t∞ 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 (Schürmann 2007) (Figure 4.6). This means, that in the 
infinite finale state t∞ , the stiffness parameters of the transversal layers are set to about 5 % 
of their initial elastic stiffness values at t0. This corresponds to a period of more than 50 
years (Schürmann 2007). Using Equations (4.16) and (4.17) the deformation coefficient kT 
and kshear 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 tfin (kL = 0.2) (Schürmann 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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kL kT kshear

t0 0 0 0

tfin
1 0.2 1.2 2.5

(Niemz and Sonderegger 2017) 
follwoing (Gressl 1984)

0.1-0.3 0.8-1.6 /

(Jöbstl and Schickhofer 2007) / / 2.3

(Aondio 2014) / / 2.0-3.0

t∞ 0.2 19.0 19.0
1Mean values based on previous investigations

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

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

t

ε
t0 tfin t∞

primary phase secondary phase

tertiary phaseɛ(tfin)

ɛ(t0)

ɛ(t∞)

Ϭ1 ������Ϭ2

Ϭ2 > Ϭ1

 Ϭ1

 Ϭ2

Fig. 4.5:	Phases of the long-term deformation behavior of timber, according to (Gressel 1971)

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

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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series1 t [mm]
layup 
ti [mm]

arrangement  
of the layers Ѳ

board width 
w [mm]

edge- 
glued

stress 
reliefs

O1 CLT 100 20-20-20-20-20 0°, 90°,0°, 90°, 0° 180 no no

O3 CLT 60 20-20-20 0°, 90°, 0° 180 no no

O5 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

1naming and order of the series in accordance to (Arnold et al. 2022a)

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

O8

D8 D9

-45°

45°

-45°

45°

45°

-45°

0° 90°

O1, O5 D3, D5O3 D4, D6

O7

D7

-45°

45°

-45°

45°

-30°

30°

-45°

45°45°

45°

D1 D2

For the analytical, experimental, and numerical investigations series of conventional CLT 
specimens with 3 to 7 layers and total thicknesses of t = 100 mm, t = 140 mm, t = 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.

4.3	 Series investigated

4.3.1	 Configurations, layups, and stacking sequences
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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. 

series t [mm]
layup 
ti [mm]

arrangement
of the layers Ѳ

board width 
w [mm]

edge-
glued

stress 
reliefs

D11 uDLT+45° 200 40-40-40-40-40 0°, 45°, 0°, 45°, 0° 180 no no

D22 uDLT±45° 200 40-40-40-40-40 0°, 45°, 0°,–45°, 0° 180 no no

1The 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)
2D2 series: bending stiffnesses Bx and By of D1 series equal those of D1 series within linear elastic range)

O8

D8 D9

-45°

45°

-45°

45°

45°

-45°

0° 90°

O1, O5 D3, D5O3 D4, D6

O7

D7

-45°

45°

-45°

45°

-30°

30°

-45°

45°45°

45°

D1 D2

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

[mm]
layup 
ti [mm]

arrangement
of the layers Ѳ

board width 
w [mm]

edge-
glued

stress 
reliefs

O7 CLT 150 30-30-30-30-30 0°, 90°, 0°, 90°, 0° 180 no no

O8 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

O8

D8 D9

-45°

45°

-45°

45°

45°

-45°

0° 90°

O1, O5 D3, D5O3 D4, D6

O7

D7

-45°

45°

-45°

45°

-30°

30°

-45°

45°45°

45°

D1 D2

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

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 l ≤ 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 t = 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. 

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 
InnoCrossLam (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 (Holzbau 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. 

4.3.2	 Material parameters of the test series

Ex

[MPa]
Ey 

[MPa]
Gyz

[MPa]
Gxz

[MPa]
Gxy

[MPa]
orientation

ETA-20/0023 11000 370 50 690 690

ETA-16/0055 11550 370 50 690 690

x, longitudinal

z, radial

y, tangential

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

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 ρmean = 458 kg/m2 
(COV 4.3 %) (also see Arnold et al. 2021). The modulus of elasticity Ec,o and the compres-
sion strength fc,0 of O1 and O3 series were determined by compression tests according to 
EN 408. The mean value of Ec,0,mean was 10682 MPa (COV 5.3 %); the mean value fc,0,mean 
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was 34.3 MPa. The mean value Ec,0,mean = 10682 appears to be close to the given value within 
ETA 20/0023 (Ex = 11000 MPa) considering 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 
was ρmean = 416 kg/m2 (COV 4.3 %) (Holzbau Unterrainer GmbH 2021b). This confirms 
a grading in strength class T14 according to EN 338 (ρmean,T14 = 420 kg/m2). Assuming a 
linear correlation of density to the modulus of elasticity, results in mean values E0,mean = 
10600 MPa, E90,mean = 370 MPa, G0,mean = 690 MPa (see also Tables 1 and 2 of EN 338), and 
in G90,mean = 50 MPa (Fellmoser and Blass 2004). Additional 20 specimens of the DLT 
series were subjected to delamination tests according to EN 16351 (Delamtot,mean = 4.1 %; 
COV 4.7 %) (Holzbau Unterrainer GmbH 2021b).
	 The linear correlation between the density and the engineering constants in principal 
directions (Ei and Gij) has been investigated and confirmed in several experimental studies 
(Armstrong et al. 1984; Gindl et al. 2001; Fellmoser and Blass 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 Emin = 10144 MPa and Emax = 11248 MPa. All in all, the use of the engineering 
constants according to ETA-20/0023 (Ei 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 Blass 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. 

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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5.1	 Fundamentals of the plate theory

Theoretical principles and approaches

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 
(dx/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 = 2mxy= 2myx acting at the corners of the plate 
(Figure 5.1, c). 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.

2

2

b) c)a) moments acting along the edges couples of forces equivalent edge forces

mxy dy

dx

myx dx

dx

mxy
myx

2 mxy

mxy

mxy

2 mxy

Fig. 5.1:	Load case of pure torsion acting on a plate element
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With regard to CLT and DLT, a distinction must be made between the plate theory according 
to Kirchhoff-Love (span/depth: 10/1 > l/t > 50/1) and according to Reissner-Mindlin 
(span/depth: 5/1 > l/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):

(5.2)
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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 k (for rectan-
gular and isotropic cross-sections k = 5/6) (Altenbach et al. 2016).

5	 Theoretical principles and approaches

Theoretical principles and approaches

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

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)):
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Out-of-plane shear stresses τxz and τyz 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 βx and βy 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):

(5.4)
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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 κx and κy of the individual layers are understood to be the change in the 
angle of inclination β (δw0/δx or δw0/δy) along the respective indexed axis. The double 
curvature κxy of the central surface of each layer relates to the change of the angles βx and 
βy (Schickhofer 1994).
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The relationship between deformations and strains of the 3D continuum is provided in 
Equation (5.6) (Schickhofer 1994):

(5.6)
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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

(5.7)

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 Ishai 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 Q55 and Q44 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.

(5.8)
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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 (σ3 = 0). The out-of-
plane shear stiffness values and stresses are not considered (τ13 = τ23 = 0). The stress-strain 
relationship on the reduced stiffness matrix of the UD layer for an orthotropic material (Q16 

= Q26 = 0) are provided in Equation (5.7), where Qij 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.

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 kdef 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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(5.9)

(5.10)

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).

Theoretical principles and approachesTheoretical principles and approaches

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.

(5.11)
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Fig. 5.3:	  Stress components in unidirectional lamina referred to loading and material axes (Daniel and Ishai 2006) 

Conversely, the transformation of stresses and strains from the local coordinate system to 
the global coordinate system is realized by way of multiplication with the inverse transfor-
mation matrix [T-1]. 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 Ѳi (Equation 
(5.13)) (Jones 2014; Schickhofer 1994):

(5.13)
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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 Qij follows Equations (5.11), (5.12), and (5.13). The respective matrix product  
([T-1][Q ]L[T

-T]) consisting of trigonometric functions can exemplarily be taken from various 
literature as for example (Schickhofer 1994), (Daniel and Ishai 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 Q11 
and Q55 as a function of the angle Ѳ (tensor transformation).

(5.14)
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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 (2γ = ε) (Equation (5.12)) (Reuters 1971; Roylance 2000; (Daniel 
and Ishai 2006)).
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Fig. 5.4:	Modulus of elasticity (a) and shear modulus (b) of spruce as a function of the fibre orientation
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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 Ei and Gij as a function 
of the layer orientation (see Equations (5.15) and (5.16) as well as Appendix A1). 
	 Equations 5.17 and 5.18 exemplary give the modulus of elasticity E1 (Ѳ) and the out-of-
plane shear modulus G13 (Ѳ) as a function of fibre orientation, derived as previously described. 
Further Equations for engineering constants (E2 (Ѳ), G12(Ѳ), G23 (Ѳ)) 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.

5.2.4	 Engineering constants in non-principal directions
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(5.17)
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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 E0 (Ex) and 
E90 (Ey) as well as G0 (Gxz) and G90 (Gyz) are chosen in accordance with the mean values 
following ETA-20/0023 (Tab. 4.9, Chapter 4.3.2). The Poisson's ratios are chosen according 
to (Halász 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).
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Equations (5.18) and (5.20) show that the analytical solutions for the derivation of the shear 
modulus as a function of Ѳ 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 Ѳ (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 Ѳ = 15° (ΔE = 
1872 MPa) (Figure 5.4 a). The reason for this is the influence of the shear modulus Gxy 
as well as the Poisson's ratio νxy within Equation (5.17). Considering Gxy = 690 MPa and 
νxy = 0.38, the analytical solution following the tensor transformation may achieve more 
realistic values, than Hankinson's approach. This statement is validated below by comparing 
the analytical approaches with experimental investigations.

a) b)

(identical)

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 (Q16 = Q26 ≠ 0). 
Also, the asymmetric out-of-plane stiffness terms are no longer zero, as it is for orthotropic 
materials stressed in non-principal directions (Q45 ≠ 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).
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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 Bahmanzad 2020)

0

2000

4000

6000

8000

10000

0 15 30 45 60 75 90

E
[M

Pa
]

Orientation [°]

anal

hank

exp

0

100

200

300

400

500

600

700

0 15 30 45 60 75 90

G
[M

Pa
]

Orientation [°]

anal

Datenreihen2

a) b)

Tab. 5.2:	 Moduli of elasticity of ash and shear moduli of eastern hemlock of single laminations following different 
experimental and analytical investigations 

experimental 
investigations

compression tests
(Clauss et. al 2014)

analytical investigations
following tensor transformation

 and Hankinson's approach

experimental 
investigations

(Bahmanzad et al. 
2020)

analytical 
investigations

orientation
 Ѳ [°]

Eexp.
1

(1-2 plane) 
[MPa]

Eanalytical

[MPa]

EHankinson

[MPa]

Gexp.
2

(1-3 plane) 
[MPa]

Gtransf./Hankins.
3

[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
1average COV 5.1 % (Clauss et al. 2014)
2average COV 13.8 % (Bahmanzad et al. 2020)-
3Gtransf. = GHankinson

x, longitudinal

z, radial

y, tangential

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 (Clauss 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 (Ex = 9196 MPa and Ey = 696 MPa; 
Gxy = 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 (Clauss 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 Ѳ 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 (Bahmanzad 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 (Bahmanzad 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 (G0° = 398 MPa and G90° = 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-

Etransf.

EHankinson

Eexp.

(1-2 plane)

Gtransf / Hankinson

Gexp.

(1-3 plane)

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 Gilani 2004). For angles Ѳ > 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.
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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):
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(A15)

(A16)

(A17)
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With respect to the out-of-plane shear deformations a fourth sub matrix E is introduced.
While the ABD relation refers to the assumptions of the classical laminate theory, E refers 
to the out-of-plane shear stress-strain relations and is therefore decoupled from the ABD 
relation (Equation (A18)).
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A possible compact notation of the ABD-E relation is given by Equation (5.25). 

(5.24)

(5.25)

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 kxz 
and kyz 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 E is referred to as the ABD-E matrix in 
this thesis.

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)

The coupling of the transformed reduced stiffnesses following the ABD-E 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 Ѳ 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 G13 (Ѳ) and G23 (Ѳ) of the UD-layers may be 
used for the calculation of the out-of-plane stiffness properties Eij, instead of the transformed 
stiffness terms of the UD-layer (Equation (5.26)).
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The values of G13 (Ѳ) and G23 (Ѳ) 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 E55 = Sxz and E44 = Syz (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).
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(5.22)

The out-of-plane shear stiffness values refer to the entries E44 and  E55 of the extended 
ABD-E matrix and therefore to the sum of the out-of-plane stiffness terms of the UD layer 
∑Qij multiplied by the respective layer thickness ti. Within (A18), the asymmetric stiffness 
terms Q45 of diagonally oriented UD layers may be taken into account according to Equation 
(5.22) and Equation (5.23).

(5.23)

Ei(Ѳ)  
Gij(Ѳ)

(5.26)
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5.2.7	 Derivation of shear correction coefficients

According to the Timoshenko Beam Theory (Timoshenko 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 ABD-E stiffness matrix (E55 and E44) 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 Giz, the shear stresses τ and the shear force dVi. 
Equation (5.31) gives the overall shear deformation of the laminate, leading to the shear 
correction coefficient ki,z. Figure 5.7 gives the designations of the chosen indices for z. 
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The laminate stiffness is given by the ABD-E matrix. Equations (5.27) and (5.28) exemplary 
give the ABD-E matrices for the 5-layered CLT series O1 (t = 100 mm; [0°, 90°, 0°. 90°, 0°] 
and the 5-layered DLT±45° series D3 (t = 100 mm; [0°, 45°, 90°, –45°, 0°]S). The initial 
(input) values of E0° and E90° as well as G0° and G90° are chosen in accordance with the mean 
values following ETA-20/0023 (Tab. 4.9), Poisson’s ratios according to (Halász and Scheer 
1996). 
	 The ABD-E matrix of a 5-layered CLT element according to the O1 series takes the 
following values in [MNm2/m] and [MN/m], without the calculation of shear correction 
coefficients (Equation (5.27)). 

The ABD-E matrix of a 5-layered DLT±45° element according to the D3 series takes the 
following values ([MNm2/m] and [MN/m]) (Equation (5.28)):

a

 ̶  45° 

+ 45°

 ̶  45° 

+ 45°

zi,max

zi,min
zit i

Fig. 5.7:	Designation of the parameters and indices of zi  
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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). 

5.2.6	 Exemplary ABD-E stiffness matrices for CLT and DLT

Equation (5.29) exemplary determines the entries kxz·E55 of the DLT±45° D3 series using the 
transformed stiffness terms Qij according to Equation (A18) and compares them to the sum 
of the transformed out-of-plane shear moduli multiplied by the respective layer thicknesses 
∑G13,i (Ѳ) according to Equation (5.26). 
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Fig. 5.8:	Quantitative shear stresses and shear deformations of an exemplary 5-layered DLT element

uyz,max = 0.76 mm
τyz,max = 2.46 MN/m2

Syz    = 12.86 MN/m

V = 0.1 MN,     t = 1.0 MN/m,    b = 1.0 mDLT±45°, D3 series
x direction

y direction

uxz,max = 1.06 mm
τxz,max = 1.25 MN/m2

Sxz    = 7.68 MN/m

(5.35)

𝑢𝑢�� � � �� dz
�

�
� �

𝜏𝜏��

𝐺𝐺��
 dz �

�

�

𝜏𝜏��

𝐺𝐺��
· 𝑡𝑡�

𝜏𝜏�� �
𝑉𝑉 𝑉 𝑉𝑉𝑉𝑉
𝐸𝐸𝐸𝐸 𝐸 𝐸𝐸

(5.36)

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 uxz,max = 1.06 mm, which is higher by 
39.5 % compared to the one in y direction (uyz,max = 0.76 mm). 
	 For CLT, the out-of-plane shear properties 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 G90.
	 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 G0. This leads to the much higher shear stiffness in y direction, than in x direction 
(Figure 5.8).

Note that again the engineering constants—for ±Ѳ layers in non-principal directions—form 
the basis of the determination of the shear correction coefficient. For the given example of 
the CLT O1 series, kxz appears to be 0.181 and kyz to be 0.163. For the given example of the 
DLT D3 series, kxz appears to be 0.238 and kyz to be 0.659. 
	 Hence, the out-of-plane stiffness values for the CLT O1 series take the values E55 = 
Sxz = 7.96 MN/m and E44 = Syz = 4.89 MN/m and E55 = Sxz = 7.68 MN/m and E44 = 
Syz = 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 (Syz = 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 uij 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 

The double integral is determined for each layer using polynomials (Equations (5.32) to 
(5.34)). A detailed derivation can also be found in (Feichter 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.
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When looking at the output of the stiffness matrix of the 2D FE program RF-Laminate 
(Multilayer Sufaces) (Dlubal Software 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 Q55 and Q44 only, without considerations of the eccentric 
terms Q45 (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 (Q55 = G0°  ; Q44= G90° ; Q45 = 0 ). For diagonal layer arrangements, on the other 
hand, this is no longer the case (Q55,45° = 370 MPa, Q45,45° = 320 MPa for spruce T14) (see 
Chapter 5.2.4). Using only the stiffness terms Q55 and Q44 within the calculations leads to 
shear correction coefficeints of kxz = 0.261 and kyz = 0.916 for the exemplary DLT±45° D3 
series. The shear stiffness takes the values Sxz = 11.36 MN/m and Syz = 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 (Syz = 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 Syz = 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. Dlubal 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 (G45° = 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).

Theoretical principles and approachesTheoretical principles and approaches

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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Choosing specific evaluation areas ax and ay, 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 ax 
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 ax is consid-
ered to be roughly linear distributed, forming the angle γxz (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 Scholz 2001). Therefore, outer layers are not considered within ay.
	 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)).

(6.1)
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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 
(t1 = d1) and last layer (tn = dn) is taken into account, resulting in the evaluation area ax 

(described previously). 
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6	 Investigations on the out-of-plane shear strength and stiffness

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 ABD-E stiffness matrix as previously described. For CLT, the use of shear correc-
tion coefficients is incorporated within the Austrian National Annex of EC 5 (ÖNORM 
B 1995-1-1) as well as proposed by Schickhofer and Wallner-Novak (Schickhofer et al. 2010; 
Wallner-Novak 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 (Kreuzinger and Scholz 1999; Kreuzinger and Scholz 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	 Analytical determination of the out-of-plane shear stiffness

6.1.1	 General information
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Introducing once more the term u = τ/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). 

(6.5)
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6.1.2	 Shear Analogy Method proposed by Kreuzinger

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)

y direction, DLTx direction, DLT

x direction, CLT y direction, CLT
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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)):
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Investigations on the out-of-plane shear strength and stiffness

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: Ex = 11000 MPa, Ey = 370 MPa, Gxy = 690 
MPa, Gxz = Gyz = 50 MPa; Poison's ratios according to (Halász and Scheer 1996)). Based 
on previous findings, the engineering constants for ±Ѳ 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.

6.1.3	 Comparison of the analytical results and discussion

Tab. 6.1:	 Comparison of the out-of-plane shear stiffnesses of CLT compared to DLT following different approaches

out-of-plane shear stiffness values [MN/m] Laminate Theory1
Shear Analogy 

Method 1

type series using shear correction coefficients ax ≠ ay

CLT
t = 60 mm

n = 3
O3

Sxz 4.41 3.73

Syz 11.88 / 2

CLT
t = 100 mm

n = 5
O1

Sxz 7.96 7.46

Syz 4.89 3.73

DLT±45°
t = 100 mm

n = 5
D3

Sxz 7.68 7.49

Syz 12.86 6.62

DLT±30°
t = 100 mm

n = 5
D4

Sxz 9.52 9.51

Syz 10.33 4.75

CLT
t = 200 mm

n = 5
O5

Sxz 15.92 14.92

Syz 9.78 7.46

DLT±45°
t = 200 mm

n = 5
D5

Sxz 15.36 14.98

Syz 25.72 13.24

DLT±30°
t = 200 mm

n = 5
D6

Sxz 19.03 19.02

Syz 20.66 9.50

uDLT±45°
t = 200 mm

n = 5
D1

Sxz 28.08 26.47

Syz 9.94 5.22

CLT
t = 140 mm

n = 7
O8

Sxz 11.35 11.19

Syz 8.31 7.46

DLT±45°
t = 140 mm

n = 7
D8

Sxz 11.65 11.22

Syz 8.05 7.49

DLT±45°
t = 140 mm

n = 7
D9

Sxz 11.23 11.25

Syz 14.22 9.59

CLT
t = 150 mm

n = 5
O7

Sxz 11.94 11.19

Syz 7.34 7.33

DLT±45°
t = 150 mm

n = 5
D7

Sxz 11.52 11.23

Syz 19.29 9.93
1Using the transformed engineering constants G30° = 164 MPa, G45° = 94 MPa, G60° = 65 MPa
2No solultion for 3-layered elements in y-direction for ax ≠ ay

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

For the exemplary 5-layered CLT element according to the O1 series (ti = 20 mm), using 
the material parameters according to Table 4.9 (ETA-20/0023; T14 ), the out-of-plane shear 
stiffnesses form the values Sxz = 7.46 MN/m and Syz = 3.73 MN/m. These shear stiffness 
values of CLT are in comparable range to the values according to the laminate theory using 
shear correction coefficients (Sxz = 7.96 MN/m and Syz = 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 ai 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 ±Ѳ 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 Sxz = 7.49 MN/m and Syz = 6.62 MN/m following 
the Shear Analogy Method. Compared to the laminate theory using shear correction coeffi-
cients (Sxz = 7.68 MN/m and Syz = 12.86 MN/m) the stiffness values Syz 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 ay (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.

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

series O1 D3 D4 O5 D5 D6
type CLT DLT±45° DLT±30° CLT DLT±45° DLT±30°

n layers [-] 5 5 5 5 5 5
t layers [mm] 20 20 20 40 40 40

S xz,LT [MN/m] 7.96 7.68 9.52 15.92 15.36 19.03
S xz,SA [MN/m] 7.46 7.68 9.51 14.92 14.98 19.02
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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

series O1 D3 D4 O5 D5 D6
type CLT DLT±45° DLT±30° CLT DLT±45° DLT±30°

n layers [-] 5 5 5 5 5 5
t layers [mm] 20 20 20 40 40 40

S yz,LT [MN/m] 4.89 12.86 10.33 9.78 25.72 20.66
S yz,SA [MN/m] 3.73 6.62 4.75 7.46 13.24 9.50
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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 (Syz = 13.24 MN/m). The discrepancy appears to 
be high. As previously described, the high analytical values for Syz (following the laminate 
theory) result from the distribution of shear stresses over the cross-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 (ni = 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 
DLT±30° 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° 
([90°,60°,0°,-60°,90°]S for DLT±30° compared to [90°,45°,0°-45°,90°]S 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.

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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Fig. 6.4:	Parameter set for the arrangement of the second and fourth layer of 5-layered DLT elements
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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 t = 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°,–n°,0°]S 

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°]S are given. The layer thickness ti 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 ti remains constant at ti = 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 Sxz 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°]S and [0°,90°,90°,90°,0°]S 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 Sxz is almost similar to Syz at an orientation of 
the second and fourth layer at ±45°. This follows a quite logical order, since the solution is 
based on the sum of the transformed engineering constants Gij. Under 45° Gxz equals Gyz. For 
the laminate theory on the other hand, Sxz equals Syz at an approximate angle of 30°. It can 
be clearly seen that for both analytical approaches, the shear stiffness value Sxz decreases 
slightly with increasing angle, whereas Syz 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.

Fig. 6.5:	Out-of-plane shear stiffness (Shear Analogy Method) as a function of the layer arrangement

Fig. 6.6:	Out-of-plane shear stiffness (laminate theory) as a function of the layer arrangement
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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 Gr (G90) of single timber laminations can be deter-
mined according to the Equation (6.6) and Equation (6.7) (DIN EN 789).

four-point bending test
EN 16351:2021

shear test
EN 16351:2021

shear test
EN 408:2012

shear test
EN 789:2005

Fig. 6.7:	Different tests setups for the determination of out-of-plane shear properties
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6.2	 Experimental determination of the out-of-plane shear strength 
and stiffness

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 (Mestek 2011). Unfortunately, the 
approach according to Mestek is not entirely transferable to DLT. The diagonal arrangement 

(6.7)

6.2.1	 Test setup

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

section A-A with 
reinforcement 

side view

determination of Sxz

(x direction)
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(y direction)

without compression
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with compression
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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).
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The chosen test setup enables the determination of out-of-plane shear strength values fv 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 = 12±2 %.

6.2.2	 Description of test evaluation and validation using numerical models
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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)

sketch of the overall out-of-plane shear deformations u on a DLT element

sketch of the out-of-plane shear deformations u on a DLT element following the test setup 

Following the test setup, the effective shear moduli Giz,eff for the three inner layers of each 
specimen are calculated, similar to EN 789, within the linear elastic range 0.1Fmaxand 0.4Fmax 
using linear regression and considering the shear deformations ui measured within the respec-
tive evaluation area of ax = ay = 60 mm (Equations (6.8) and (6.9)). Additionally the angle 
of inclination α is introduced following the chose test setup (Figure 6.8). 
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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 

element under a constant shear flow t, 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 (ax and ay, Figure 6.9). Bearing in mind Equation (6.5) 
for the calculation of the out-of-plane shear stiffness following the Shear Analogy Method, 
the shear deformations are summed up over the chosen evaluation area ai. 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 
(Kreuzinger and Scholz 2001) regarding the Shear Analogy Method—the experimentally 
determined effective shear moduli Gyz,eff, multiplied with the experimental evaluation area  
ay = 60 mm of the inner layers, represents the out-of-plane stiffness values in y direction of 
the overall five layers of the series (Figure 6.9, Equation (6.11)). 

y direction, DLTx direction, DLT

x direction, DLT y direction, DLT
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to 6 within the numerical model. (Ex = 11000 MPa, Ey = Ez = 370 MPa, Gxy = Gxz = 690 
MPa, Gyz = 50 MPa, Poisson’s ratios according to (Halász 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 σc = 0.5 MN/m2 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 τxz and τyz over the cross-section of 
each series following "path_1" (Figure 6.11)—with and without compression 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).

Fig. 6.10:	Exemplary FE volume model of D3 series and static systems of the numerical test setup
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9.1.4 Berechnung Schubsteifigkeit aus dem Rollschubmodul 

Tabelle 9.3: Schubspannungsverläufe im Auswertungsbereich 

maximum values  
𝜏𝜏�� 

maximum values 
𝜏𝜏�� 

O1-x D3-x D4-x O1-y D3-y D4-y 

   
      

O1-x D3-x D4-x O1-y D3-y D4-y 

   
 

   

-1.26 MN/m2 -1.32 MN/m2 -1.33 MN/m2 -1.33 MN/m2 -1.11 MN/m2 -1.08 MN/m2

-1.25 MN/m2 -1.31 MN/m2 -1.31 MN/m2 -1.33 MN/m2 -1.10 MN/m2 -1.08 MN/m2

Tab. 6.2:	  Shear stresses in global x and y direction, with and without external compression (σc,90 = 0.50 MN/m2), 
following the 3D-FE models for F = 60 kN following "path_1" (graphics by Donhauser 2022)
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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 ti/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 (σc,90) was applied 
as a uniformly distributed surface load (pressure). On the bottom of the elements a support 
in x, 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 
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Tabelle 6.1: Schub‐ und Querdruckspannungen Haupttragrichtung 

Haupttragrichtung 
Belastung: 60 kN 

CLT 
Prüfserie: O1 

DLT 
Prüfserie: D3 

DLT 
Prüfserie: D4 

 

Schubspannungen 
𝜏𝜏�� 

Spannungen senkrecht 
zur Scherfläche 

𝜎𝜎� 

Spannungen senkrecht 
zur Scherfläche Bereich 

L/2 
𝜎𝜎� 

 

Mittelwert:
-1.27 MN/m2

Mittelwert:
-1.23 MN/m2

Mittelwert:
-1.28 MN/m2

Mittelwert:
0.06 MN/m2

Mittelwert:
0.08 MN/m2

Mittelwert:
0.05 MN/m2
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Tabelle 6.2: Schub‐ und Querdruckspannungen Nebentragrichtung 

Nebentragrichtung 
Belastung: 60 kN 

CLT 
O1-y 

DLT 
D3-y 

DLT 
D4-y 

Schubspannungen 
𝜏𝜏�� 

Querzugspannungen 
𝜎𝜎� 

Querzugspannungen 
Bereich L/2 

𝜎𝜎� 

-1.29 MN/m2 -1.16 MN/m2 -1.17 MN/m2

0.03 MN/m2 0.04 MN/m2 0.03 MN/m2

specimens following x direction specimens following y direction

O1-x
CLT

 D3-x
DLT±45°

D4-x
DLT±30°

O1-y
CLT

 D3-y
DLT±45°

D4-y
DLT±30°

σc,90

[MN/m2]

or

σt,90

[MN/m2]

1mean 0.06 0.08 0.05 0.03 0.04 0.03

O1-x-p
CLT

 D3-x-p
DLT±45°

D4-x-p
DLT±30°

O1-y-p
CLT

 D3-y-p
DLT±45°

D4-y-p
DLT±30°

σc,90

[MN/m2]

or

σt,90

[MN/m2]

1mean -0.41 -0.41 -0.44 -0.46 -0.45 -0.43
1within l/2 of path_2
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7.2 FEM‐Modelierung der Versuche mit Querpressung 

Tabelle 7.1: Schub‐ und Querdruckspannungen Haupttragrichtung mit Querpressung 

Haupttragrichtung 
mit Querpressung 
𝜎𝜎� � 0�� �N ��⁄  
Belastung: 60 kN 

CLT 
O1-x 

DLT 
D3-x 

DLT 
D4-x 

Schubspannungen 
𝜏𝜏�� 

Querspannungen 
𝜎𝜎� 

 

Querspannungen Be-
reich L/2 

𝜎𝜎� 

-1.26 MN/m2 -1.22 MN/m2 -1.27 MN/m2

-0.41 MN/m2 -0.41 MN/m2 -0.44 MN/m2
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Tabelle 7.2: Schub‐ und Querdruckspannungen Nebentragrichtung mit Querpressung 

Nebentragrichtung 
mit Querpressung 
𝜎𝜎� � 0�� �N ��⁄  
Belastung: 60 kN 

CLT 
O1-y 

 

DLT 
D3-y 

 

DLT 
D4-y 

 

Schubspannungen 
𝜏𝜏�� 

Querspannungen 
𝜎𝜎� 

Querspannungen Be‐
reich L/2 

𝜎𝜎� 

   

-1.30 MN/m2 -1.14 MN/m2 -1.15 MN/m2

-0.46 MN/m2 -0.45 MN/m2 -0.43 MN/m2

Tab. 6.3:	 Stresses perpendicular to grain for F = 60 kN, without and with external compression perpendicular to 
grain (σc,90 = 0.50 MN/m2) following "path_2", (graphics by Donhauser 2022)

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.

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 (l/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 l/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 l/4 of "path_2" dissipate and lead to very 
small tensile stresses within l/2. Consequently, the initial failure of the specimens is expected 
to occur at the edges of l/2 regarding "path_2" (zero point of stresses). Further explanations 
can be found in (Mestek 2011) and (Donhauser 2022). 
	 The same amount of numerical studies is repeated by introducing external compression 
perpendicular to grain (σc,90 = 0.5 MN/m2). Using the numerical setup described in Figure 
6.10, right, leads to compression stresses acting within l/2, superimposing potential tensile 
stresses.
	 With respect to the stresses acting perpendicular to grain, the external compression leads 
to constant compression stresses within l/2 (-0.41 MN/m2 to -0.46 MN/m2). 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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6.2.3	 Results of the mechanical testing without external compression
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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

Fig. 6.12:	Load-deformation diagrams (hydraulic cylinder) for the specimens oriented x (left) and y (right) 
direction, 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. 
F0 represents the crossing-point of the respective deformation and the y axis. Therefore, the 
definition of the linear elastic range (0.1wFmax and 0.1FFmax; 0.4wFmax and 0.4FFmax) refers to the 
evaluation area between F0 and Fmax in accordance to EN 408 (Figure 6.12). The linearity is 
verified further for each specimen by the coefficient of determination R2. 
	 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.

Tab. 6.4:	 Failure mechanisms of the CLT and DLT series oriented in x direction, without external compression

series
layup

[mm] / [n°]
observations side view

O1-x

CLT
inner layers
(20-20-20)
[90;0;90]S

»» rolling shear failure in one 
of the cross-layers

D3-x

DLT±45°
inner layers
(20-20-20)
[45;90;-45]S

»» shear failures in the ±45° 
layers

»» 	rolling shear failure in the 
cross-layers (middle layer)

D4-x
DLT±30°
(40-40-40)
[30;90;-30]S

»» shear failures in the ±30° 
layers

»» 	rolling shear failure in the 
cross-layers (middle layer)

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.
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series
layup

[mm] / [n°]
observations side view

O1-y

CLT
inner layers
(20-20-20)
[0;90;0]S

»» deformations at the load 
introduction area leading 
to an eccentricity and thus 
to additional tension per-
pendicular to grain

»» 	rolling shear failure in the 
cross-layers

D3-y

DLT±45°
inner layer
(20-20-20)
[45;0;-45]S

»» deformations at the load 
introduction area leading 
to an eccentricity and thus 
to additional tension per-
pendicular to grain

»» shear failure within the 
±45° layers combined with 
tension perpendicular to 
grain

D4-y

DLT±30°
innerlayer
(20-20-20)
[60;0;-60]S

»» deformations at the load 
introduction area leading 
to an eccentricity and thus 
to additional tension per-
pendicular to grain

»» 	shear failure within the 
±30° layers combined with 
tension perpendicular to 
grain

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

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 

Fmax
[kN]

0.4Fmax
[kN]

0.1Fmax
[kN]

w0.4Fmax
[mm]

w0.1Fmax
[mm]

m
[/]

R2

[/]
Gxz/yz,eff

[MNm2/m]
Sxz/yz

[MN/m]
fv

[MN/m2]

O1-1-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

O1-3-x 86.6 46.6 20.7 0.283 0.113 153.9 1.0 186.70 18.27 1.75

mean, (COVSxz  4.4) 203.84 19.79 1.68

O1-1-y 67.8 57.1 36.8 0.271 0.141 154.6 1.0 187.46 11.25 1.37

O1-2-y 77.7 41.1 17.8 0.259 0.104 129.8 1.0 157.43 9.45 1.57

O1-3-y 83.5 48.4 23.4 0.360 0.145 116.1 1.0 140.76 8.45 1.69

mean, (COVSyz  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 53.4 28.3 12.3 0.279 0.078 79.0 1.0 95.84 9.77 1.08

mean, (COVSxz  2.9) 92.37 9.43 1.17

D3-1-y 172.1 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 52.3 35.9 20.2 0.267 0.130 114.7 1.0 139.07 8.34 1.06

mean, (COVSyz  1.1) 138.96 8.34 1.10

D4-1-x 81.3 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, (COVSxz  7.4) 90.56 9.25 1.45

D4-1-y 174.3 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, (COVSyz  4.5) 124.68 9.19 1.33
1Fmax for w = 5.0 mm (no failure achieved)

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

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,eff   

refer to the inner layers, the values of Sij,exp refer to the overall series (see Figure 6.10 and 
Equations (6.10) and (6.11)). The shear strength values fv refer to the maximum load Fmax. 
For specimens that did not achieve failure, no shear strength is calculated. 
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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 Sxz. 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 D4. 

series O1 D3 D4 series O1 D3 D4
type CLT DLT±45° DLT±30° type CLT DLT±45° DLT±30°

n layers [-] 5 5 5 n layers [-] 5 5 5
t layers [mm] 20 20 20 t layers [mm] 20 20 20

1S xz,LT [MN/m] 7.96 7.68 9.52 1S yz,LT [MN/m] 4.89 12.86 10.33
2S xz,SA [MN/m] 7.46 7.68 9.51 2S yz,SA [MN/m] 3.73 6.62 4.75
S xz,exp [MN/m] 19.79 9.43 9.25 S yz,exp [MN/m] 9.71 8.34 9.19

1Analytical solution following the laminate theory using shear correction coefficients
2Analytical solution following the Shear Analogy Method
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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

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

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

investigations on the 
resistance to shearing

investigations on the
resistance due to friction

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 σc,90 = 0.5 MN/m2 to the specimens (see Figure 6.8, right). In 
order to determine a possible 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). 

Fig. 6.15:	Load-deformation diagrams and evaluation of the pre-tests on the test setup	
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Within the investigations on the friction, the static frictional force Fstatic and the sliding 
frictional force Fslide were determined under compression stresses of σc = 0.5 MN/m2. 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 
(Fstatic,mean = 3.6 kN) is significantly lower compared to the total loading Fmax 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 (Fstatic,sh,mean = 1.78 kN) is only half as large as the static frictional force 
Fstatic,mean in the previous pre-test. The sliding (shear) force Fsliding,sh was 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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Fig. 6.16:	Load-deformation diagrams (def_1) in x (left) and y (right) direction, with external compression perpen-
dicular to grain (σc = 0.5 MN/m2)

Fig. 6.17:	Load-deformation diagrams (hydraulic cylinder) in x (left) and y (right) direction, with external compres-
sion perpendicular to grain (σc = 0.5 MN/m2)

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 σc = 0.5 MN/m2 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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Tab. 6.7:	 Failure mechanisms of the CLT and DLT series in x direction, with ext. compression (σc,90 = 0.50 MN/m2)

series
layup

[mm] / [n°]
observations side view

O1-x-p

CLT
inner layers
(20-20-20)
[90;0;90]S

»» small deformations at the 
load application area

»» rolling shear failure in one 
of the cross-layers

D3-x-p

DLT±45°
inner layers
(20-20-20)
[45;90;-45]S

»» small deformations at the 
load application area

»» shear failures in the ±45° 
layers

»» 	rolling shear failure in the 
cross-layers (middle layer)

D4-x-p

DLT±30°
inner layers
(20-20-20)
[30;90;-30]S

»» small deformations at the 
load application area

»» shear failures in the ±30° 
layers

»» 	rolling shear failure in the 
cross-layers (middle layer)

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 in 2011), EN 408 initially 
proposes shearing only one lamella, so as to avoid a chain of springs connected in parallel.

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 (σc,90 = 0.50 MN/m2)

series
layup

[mm] / [n°]
observations side view

O1-y-p

CLT
inner layers
(20-20-20)
[0;90;0]S

»» high deformations at the 
load application area

»» failure at the load intro-
duction due to compres-
sion perpendicular to grain

»» no shear failure achieved

D3-y-p

DLT±45°
inner layers
(20-20-20)
[45;0;-45]S

»» high deformations at the 
load application area

»» failure at the load intro-
duction due to compres-
sion perpendicular to grain

»» no shear failure achieved

D4-y-p

DLT±30°
inner layers
(20-20-20)
[60;0;-60]S

»» high deformations at the 
load application area

»» failure at the load intro-
duction due to compres-
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 fv,p under additional compression perpendicular to grain are only evaluated 
for series oriented in x direction. Again, The values of Gij,eff   refer to the inner layers, the 
values of Sij,exp 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-

Fmax
[kN]

0.4Fmax
[kN]

0.1Fmax
[kN]

w0.4Fmax
[mm]

w0.1Fmax
[mm]

m
[/]

R2

[/]
Gxz/yz,eff

[MNm2/m]
Sxz/yz

[MN/m]
fv,p

[MN/m2]

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

O1-3-x-p 97.8 46.3 20.6 0.254 0.088 155.3 1.0 188.36 18.42 1.98

(COVSxz  3.2) mean 196.46 19.14 1.80

O1-1-y-p 180.8 49.1 33.3 0.184 0.096 178.8 1.0 216.88 13.01 /

O1-2-y-p 172.1 34.9 16.2 0.164 0.058 177.0 1.0 214.70 12.88 /

O1-3-y-p 162.2 41.7 31.4 0.213 0.125 116.2 1.0 140.96 8.46 /

(COVSyz  18.5) mean 190.85 11.45 /

D3-1-x-p 72.5 39.8 23.4 0.381 0.159 72.5 1.0 87.97 9.00 1.47

D3-2-x-p 45.1 24.0 13.5 0.283 0.145 76.3 1.0 92.58 9.45 1.36

D3-3-x-p 47.3 26.1 15.5 0.278 0.125 68.9 1.0 83.55 8.57 1.40

(COVSxz  4.2) mean 88.03 9.01 1.41

D3-1-y-p 168.9 33.5 15.9 0.236 0.073 107.6 1.0 130.51 7.83 /

D3-2-y-p 175.6 36.2 16.6 0.359 0.108 78.2 1.0 94.80 5.69 /

D3-3-y-p 148.6 26.7 15.7 0.177 0.067 99.6 1.0 120.77 7.25 /

(COVSyz  13.1) mean 115.36 6.92 /

D4-1-x-p 65.0 38.0 24.5 0.382 0.180 82.4 1.0 99.94 10.17 1.65

D4-2-x-p 83.8 48.5 30.9 0.327 0.161 106.3 1.0 128.98 12.95 1.69

D4-3-x-p 69.7 36.3 19.6 0.331 0.134 84.5 1.0 102.51 10.42 1.41

(COVSxz  11.9) mean 110.48 11.18 1.58

D4-1-y-p 169.6 33.8 16.0 0.325 0.083 73.9 1.0 89.62 5.38 /

D4-2-y-p 187.9 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 /

 (COVSyz  18.3) mean 113.09 6.79 /
1Fmax for w = 5.0 mm (no failure achieved)

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 (σc,90 = 0.50 MN/m2)

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

series O1 D3 D4 series O1 D3 D4
type BSP DLH±45° DLH±30° type BSP DLH±45° DLH±30°

n layers [-] 5 5 5 n layers [-] 5 5 5
t layers [mm] 20 20 20 t layers [mm] 20 20 20

1S xz,LT [MN/m] 7.96 7.68 9.52 1S yz,LT [MN/m] 4.89 12.86 10.33
2S xz,SA [MN/m] 7.46 7.68 9.51 2S yz,SA [MN/m] 3.73 6.62 4.75
S xz,exp. [MN/m] 19.79 9.43 9.25 S yz,exp [MN/m] 9.71 8.34 9.19

3S xz,exp,p [MN/m] 19.14 9.01 11.18 3S yz,exp,p [MN/m] 11.45 6.92 6.79
1Analytical solution following the laminate theory using shear correction coefficients
2Analytical solution following the Shear Analogy Method
3Experimental solution with compression perpendicular to the grain (0.5 MPa)
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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 (σc = 0.50 MN/m2)

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.
	 For the O1 series in x direction the out-of-plane shear stiffness Sxz,exp,p (19.14 MN/m) is 
again much higher than the analytical solutions. As previously described, the reasons may 
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 (1st and 5th) 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.
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series
fv 

[MNm2/m]

fv,p

[MNm2/m]

increase
[%]

O1-x 1.68 1.80 +7.1

D3-x 1.17 1.41 +20.5

D4-x 1.45 1.58 +8.9

O1-y 1.54 / /

D3-y 1.10 / /

D4-y 1.65 / /

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

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-
sion perpendicular to grain (σc,90 = 0.5 MN/m2) are increased by 7.1 % for the O1 series, 
compared to the strength values without external compression. For the D3 series, an increase 
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 
grain of σc,90 = 0.33 MN/m2 and σc,90 = 0.80 MN/m2. For comparability, the strengths values 
determined by Mestek are linear interpolation for σc,90 = 0.5 MN/m2. Using a comparable 
test setup to the one chosen for this investigation, Mestek increased the shear strength of a 
CLT series from fv = 1.47 MN/m2 to fv,p = 1.63 MN/m2, 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.

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 Fmax and 0.4 Fmax). The shear deformations refer to the chosen evaluation area (ax = ay = 
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.

numerical model mechanical testing analytical2

∆u 
1

[mm]
Gxz/yz,eff

[MNm2/m]
Sxz,num/Syz,num

[MN/m]
Sxz,exp/Syz,exp

[MN/m]
Sxz/Syz

[MN/m]

O1-x 0.372 67.57 7.17 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

O1-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

O1-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

O1-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
1Respective values in accordance to the linear-elastic range of the experimental investigations
2Lamiante theory using shear correction coefficients

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 

Tab. 6.10:	 Percentage increase of the shear strength fv due to external compression
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Investigations on the out-of-plane shear strength and stiffness Investigations on the out-of-plane shear strength and stiffness

series O1 D3 D4 series O1 D3 D4
type CLT DLT±45° DLT±30° type CLT DLT±45° DLT±30°

n layers [-] 5 5 5 n layers [-] 5 5 5
t layers [mm] 20 20 20 t layers [mm] 20 20 20

1S xz,LT [MN/m] 7.96 7.68 9.52 1S yz,LT [MN/m] 4.89 12.86 10.33
2S xz,SA [MN/m] 7.46 7.68 9.51 2S yz,SA [MN/m] 3.73 6.62 4.75
S xz,exp. [MN/m] 19.79 9.43 9.25 S yz,exp [MN/m] 9.71 8.34 9.19

3S xz,exp,p [MN/m] 19.14 9.01 11.18 3S yz,exp,p [MN/m] 11.45 6.92 6.79
S xz,num [MN/m] 6.98 6.87 9.00 S yz,num [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
3Experimental solution with compression perpendicular to the grain (0.5 MPa)
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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 (σc = 0.50 MN/m2)

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. 

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 DLT 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

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 Bx and By of a laminate can be taken from the entries D11 
and D22 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 Bx,eff,exp and By,eff,exp (Equation (7.2)). The same holds true for various static systems 
under different loadings. Analytically, an effective bending stiffnesses Bx,eff can exemplary 
be determined on the system of a beam element under a single load F in 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).
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Investigations on the bending stiffness

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 t =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° 
(+6.7 %). Therefore, the influence of the rotation of the center layer (3rd 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 (t = 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 ti = 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.

thickness t = 100 mm t = 200 mm

series
type

O1
CLT

D3
DLT±45°

D4
DLT±30°

O5
CLT

D5
DLT±45°

D6
DLT±30°

D1=D2
uDLT±45°

Bx [MNm2/m]

rate [%]

0.74
(= 100 %)

0.79
+6.6 %

0.84
+14.2 %

5.90
(= 100 %)

6.29
+6.7 %

6.74
+14.2 %

6.35
+7.6 %

Tab. 7.1:	 Percentage increase and decrease of the bending stiffness due to diagonal layer arrangements 

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 
(Halász and Scheer 1996)).
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Fig. 7.1:	Bending stiffness of 5-layered CLT and DLT elements as a function of the layer arrangement Ѳ
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Fig. 7.2:	Bending stiffness Bx of 5-layered CLT and DLT elements as a function of the layer thickness ti 
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Fig. 7.3:	Bending stiffness By of 5-layered CLT and DLT elements as a function of the layer thickness ti 

In addition to the representations within Figure 7.1, Figures 7.2 and 7.3 depict the increase 
of the bending stiffness Bx 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 Δti = 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). 

Investigations on the bending stiffness Investigations on the bending stiffness

7.2	 Experimental determination of the bending stiffness

7.2.1	 Test setup
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Fig. 7.4:	Test setup of the four-point bending tests

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.
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The overall span l 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 h. 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 (l =  600 mm). Therefore, the distance between the load-introduction points and the 
supports is l2 = 1500 mm. Within the span of l1 = 5h = 1000 mm the local deformation wlocal 
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 wglobal within the overall span (l = 4600 mm) was measured 
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 u = ±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 (0.1Finit and 0.3Finit). The bending stiffness Bx was determined using 
Equation (7.4). Equation (7.5) follows Equation (C.1) within EN 16351. Bx equals the local 
bending stiffness. The effective bending stiffness Bx,eff is determined by Equation (7.5) (where 
mi is the slope of the regression line).

7.2.2	 Results of the mechanical testing
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Figure 7.5 highlights the load-deformation diagrams for the 5-layered uDLT D1 series 
with an overall thickness of t = 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 (wcylinder), 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. 
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Fig. 7.5:	Load-deformation diagrams of the cylinder

Investigations on the bending stiffness Investigations on the bending stiffness

Fig. 7.6:	Display of an exemplary failure mechanism in bending of D1-4 specimen

t = 200 mm
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Bx,exp

[MNm2/m]
Bx,eff,exp

[MNm2/m]
Sxz,exp

[MN/m]

D1-1 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 56.20

D1-10 6.15 5.73 37.42

mean 5.65 5.36 38.75

COV 6.8 % 5.0 % 31.6 %

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 
Bx = 6.35 MNm2/m. This value appears to be higher by 0.70 MNm2/m than the mean value 
Bx,exp = 5.65 MNm2/m achieved by the mechanical testing. 
	 The effective bending stiffness of D1 series following an analytical approach appears to 
be Bx,eff = 5.95 MNm2/m considering the span of l = 4.6 m and a = 1.5 m (see Appendix 
A5 for the analytical derivation of Bx,eff for the four-point bending test). This value differs 
by 0.61 MNm2/m to the experimental determined effective (global) bending stiffness 
Bx,eff,exp = 5.34 MNm2/m.
	 Compared to reference CLT series O5 (Bx,eff = 4.37 MNm2/m considering the 
span of l = 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/l/t = 1200/4136/95 mm; 19-19-19-19-19; [0°,45°;0°;–45°,0°]S; 
non-edge-glued) according to EN 408, demonstrated an increase in bending stiffness Bx,eff,exp 
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 
(Sxz,exp = 38.75 MN/m) is not in comparable range to the analytical value (Sxz = 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.

Investigations on the bending stiffness Investigations on the bending stiffness

Fmax

[kN]
0.3Fmax

[kN]
0.1Fmax

[kN]

w0.3Fmax

[mm]
w0.1Fmax

[mm]
slope m

[/]
R2

[/]

global local global local global local

D1-1 98.001 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

D1-4 138.54 41.56 13.85 19.61 0.94 5.03 0.24 1907.71 39533.63 1.00

D1-5 137.681 41.30 13.77 18.95 1.01 4.93 0.26 1987.71 36931.13 1.00

D1-6 104.731 31.42 10.47 14.89 0.81 3.57 0.19 1824.02 33635.95 1.00

D1-7 125.001 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

D1-10 119.151 35.75 11.92 15.88 0.82 4.31 0.21 2020.56 39349.33 1.00
1load at initial failure

Tab. 7.2:	 Evaluation of the four-point bending tests on the uDLT series D1

Tab. 7.3:	 MOE, bending stiffnesses Bx,exp and Bx,eff,exp, and Sxz,exp following the four-point bending tests (EN 16351)
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Investigations on the torsional stiffnessInvestigations on the torsional stiffness

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):

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

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

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 Bxy can be taken from the matrix notation (D66) of the ABD-E stiffness matrix of 
the CLT or DLT element, multiplied by a factor 2 (Schürmann 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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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):

The shear stiffnesses Sxz and Syz follow the analytical approaches described in Chapter 6.  
The bending stiffnesses Bx and By follow the respective entries of the ADE-E matrix (D11 and 
D22). As previously discussed and shown in Equation (8.4), entry D66 in the stiffness matrix 
of the laminate represents half of the torsional stiffness Bxy of the plate elements. 
	 Following the force method and considering the superposition of the distribution of 
internal forces gained by the virtual and actual stress resultants δmi and mi the factors 
1/3  result within Equation (8.7). The virtual displacement wδij 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 Bxy,eff.
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The torsional stiffness that includes bending and shear stiffness components is called “effective 
torsional stiffness” Bxy,eff. 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): 

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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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 Bxy (Equation (8.4)) and 
the effective torsional stiffness values Bxy,eff  (Equation (8.8)) for the CLT and DLT series 
with layer thicknesses ti = 20 mm and ti = 40 mm. Within Bxy,eff 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 dx /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 Bxy 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, (dx = dy = 1.0 m) and taking 
into account the bending stiffness values and the out-of-plane shear stiffness values, the 
effective torsional stiffness Bxy,eff of DLT±45° series D3 is increased by 31.4 % compared to 
the 5-layered CLT series O1 with an overall thickness of t = 100 mm. The effective torsional 

𝑤𝑤��� �
𝐹𝐹 𝐹 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹
2 𝐷𝐷��

𝑤𝑤��� �
𝐹𝐹 𝐹 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹
2 𝐷𝐷��

�
𝐹𝐹 𝐹 𝐹𝐹𝐹𝐹�

6 𝐷𝐷��
�
𝐹𝐹 𝐹 𝐹𝐹𝐹𝐹�

6 𝐷𝐷��
�

𝐹𝐹
2 𝐸𝐸��

�
𝐹𝐹

2 𝐸𝐸��

(8.9)

𝑤𝑤��� �
𝐹𝐹 𝐹 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹
2 𝐷𝐷��

𝑤𝑤��� �
𝐹𝐹 𝐹 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹
2 𝐷𝐷��

�
𝐹𝐹 𝐹 𝐹𝐹𝐹𝐹�

6 𝐷𝐷��
�
𝐹𝐹 𝐹 𝐹𝐹𝐹𝐹�

6 𝐷𝐷��
�

𝐹𝐹
2 𝐸𝐸��

�
𝐹𝐹

2 𝐸𝐸��
(8.10)

series O1 O3 D3 D4 O5 D5 D6
type CLT CLT DLT±45° DLT±30° CLT DLT±45° DLT±30°

n layers [-] 5 3 5 5 5 5 5
t layers [mm] 20 20 20 20 40 40 40

B xy [MNm²/m] 0.12 0.03 0.19 0.17 0.92 1.50 1.36 (Kirchhoff-Love)
B xy,eff [MNm²/m] 0.10 0.02 0.14 0.11 0.77 1.05 0.86 (Reissner-Mindlin)
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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)). 

Fig. 8.3:	Torsional stiffness of the CLT and DLT elements following the analytical solution (dx = dy = 1.0 m)

thickness t =100 mm t =200 mm

series
type

O1
CLT

D3
DLT±45

D4
DLT±30°

O5
CLT

D5
DLT±45

D6
DLT±30°

Bxy [MNm2/m]

rate [%]
0.12

(=100 %)
0.19

+63.5
0.17

+47.8
0.920

(=100 %)
1.50

+57.8
1.36

+43.5

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

stiffness Bxy,eff of DLT±30° series D4 is increased by 6.9 % compared to CLT series O1. The 
increase in effective 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. 

Consequently, the effective torsional stiffness is calculated in accordance to Equation (8.8).
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Investigations on the torsional stiffnessInvestigations on the torsional stiffness

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 dx = dy = 1.0 m. 
The layer thickness is chosen as a constant at ti = 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°]S and [0°, 90°,90°,90°,0°]S provide the same torsional stiffness values Bxy, as 
the reference value of CLT [0°, 90°,0°,90°,0°]S. This follows the laminate theory. On the 
other hand, the effective bending stiffness values of the extremes ([0°,0°,90°,0°,0°]S and  
[0°, 90°,90°,90°,0°]S) differ, hence the bending and shear stiffness values differ. Same holds 
true for layer orientations under 30° and 60°—Bxy 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).
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Fig. 8.4:	Torsional stiffness and effective torsional stiffness of 5-layered CLT and DLT elements as a function of the 
layer arrangement Ѳ (dx = dy = 1.0 m)

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 l = 1200 mm are twisted during biaxial bending tests. Here, the aim is 
to determine the effective torsional stiffness Bxy,eff 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 (Mestek 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” were measured by force transducers. Deflection “def_1” (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 

Fig. 8.5:	Test setup of the biaxial bending tests
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8.2.2	 Results of the mechanical testing
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Figure 8.6 displays the load-deformation diagrams for the 5-layered CLT and DLT series 
with an overall thickness of t =100 mm (upper chart) and t = 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 (wunloaded ≈ 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 t = 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 O5 series similarly did not fully return to their original position 
(wunloaded ≈ 2.4 mm) (Table 8.2).
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Fig. 8.6:	Load-deformation diagrams of the CLT and DLT specimens under biaxial bending

the curvature κxy 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 umeanof 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 0.1Fmax (0.1Fw100) and 0.4Fmax (0.4Fw100) using linear 
regression. Therefore, Equation (8.9) is converted to Bxy (Equation (8.11)). As mentioned 
before, the torsional stiffnesses determined experimentally are effective torsional stiffnesses 
Bxy,eff,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 Fw100 to reach a deformation of 100 mm is 
used instead of Fmax to determine the effective torsional stiffness (Equation (8.11).

t = 100 mm

t = 200 mm
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Tab. 8.2:	 Failure mechanisms of the CLT series

series
layup

[mm] / [n°]

deformation figure and crack pattern at w =100 mm

observations side view

O1
CLT

(20-20-20-20-20)
[0;90;0;90;90]S

»» plastic deformations hardly detect-
able

»» isolated rolling shear failures in the 
cross-layers

»» noticeable cracking noise from a 
deformation w = 40 mm onwards

O3

CLT
(20-20-20)
[0;90;0]S

»» no plastic deformations detected
»» no rolling shear failures detected
»» no noticeable cracking noise

O5

CLT
(40-40-40-40-40)
[0;90;0;90;90]S

»» plastic deformations hardly detect-
able

»» rolling shear failures in the cross-
layers from a deformation w = 60 
mm on

»» noticeable cracking noise from a 
deformation of w = 40 mm onwards

Tab. 8.3:	 Failure mechanisms of the DLT series

series
layup

[mm] / [n°]

deformation figure and crack pattern at w =100 mm

observations front view / side view

D3
DLT±45°

(20-20-20-20-20)
[0;45;90;-45;0]S

»» plastic deformations hardly detect-
able

»» 	isolated rolling shear failures in the 
cross-layers

»» 	isolated combined rolling shear and 
longitudinal shear failures

»» audible and visible cracking from a 
deformation of w = 40 mm onwards

D4
DLT±30°

(40-40-40-40-40)
[0;30;90;-30;0]S

»» plastic deformations hardly detect-
able

»» isolated rolling shear failures in the 
cross-layers

»» noticeable cracking noise from a de-
formation of w = 40 mm onwards

D5
DLT±45°

(40-40-40-40-40)
[0;45;90;-45;0]S

»» rolling shear failures with tension 
perpendicular to grain

»» 	clearly audible cracking from a de-
formation of w = 35 mm onwards

»» 	extensive load drop (complete fail-
ure) before reaching the unit-defor-
mation

»» exceeding the permissible compres-
sion stress perpendicular to grain at 
the load introduction plate

D6
DLT±30°

(40-40-40-40-40)
[0;30;90;-30;0]S

»» rolling shear failures with tension 
perpendicular to grain 

»» clearly audible cracking from a de-
formation of w = 35 mm onwards

»» extensive load drop (complete fail-
ure) before reaching the unit-defor-
mation

The DLT elements with a thickness of t = 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 t = 200 mm (D5 and D6 series). An extensive loss of the load carrying capacity 
occurred in all DLT elements (t = 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). 
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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 t = 100 mm, the 
effective torsional stiffness Bxy,eff,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 
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 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 Bxy,eff,exp 
and the torsional stiffnesses previously derived analytically—according to the plate theories 
of Kirchhoff-Love (Bxy) and Reissner-Mindlin (Bxy,eff)—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.

Fig. 8.7:	Torsional Stiffness of the orthogonal and diagonal laminated series (CLT and DLT) given from the 
mechanical testing

series O1 O3 D3 D4 O5 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 [MNm²/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
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Complementary to Figure 8.6, the respective loads (Fmax), the respective deformations, and a 
evaluation within the linear elastic range of series with t = 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 t = 200 mm.

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

1Fmax

[kN]
0.4Fmax

[kN]
0.1Fmax

[kN]
w0.4Fmax

[mm]
w0.1Fmax

[mm]
slope m

[/]
R2

[/]
Bxy,eff,exp

[MN/m2]

O1-1 18.87 27.56 1.87 227.92 8.18 0.22 1.00 0.16

O1-2 17.96 7.18 1.80 34.67 9.67 0.22 1.00 0.15

O1-3 19.80 7.92 1.98 38.29 10.27 0.21 1.00 0.15

O1-4 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
1Load for achieving the unit-deformation in z direction "def_1" = w =100 mm
2Values for 0.3 Fw100 due to a initial loss in force at O1-1 specimen at w =30 mm (see Figure 8.6)

2Fmax

[kN]
0.4Fmax

[kN]
0.1Fmax

[kN]
w0.4Fmax

[mm]
w0.1Fmax

[mm]
slope m

[/]
R2

[/]
Bxy,eff,exp

[MN/m2]

O5-1 160.72 24.29 6.07 20.13 5.35 1.247 1.00 0.90

O5-2 150.63 20.25 5.06 19.48 4.84 1.051 1.00 0.76

O5-3 151.77 20.72 5.13 20.18 4.84 1.034 1.00 0.75

O5-4 159.86 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

D6-1 255.43 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
1Maximum value
2Load at initial failure

Tab. 8.5:	 Evaluation of the biaxial bending tests of the CLT and DLT specimens with t = 200 mm
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layup analytical approach mechanical testing1 numerical model

series
t

[mm]
Bxy

[MN/m2]
Bxy,eff

[MN/m2]
def_12

[mm]
def_2
[mm]

Bxy,eff,exp

[MN/m2]
def_1
[mm]

def_2
[mm]

Bxy,eff,num

[MN/m2]

O1 100 0.12 0.10 36.45 1.94 0.16 36.45 2.02 0.15

O3 60 0.03 0.03 39.05 1.45 0.03 39.05 1.31 0.03

O5 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
1mean values from the experimental investigations
2values “def_1”= w0.4 F max (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

Fig. 8.9:	Exemplary mesh-convergence-diagrams of O1 series (left) an O5 series (right)
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results given within the examined parameters was observed. Figure 8.9 exemplifies two 
mesh-convergence-diagrams, one for the O1 series (t = 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  (Bxy,eff,num) 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).

8.3	 Investigations on the effective torsional stiffness using numerical models

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 (Halász and Scheer 1996) were applied. The material parameters for structural 
steel were used (E = 200.000 MPa, G = 76.923 MPa, ν = 0.3).

The determination of the effective torsional stiffness from the numerical FE model (Bxy,eff,num) 
was deformation-controlled. To display the deformations, so-called deformation paths 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 

8.3.1	 General information and modelling approach

Fig. 8.8:	Exemplary 3D model of O1 series (Inventor) and FE volume model of O1 series under biaxial bending 
(Ansys)

8.3.2	 Determination of the torsional stiffness and comparison of the results
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Fig. 8.10:	Torsional stiffness of the CLT and DLT elements following the analytical, experimental, and numerical  
investigations

series O1 O3 D3 D4 O5 D5 D6
type CLT CLT DLT±45° DLT±30° CLT DLT±45° DLT±30°

n layers [-] 5 3 5 5 5 5 5
t layers [mm] 20 20 20 20 40 40 40

B xy [MNm²/m] 0.12 0.03 0.19 0.17 0.92 1.50 1.36 (Kirchhoff-Love)
B xy,eff [MNm²/m] 0.10 0.03 0.13 0.11 0.77 1.01 0.82 (Reissner-Mindlin)

B xy,eff,exp [MNm²/m] 0.15 0.03 0.20 0.19 0.79 1.01 0.97 (Mechanical Testing)
B xy,eff,num [MNm²/m] 0.15 0.03 0.20 0.19 0.74 0.97 0.94 (Numerical Model)
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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)
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D4
DLT±30° 

D3
DLT±45°

n
width w 
[mm]

Bxy,eff,num

[MNm2/m]
Bxy,eff,num

[MNm2/m]

1 80 0.162 0.175

2 120 0.177 0.191

3 160 0.184 0.199
14 180 0.188 0.203

5 200 0.192 0.205

6 240 0.192 0.205
1All CLT and DLT specimens experimentally examined 
had a board width of w = 180 mm (see Table 4.6)

DLT±45° (D3)
DLT±30° (D4)

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/dx > 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/dx > 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 ∆w = 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 (Silly 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 Bxy,eff,num 
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.

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

series
type

O1
CLT

D3
DLT±45°

D4
DLT±30°

O5
CLT

D5
DLT±45°

D6
DLT±30°

D1
DLT+45°

t0

Bx [MNm2/m] A11 0.74 0.79 0.84 5.90 6.29 6.74 6.35

By [MNm2/m] A22 0.22 0.09 0.06 1.73 0.76 0.46 0.70

Bxy [MN/m] D66 0.12 0.19 0.17 0.92 1.50 1.36 1.50

Sxz [MN/m] E44 7.96 7.68 9.52 15.92 15.36 19.03 28.08

Syz [MN/m] E55 4.89 12.86 10.33 9.78 25.72 20.66 9.94

tfin

Bx [MNm2/m] A11 0.61 0.65 0.70 4.90 5.18 5.57 5.23

By [MNm2/m] A22 0.17 0.06 0.03 1.37 0.50 0.26 0.45

Bxy [MN/m] D66 0.03 0.11 0.09 0.26 0.85 0.70 0.85

Sxz [MN/m] E44 2.32 2.26 2.86 4.64 4.52 5.73 8.31

Syz [MN/m] E55 1.34 4.19 3.49 2.68 8.38 6.97 2.91

t∞

Bx [MNm2/m] A11 0.61 0.64 0.69 4.87 5.15 5.55 5.21

By [MNm2/m] A22 0.16 0.05 0.02 1.29 0.39 0.14 0.42

Bxy [MN/m] D66 0.01 0.09 0.07 0.05 0.68 0.52 0.68

Sxz [MN/m] E44 0.41 0.40 0.52 0.82 0.80 1.03 1.47

Syz [MN/m] E55 0.22 0.78 0.75 0.45 1.56 1.49 0.50

level to the loss of stiffness of the CLT element (Bx: -18.1 %; By: -34.0 %; Bxy: -43.6 %, Sxz: 
-71.4; Syz: -71.4 %). This is due to the higher deformation coefficients perpendicular to grain 
(kT and kshear), compared to kL (longitudinal). Approximately the same relationship is valid 
for CLT and DLT elements of the thickness t = 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 tfin, Table 8.9 additionally gives the maximum stiffness values 
at tfin using kL = 0.1, kT = 0.8, and kshear = 2.3, instead of kL = 0.2, kT = 1.2, and kshear = 2.5.

long-term deformation coefficient/
time-phase

kL kT kshear

t0 0 0 0

tfin 0.2 1.2 2.5

t∞ 0.2 19.0 19.0

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 (t0 = 1 min delay after loading, tfin = 11 a 
= end of primary phase (end of creep deformations), t∞ > 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 t0, the stiffness values after the creep phase (tfin), and 
in the infinite time state (t∞) 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 (tfin), for CLT elements of t = 100 mm, the 
loss in bending stiffness is low compared to the initial stiffness properties (Bx: -17.0 %; By: 
-20.8 %). In contrast, the decrease in torsional stiffness and shear stiffness after the creep 
phase is eminent (Bxy: -78.7 %; Sxz: -71.4 %; Syz: -71.4 %). 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

Tab. 8.8:	 Time-dependent stiffness values of the series investigated

series
type

O1
CLT

D3
DLT±45°

D4
DLT±30°

O5
CLT

D5
DLT±45°

D6
DLT±30°

D1
DLT+45°

tfin

Bx [MNm2/m] A11 0.74 0.79 0.84 5.90 6.29 6.74 6.35

By [MNm2/m] A22 0.22 0.09 0.06 1.73 0.76 0.46 0.70

Bxy [MN/m] D66 0.12 0.19 0.17 0.92 1.50 1.36 1.50

Sxz [MN/m] E44 2.46 2.39 3.03 4.92 4.79 6.07 8.08

Syz [MN/m] E55 1.43 4.35 3.59 2.86 8.71 7.17 3.11

Tab. 8.9:	 Maximum stiffness values at tfin of the series investigated, using minimum values ki

8.4.1	 General information
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type

O1
CLT

D3
DLT±45°

D4
DLT±30°

O5
CLT

D5
DLT±45°

D6
DLT±30°

D1
DLT+45°

wt,0 [mm] 9.86 7.37 9.07 1.29 0.94 1.16 0.98

wt,fin,mean
1 [mm] 32.14 12.59 17.05 4.26 1.65 2.34 1.78

wt,∞ [mm] 171.47 16.74 26.26 23.65 2.57 3.80 3.18

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 

O1 D3 D4 O5 D5 D6 D1
w fin,min [mm] 7.86 5.92 8.65 1.06 0.78 1.12 0.84

w fin [mm] 32.14 12.59 17.05 4.26 1.65 2.34 1.78
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]
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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 dx = dy = 1.0 m and the loading is chosen as constant to 40 % of 2.5 kN/m2  
(F = 0.4 · 2,5 kN/m2 · 1,0 m2 = 1,0 kN). Since the test may have a test duration of t > 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 Δt = 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 tfin, 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 wfin,min of each series—using 
the minimum shear deformation coefficients at tfin (Table 8.9)—to the expected deformations 
using the deformation coefficient at tfin recommended by previous investigations (Table 8.8)
(see references at Table 4.5, Chapter 4.2.3).

Fig. 8.12:	Exemplary test facility for the determination of long-term deformation behavior of CLT and DLT under-
going biaxial bending (Vogel 2021)

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

plate dimensions: dx = dy = 1.0 m
F = 1.0 kN

Fig. 8.14:	Comparison on the deformation at tfin using the minimum and recommended deformation coefficients

Investigations on the torsional stiffnessInvestigations on the torsional stiffness

dx = dy = 1.0 m
F = 1.0 kN

dx = dy = 1.0 m
F = 1.0 kN

8.4.2	 Proposal for a test setup
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9	 Investigations on the in-plane shear stiffness

Investigations on the in-plane shear stiffness

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 A66 of the global stiffness matrix following 
the laminate theory (Equation (9.1) (Appendix A2).

9.1	 General information and analytical solution
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(9.1)

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

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. 

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 (ΣQijti). 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) 

𝐷𝐷�� �
1
4 ·� 𝐺𝐺���� · 𝑑𝑑� � 1�4 · ��� (9.2)

A66 = ΣQxy,iti

[MPA]
Dxy

 = 1/4 · A66

[MN/m]
percentage 

increase / decrease

O1 69.00 17.25 (= 100 %)

D3 153.01 38.25 + 122 %

D4 132.00 33.00 + 91 %

Note, that Equation (9.2) initially refers to the engineering constant of the in-plane shear 
modulus Gxy of the single laminations (Gxy = 690 MPa for spruce, T14). 
Table 9.1 gives exemplary the in-plane shear stiffness values of O1, D3, and D4 series 
following the laminate theory (ΣQijti), using an approximate reduction factor of 1/4. The 
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Fig. 9.1:	Test setup of the shear frame test based on construction sketches by (Massiv-Holz-Mauer GmbH 2021) 
and (Holzinger 2021)
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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). 

9.2	 Preliminary experimental investigations

9.2.1	 Test setup and analytical approach—shear frame test

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 (Holzinger 2021) and was produced in cooperation with the company Massiv-Holz-
Mauer GmbH (Massiv-Holz-Mauer GmbH 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 Frocht 1931).

𝛾𝛾 �
2 · ∆𝑤𝑤
𝑙𝑙𝑙𝑙

𝐺𝐺������ �
𝜏𝜏
𝛾𝛾 �

𝐹𝐹
∆𝑤𝑤 ·

𝐶𝐶�
6𝑡𝑡 � � ·

𝐶𝐶�
6𝑡𝑡

𝜏𝜏 � 𝐶𝐶� ·
𝐹𝐹

2 · 𝑙𝑙 𝑙𝑙𝑙

(9.3)

The shear stress acting within the core can be calculated by Equation (9.4):
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1F1

[kN]

1wF1

[mm]

10.5F1

[kN]

1w0.5F1

[mm]
slope m

[/]
R2

[/]
Ci

[/]
Gxy,eff 
[MPa]

Dxy 
[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
1Chosen values for the evaluation within a linear elastic relationship (see coefficient of determination R2)

Tab. 9.2:	  Evaluation of the shear frame tests

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 %. 

Fig. 9.3:	Load-deformation diagrams of the shear-frame test
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The coefficient Ci describes the ratio of the estimated shear stresses τ 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, Frocht 1931). Using Mohr’s circle a mean value of the ratio Ci = τ/τpu is calcluated 
for points on the diagonals (length d). Therefore, Ci depends on the ratio a/l (Turesson et 
al. 2019, Andreolli et al. 2014). For the given test setup (d = 500 mm, a = l/3 = 1130/3 
mm), the coefficient Ci 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)). 
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Fig. 9.2:	Geometrical parameters and static system for the experimental investigations 

9.2.2	 Results of the experimental investigations—shear frame test

The tactile tests were carried out for one specimen of each series with t = 100 mm (O1, D3, 
D4 series). The chosen test setup is not suitable for series with t > 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 ∆w is the absolute 
value of the relative deformations in global x and y direction, measured over the distances 
d1 and d2 (∆w = |∆d1|+|∆d2|). The shear strain within the core (a = l/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. 

The discontinuities in 
the curves (presum-
ably caused by the 
attachment of the 
rope extensometer) 
are excluded from 
the linear regression 
analysis.
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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 Gxy,mean= 320.42 MN/m2 
(COV 7.6). 

Fmax

[kN]
F0.4

[kN]
F0.1 
[kN]

ε0.4

[/]
ε0.1

[/]
Ey’

[MN/m2]
Ex

[MN/m2]
Ey

[MN/m2]
Gxy,eff

[MN/m2]
Dxy 

[MN/m]

O1-1 378.93 151.57 37.89 0.0037737 0.0007658 1261.8 6748.0 4400.0 315.5 31.55

O1-2 348.72 139.49 34.87 0.0035940 0.0007434 1190.2 6748.0 4400.0 297.5 29.75

O1-3 337.38 134.95 33.74 0.0036699 0.0008137 1085.5 6748.0 4400.0 271.4 27.14

(COV 7.6), mean 320.42 32.04

Tab. 9.3:	  Evaluation of the shear compression tests

Using the moduli of elasticity calculated previously, the effective shear moduli Gxy,eff 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°. 
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9.2.4	 Results of the experimental investigations—shear compression test
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(9.6)

(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 0.4Fmax and 0.1Fmax. Thus, 
the strains ∆ε are absolute values that take into account the relative deformations in global 
x and y direction, measured in horizontal and vertical direction (∆εi = ∆εi,vert+∆εi,horiz).

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 ti. In the end, 
the sum is divided by the overall thickness t of the CLT element (Equations (9.6) and (9.7)).

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/l = 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. 

Fig. 9.4:	Test setup of the in-plane shear compression tests, based on (Brandner et al. 2017)
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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—need 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. 

analytical solution1 shear frame test shear compression test

series
Gxy 

[MN/m2]
Dxy 

[MN/m]
Gxy,eyp 

[MN/m2]
Dxy,exp 

[MN/m]
Gxy,exp

[MN/m2]
Dxy,exp 

[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 / /

1simplified approach using a reduction factor of 0.25 according to EC 5

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

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 
ΔDxy = 7.74 MN/m (Table 9.4). The value of the shear frame test (Dxy,O1 = 24.30 MN/m) 
is therefore by 31.9 % smaller compared to the in-plane shear stiffness determined using the 
shear compression test (Dxy = 32.04 MN/m). 
	 The shear stiffness of O1 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 Jeleč (Danielsson and Jeleč 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. 
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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/m2 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 (Halász and Scheer 1996) were applied. Each stiffness matrix of the investigated series is 
provided in Appendix A7. 
	 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 (x = y = z = 0) and defined as torsionally 
rigid (φx = φy = φz = 0). For plates, point-supported at several corners, only one corner was 
fixed horizontally, 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 (φx = 0 or φy = 0).

Evaluation and quantification using real-scale numerical models

10	 Evaluation and quantification using real-scale numerical models

Evaluation and quantification using real-scale numerical models

Tab. 10.1:	 5-layerd CLT O7 and DLT±45° D7 series under uniaxial and biaxial bending due to point-supports
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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/m2 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 
DLT±45° 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 ti = 30 mm 
instead of ti = 40 mm. The total plate thickness is thus t = 150 mm. This may correspond 
to a common thicknesses for mass timber slabs within the selected construction grid. 

Fig. 10.1:	Scale for the 
deformation analysis
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> l / 300 = 10.0

wz [mm]
The overall deformations of the CLT and DLT series are shown within 
rows 3 and 4. For a better readability, the supports and loads are 
hidden within the graphical representation. The colored gradation 
makes possible the analysis of the amplitudes and distribution of the 
deformations. The corresponding scale is shown in Figure 10.1. The 
maximum value (dark red) is reached for deformation values w ≥ l/300. 
In addition, the respective maximum deformation wz,max (u-z) is given 
within the graphical representation of each system. Row 5 gives the 
percentage change (increase or decrease) of the maximum deformation 
values of the DLT element compared to those of the CLT element.

loading system deformations wz wz,max
w / l CLT (O7 series) DLT±45° (D7 series)

p / P 3.0 m / 3.0 m
30-30-30-30-30
[0°,90°,0°,90°,0°]

30-30-30-30-30
[0°,45°,90°,-45°,0°]

DLT/ 
CLT

5.0
kN/m2 

(1)

+
56.3 %

5.0
kN/m2

(2)

four rotationally restrained edges

+
21.6 %



131 132

Mechanical Properties of Diagonal Laminated Timber Mechanical Properties of Diagonal Laminated Timber

z
x
x´
y

z
x
x´
y

z
x
x´
y

z
x
x´
y

z
x
x´
y

z
x
x´
y

z
x
x´
y

z
x
x´
y

z
x
x´
y

z
x
x´
y

z
x
x´
y

z
x
x´
y

z
x
x´
y

z
x
x´
y

z
x
x´
y

Technische Universität München
Arcisstraße 21, 80333 München

Seite: 1/1
Blatt: 1

ERGEBNISSE

Datum: 13.08.2022 Projekt: Dissertation
DLT

 Modell: Deformation_Analysis

GLOBALE VERFORMUNGEN uZ

u-Z  17.7

17.7

u-Z  7.1

u-Z  1.8

u-Z  3.7

u-Z  2.6

u-Z  2.4

u-Z  8.1 u-Z  5.7

u-Z  11.2

u-Z  9.0

u-Z  2.1

u-Z  12.2

u-Z  2.8

u-Z  3.9

u-Z  7.7

IsometrieLF1 : Einheitslast 5,0
Werte: u-Z [mm]

Max u-Z:  - Min u-Z:  -
Faktor für Verformungen: 160.00

GLOBALE VERFORMUNGEN uZGLOBALE VERFORMUNGEN uZ

Technische Universität München
Arcisstraße 21, 80333 München

Seite: 1/1
Blatt: 1

ERGEBNISSE

Datum: 13.08.2022 Projekt: Dissertation
DLT

 Modell: Deformation_Analysis

GLOBALE VERFORMUNGEN uZ

u-Z  17.7

17.7

u-Z  7.1

u-Z  1.8

u-Z  3.7

u-Z  2.6

u-Z  2.4

u-Z  8.1 u-Z  5.7

u-Z  11.2

u-Z  9.0

u-Z  2.1

u-Z  12.2

u-Z  2.8

u-Z  3.9

u-Z  7.7

IsometrieLF1 : Einheitslast 5,0
Werte: u-Z [mm]

Max u-Z:  - Min u-Z:  -
Faktor für Verformungen: 160.00

GLOBALE VERFORMUNGEN uZGLOBALE VERFORMUNGEN uZ

Technische Universität München
Arcisstraße 21, 80333 München

Seite: 1/1
Blatt: 1

ERGEBNISSE

Datum: 13.08.2022 Projekt: Dissertation
DLT

 Modell: Deformation_Analysis

GLOBALE VERFORMUNGEN uZ

u-Z  17.7

17.7

u-Z  7.1

u-Z  1.8

u-Z  3.7

u-Z  2.6

u-Z  2.4

u-Z  8.1 u-Z  5.7

u-Z  11.2

u-Z  9.0

u-Z  2.1

u-Z  12.2

u-Z  2.8

u-Z  3.9

u-Z  7.7

IsometrieLF1 : Einheitslast 5,0
Werte: u-Z [mm]

Max u-Z:  - Min u-Z:  -
Faktor für Verformungen: 160.00

GLOBALE VERFORMUNGEN uZGLOBALE VERFORMUNGEN uZ

Technische Universität München
Arcisstraße 21, 80333 München

Seite: 1
Blatt: 1

ERGEBNISSE

Datum: 13.08.2022 Projekt: Dissertation
DLT

 Modell: Deformation_Analysis

GLOBALE VERFORMUNGEN uZ

u-Z  7.4 u-Z  5.7

u-Z  11.1

u-Z  2.5

u-Z  4.5

u-Z  2.6

u-Z  3.6

17.7

u-Z  17.7

u-Z  6.0

u-Z  10.0

u-Z  1.8

u-Z  7.2u-Z  2.4

u-Z  5.7 u-Z  3.3

u-Z  11.2

u-Z  9.0

IsometrieLF1 : Einheitslast 5,0
Werte: u-Z [mm]

Max u-Z:  - Min u-Z:  -
Faktor für Verformungen: 160.00

GLOBALE VERFORMUNGEN uZGLOBALE VERFORMUNGEN uZ

Technische Universität München
Arcisstraße 21, 80333 München

Seite: 1
Blatt: 1

ERGEBNISSE

Datum: 13.08.2022 Projekt: Dissertation
DLT

 Modell: Deformation_Analysis

GLOBALE VERFORMUNGEN uZ

u-Z  7.4 u-Z  5.7

u-Z  11.1

u-Z  2.5

u-Z  4.5

u-Z  2.6

u-Z  3.6

17.7

u-Z  17.7

u-Z  6.0

u-Z  10.0

u-Z  1.8

u-Z  7.2u-Z  2.4

u-Z  5.7 u-Z  3.3

u-Z  11.2

u-Z  9.0

IsometrieLF1 : Einheitslast 5,0
Werte: u-Z [mm]

Max u-Z:  - Min u-Z:  -
Faktor für Verformungen: 160.00

GLOBALE VERFORMUNGEN uZGLOBALE VERFORMUNGEN uZ

Technische Universität München
Arcisstraße 21, 80333 München

Seite: 1
Blatt: 1

ERGEBNISSE

Datum: 13.08.2022 Projekt: Dissertation
DLT

 Modell: Deformation_Analysis

GLOBALE VERFORMUNGEN uZ

u-Z  7.4 u-Z  5.7

u-Z  11.1

u-Z  2.5

u-Z  4.5

u-Z  2.6

u-Z  3.6

17.7

u-Z  17.7

u-Z  6.0

u-Z  10.0

u-Z  1.8

u-Z  7.2u-Z  2.4

u-Z  5.7 u-Z  3.3

u-Z  11.2

u-Z  9.0

IsometrieLF1 : Einheitslast 5,0
Werte: u-Z [mm]

Max u-Z:  - Min u-Z:  -
Faktor für Verformungen: 160.00

GLOBALE VERFORMUNGEN uZGLOBALE VERFORMUNGEN uZ

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 DLT±45° series (By,D7 = 0.32 MNm2/m; Syz,D7 = 
19.29 MN/m), compared to the CLT O7 series (By,O7 = 0.73 MNm2/m; Syz,O7 = 7.33 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 l/300 = 10 mm. 
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Evaluation and quantification using real-scale numerical models

loading system deformations wz wz,max
w / l CLT (O7 series) DLT±45° (D7 series)

p / P 3.0 m / 3.0 m
30-30-30-30-30
[0°,90°,0°,90°,0°]

30-30-30-30-30
[0°,45°,90°,-45°,0°]

DLT/ 
CLT

5.0
kN/m2

(3)

+
5.3 %

5.0
kN/m2

(4)

+
11.1 %

5.0
kN

(5)

–
41.0 %

5.0
kN

(6)

two rotationally restrained edges

–
15.4 %

loading system deformations wz wz,max
w / l CLT (O7 series) DLT±45° (D7 series)

p / P 3.0 m / 3.0 m (r = 3.0 m)
30-30-30-30-30
[0°,90°,0°,90°,0°]

30-30-30-30-30
[0°,45°,90°,-45°,0°]

DLT/ 
CLT

5.0
kN/m2 

(7)

±
0 %

5.0
kN/m2

(8)

+
118.5 %

5.0
kN/m2

(9)

-
14.3 %

Tab. 10.2:	 5-layered CLT O7 and DLT±45° D7 series under uniaxial and biaxial bending due to linear supports
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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 (Bxy,D7 = 
3.16 MNm2/m) compared to the CLT element (Bxy,O7 = 1.94 MNm2/m). For system (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 D7 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/m2. The colored scale 
for the deformation analysis according to Figure 10.1 is left unchanged.
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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 (Bx,O7 = 2.48 MNm2/m; 
Bx,D7 = 2.65 MNm2/m; Sxz,O7 = 11.94 MN/m; Sxz,D7 = 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 (By,O7 = 
0.73 MNm2/m; By,D7 = 0.32 MNm2/m; Syz,O7 = 7.33 MN/m; Syz,D7 = 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.

loading system deformations wz wz,max
w / l CLT (O7 series) DLT±45° (D7 series)

p / P 3.0 m / 3.0 m (r = 3.0 m)
30-30-30-30-30
[0°,90°,0°,90°,0°]

30-30-30-30-30
[0°,45°,90°,-45°,0°]

DLT/ 
CLT

5.0
kN/m2

(10)

–
14.3 %

5.0
kN/m2

(11)

+
45.5 %

Evaluation and quantification using real-scale numerical models
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Evaluation and quantification using real-scale numerical models

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

loading system deformations wz wz,max
w / l CLT (O8 series) DLT (D8 series)

p / P 3.0 m / 3.0 m
20-20-20-20-20-20-20
[0°,90°,0°,90°,0°,90°,0°]

20-20-20-20-20-20-20
[0°,90°,45°,90°,–45°,90°,0°]

DLT/ 
CLT 

5.0
kN/m2 

(1)

–
9.9 %

5.0
kN/m2

(2)

four rotationally restrained edges

–
13.5 %
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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 ti = 30 mm to ti = 20 mm. The resulting layups provide a thickness of t = 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 Bx,D8 = 1.70 MNm2/m and By,D8 = 0.84 MNm2/m, the torsional 
stiffness is Bxy,D8 = 1.94 MNm2/m. The bending stiffnesses of the CLT O8 series are Bx,O8 = 

1.82 MNm2/m and By,O8 = 0.79 MNm2/m, the torsional stiffness is Bxy,O8 
= 1.03 MNm2/m. The bending stiffnesses in y direction of these CLT 
O8 and DLT D8 series are almost identical. The corresponding stiffness 
matrices of the 7-layered series are also presented in Appendix A7. In 
analogy to Table 10.1, Table 10.3 shows the deformation behavior of 
the mass timber slabs due to point-supports, modelled by 7-layered 
CLT and DLT series. The static systems (1) to (6) equal those of Table 
10.1. The loading remains unchanged. This guarantees comparability 
to the deformation analysis on the 5-layered CLT and DLT elements. 
The colored scale of the deformations remains unchanged and is given 
once more in Figure 10.2. 

Fig. 10.2:	Scale for the 
deformation analysis
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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 l = 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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Evaluation and quantification using real-scale numerical models

loading system deformations wz wz,max
w / l CLT (O8 series) DLT (D8 series)
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Evaluation and quantification using real-scale numerical models

loading system deformation wz wz,max
w / l CLT (O8 series) DLT (D8 series)

p / P 3.0 m / 3.0 m (r = 3.0 m)
20-20-20-20-20-20-20
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DLT/ 
CLT 

5.0
kN/m2 

(7)

+
 5.9 %

5.0
kN/m2

(8)

–
7.2 %

5.0
kN/m2

(9)

–
8.0 %

5.0
kN/m2

(10)

±
0 %

z
x
x´
y

z
x
x´
y

z
x
x´
y

z
x
x´
y

x
x´
y

z

Technische Universität München
Arcisstraße 21, 80333 München

Seite: 1
Blatt: 1

ERGEBNISSE

Datum: 13.08.2022 Projekt: Dissertation
DLT

 Modell: Deformation_Analysis

GLOBALE VERFORMUNGEN uZ

u-Z  6.9 u-Z  5.0

u-Z  7.1

u-Z  2.3

u-Z  3.7

u-Z  3.4

u-Z  3.6

u-Z  7.4 u-Z  5.7

u-Z  9.6

u-Z  2.5

u-Z  13.6

u-Z  3.6

u-Z  4.7

u-Z  6.0

u-Z  7.5

IsometrieLF1 : Einheitslast 5,0
Werte: u-Z [mm]

Max u-Z:  - Min u-Z:  -
Faktor für Verformungen: 160.00

GLOBALE VERFORMUNGEN uZGLOBALE VERFORMUNGEN uZ

Technische Universität München
Arcisstraße 21, 80333 München

Seite: 1
Blatt: 1

ERGEBNISSE

Datum: 13.08.2022 Projekt: Dissertation
DLT

 Modell: Deformation_Analysis

GLOBALE VERFORMUNGEN uZ

u-Z  16.3

u-Z  5.7

u-Z  6.4

u-Z  2.0

u-Z  3.2

u-Z  3.6

u-Z  3.2

u-Z  6.9 u-Z  5.0

u-Z  8.9

u-Z  2.3

u-Z  10.7
u-Z  3.6

XY

Z

u-Z  5.7

u-Z  4.4

u-Z  6.6

u-Z  9.6

IsometrieLF1 : Einheitslast 5,0
Werte: u-Z [mm]

Max u-Z:  - Min u-Z:  -
Faktor für Verformungen: 160.00

GLOBALE VERFORMUNGEN uZGLOBALE VERFORMUNGEN uZ

z
x
x´
y

z
x
x´
y

z
x
x´
y

z
x
x´
y

x
x´
y

z

Technische Universität München
Arcisstraße 21, 80333 München

Seite: 1
Blatt: 1

ERGEBNISSE

Datum: 13.08.2022 Projekt: Dissertation
DLT

 Modell: Deformation_Analysis

GLOBALE VERFORMUNGEN uZ

u-Z  16.3

u-Z  5.7

u-Z  6.4

u-Z  2.0

u-Z  3.2

u-Z  3.6

u-Z  3.2

u-Z  6.9 u-Z  5.0

u-Z  8.9

u-Z  2.3

u-Z  10.7
u-Z  3.6

XY

Z

u-Z  5.7

u-Z  4.4

u-Z  6.6

u-Z  9.6

IsometrieLF1 : Einheitslast 5,0
Werte: u-Z [mm]

Max u-Z:  - Min u-Z:  -
Faktor für Verformungen: 160.00

GLOBALE VERFORMUNGEN uZGLOBALE VERFORMUNGEN uZ

Technische Universität München
Arcisstraße 21, 80333 München

Seite: 1
Blatt: 1

ERGEBNISSE

Datum: 13.08.2022 Projekt: Dissertation
DLT

 Modell: Deformation_Analysis

GLOBALE VERFORMUNGEN uZ

u-Z  6.9 u-Z  5.0

u-Z  7.1

u-Z  2.3

u-Z  3.7

u-Z  3.4

u-Z  3.6

u-Z  7.4 u-Z  5.7

u-Z  9.6

u-Z  2.5

u-Z  13.6

u-Z  3.6

u-Z  4.7

u-Z  6.0

u-Z  7.5

IsometrieLF1 : Einheitslast 5,0
Werte: u-Z [mm]

Max u-Z:  - Min u-Z:  -
Faktor für Verformungen: 160.00

GLOBALE VERFORMUNGEN uZGLOBALE VERFORMUNGEN uZ

Tab. 10.4:	7-layered CLT O8 and DLT±45 D8 series under uniaxial and biaxial bending due to linear supports
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deformations were higher by 5.3 % in situation (3) and by 11.1 % than those of the 5-layered 
CLT O5 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.
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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 (Bx) of O8 series is slightly higher than the one of D8 
series, while the out-of-plane shear stiffness values (Sxz ) of both series are in the same range 
(Appendix A7).
	 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 D8 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 (Bxy,D9 = 3.31 MNm2/m), compared to D8 series (Bxy,D8 = 1.94 MNm2/m). The 
static systems (1) to (6) equal those of Tables 10.1 and 10.3. The loading remains unchanged. 

Evaluation and quantification using real-scale numerical models

loading system deformation wz wz,max
w / l CLT (O8 series) DLT (D8 series)

p / P 3.0 m / 3.0 m (r = 3.0 m)
20-20-20-20-20-20-20
[0°,90°,0°,90°,0°,90°,0°]

20-20-20-20-20-20-20
[0°,90°,45°,90°,–45°,90°,0°]

DLT/ 
CLT 

5.0
kN/m2

(11)

–
12.0 %
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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 wz wz,max
w / l DLT (D8 series) DLT (D9 series)

p / P 3.0 m / 3.0 m
20-20-20-20-20-20-20

[0°, 90°,45°,90°,–45°,90°,0°]
20-20-20-20-20-20-20

[0°,45°,–45°,90°,45°,–45°,0°]
D9/ 
D8 

5.0
kN/m2 

(1)

+
57.8 %

5.0
kN/m2

(2)

four rotationally restrained edges

–
34.4 %

5.0
kN/m2

(3)

+
14.0 %

5.0
kN/m2

(4)

+
20.2 %

5.0
kN

(5)

–
34.6 %

5.0
kN

(6)

two rotationally restrained edges

–
13.7 %
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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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loading system deformation wz wz,max
w / l DLT (D8 series) DLT (D9 series)

p / P 3.0 m / 3.0 m (r = 3.0 m)
20-20-20-20-20-20-20

[0°, 90°,45°,90°,–45°,90°,0°]
20-20-20-20-20-20-20

[0°,45°,–45°,90°,45°,–45°,0°]
D9/ 
D8 

5.0
kN/m2 

(7)

–
2.8 %

5.0
kN/m2

(8)

+
136.2 %

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

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.

Evaluation and quantification using real-scale numerical models

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/m2.

Fig. 10.3:	Axonometry of the centric point-supported slab (left) and an exemplary 3D FE model (Ansys)
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Fig. 10.4:	Axonometry of the slab, point-supported at three corners (left) and an exemplary 3D FE model (Ansys)
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axonometry of the slab,
centric point-supported

FE volume model 
loaded with p = 5.0 kN/m2

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,
point-supported
at three corners

FE volume model
loaded with P = 45.0 kN
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The investigations are carried out on 7-layered CLT O8 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 ti/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 = z = 0) and defined as rotationally rigid (φx = φy = φz = 0). For plates that are 
point-supported at three corners, only one horizontal fixed support 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 (φx = 0 or φy = 0) to the respective surfaces. The material parameters 
according to Table 4.9 (T14; ETA20/0023) and the Poisson’s ratios according to (Halász 
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/m2. Even 
if the functions of the deformations differ slightly, the maximum values are almost identical 
(wz,max,3D = 3.27 mm ; wz,max,2D = 3.19 mm).

Fig. 10.5:	Comparison of the deformations of centric point-supported mass timber slab using 3D and 2D FE models
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Evaluation and quantification using real-scale numerical models

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

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). 

x´

x

y

z

x´

x

y

z

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 t = 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 
α = 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 

p = 5.0 kN/m2

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

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 (σx,CLT = –5.29 MN/m2), compared to 

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 r. The sections 
are scaled 1:20. A stress amplitude of 10 mm equals 2.0 MN/m2. 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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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.
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Evaluation and quantification using real-scale numerical models

- Compression stresses perpendicular to grain (centric point-support)

Fig. 10.8:	Compression stresses acting along the longitudinal sections (centric point-support)
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CLT (O8 series) - centric point-supported
20-20-20-20-20-20-20
[0°,90°,0°,90°,0°,90°,0°]
[10 mm = 4.0 MN/m²]

DLT (D8 series) - centric point-supported
20-20-20-20-20-20-20
[0°,90°,45°,0°,-45°,90°,0°]
[10 mm = 4.0 MN/m²]

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/m²]

DLT (D8 series) - centric point-supported
20-20-20-20-20-20-20
[0°,90°,45°,0°,-45°,90°,0°]
[10 mm = 2.0 MN/m²]

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/m²]

DLT (D8 series) - centric point-supported
20-20-20-20-20-20-20
[0°,90°,45°,0°,-45°,90°,0°]
[10 mm = 2.0 MN/m²]

the DLT element (σx,DLT = – 5.27 MN/m2) (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.

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/m2.z
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- Out-of-plane (punching) shear stresses (centric point-support)

Fig. 10.9:	Punching shear stresses acting along the critical sections (centric point-support)
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CLT (O8 series) - centric point-supported
20-20-20-20-20-20-20
[0°,90°,0°,90°,0°,90°,0°]
[10 mm = 4.0 MN/m²]

DLT (D8 series) - centric point-supported
20-20-20-20-20-20-20
[0°,90°,45°,0°,-45°,90°,0°]
[10 mm = 4.0 MN/m²]

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/m²]

DLT (D8 series) - centric point-supported
20-20-20-20-20-20-20
[0°,90°,45°,0°,-45°,90°,0°]
[10 mm = 2.0 MN/m²]

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/m²]

DLT (D8 series) - centric point-supported
20-20-20-20-20-20-20
[0°,90°,45°,0°,-45°,90°,0°]
[10 mm = 2.0 MN/m²]

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/m2 and 1.0 MN/
m2. During the experimental investigations, a value of 0.5 MN/m2 was chosen (see 
Chapter 6.2).

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/m2. The maximum punching shear stress values of each stress amplitude are 
given below the respective perimeter.

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. 

z
x
x´
y

z
x
x´
y

z
x
x´
y

z
x
x´
y

z
x
x´
y

z
x
x´
y

z
x
x´
y

z
x
x´
y

z
x
x´
y

z
x
x´
y

Evaluation and quantification using real-scale numerical models

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 qiz (Vi) 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

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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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 r = 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

Evaluation and quantification using real-scale numerical models
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CLT (O8 series) - point-supported at three corners
20-20-20-20-20-20-20
[0°,90°,0°,90°,0°,90°,0°]
[10 mm = 2.0 MN/m²]

DLT (D8 series) - point-supported at three corners
20-20-20-20-20-20-20
[0°,90°,45°,0°,-45°,90°,0°]
[10 mm = 2.0 MN/m²]

CLT (O8 series) - point-supported at three corners
20-20-20-20-20-20-20
[0°,90°,0°,90°,0°,90°,0°]
[10 mm = 2.0 MN/m2]

DLT (D8 series) - point-supported at three corners
20-20-20-20-20-20-20
[0°,90°,45°,0°,-45°,90°,0°]
[10 mm = 2.0 MN/m2]

DLT (D8 series) - point-supported at three corners
20-20-20-20-20-20-20
[0°,90°,45°,0°,-45°,90°,0°]
[10 mm = 4.0 MN/m²]

CLT (O8 series) - point-supported at three corners
20-20-20-20-20-20-20
[0°,90°,0°,90°,0°,90°,0°]
[10 mm = 4.0 MN/m²]

CLT (O8
20-20-20
[0°,90°,0
[10 mm =

CLT (O8
20-20-20
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[10 mm =

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 r, 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/m2 distributed over the layers oriented at 0° and –45°, 
whereas in the CLT element 3.77 MN/m2 occur at the same location, distributed over 
the 0° layer.

z
x
x´

y

z
x
x´

y

- 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/m2. 
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Fig. 10.12:	 Compression stresses acting along the longitudinal sections (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/m2.

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).

- Compression stresses perpendicular to grain (point-supported at three 
corners)
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Fig. 10.13:	 Punching shear stresses acting along the critical sections (point-supported at three corners)

- 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/m2. Similar to Figure 10.9, the 
maximum punching shear stress values of each stress amplitude are given below the 
respective perimeter.

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.

Fig. 10.14:	 Circular and longitudinal design sections within the mass timber slab, point-supported at three corners 
without rotationally restrained edges.

x

y

x´

z

P = 45.0 kN

- 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/m2. 

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).

Evaluation and quantification using real-scale numerical models

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/m2, 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 (σx',max = 3.72 MN/m2 and 
σy',max = 6.37 MN/m2). 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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Fig. 10.15:	 Normal stresses due to bending acting along the critical sections (point-supported at three 
corners without rotationally restrained edges)
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- Out-of-plane shear stresses (point-support at three corners, without 
rotationally restrained edges)
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CLT (O8 series) - point-supported at three corners
20-20-20-20-20-20-20
[0°,90°,0°,90°,0°,90°,0°]
[10 mm = 4.0 N/mm²]

DLT (D8 series) - point-supported at three corners
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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/m2. 

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 2nd 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).
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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/m2 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 mx and my vary considerably. Without the boundary condition of 
rotationally restrained edges (system (1)), the maximum values mx and my 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 (+56.3 %), since 
the spread in bending stiffness in y direction (By,D7 = 0.32 MNm2/m; By,O7 = 0.73 MNm2/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.
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Tab. 10.7:	 Comparison of stress resultants within two different static systems for DLT D7 series 
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(10.1)

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 Ѳi are taken into account by the square of the sinus 
function (sin2Ѳi) (Equation 10.1). An isotropic plate element could be stated as an extreme 
value, providing the range td,i/ti = 1. In conclusion, the ratio ξ may serve as an indicator due 
to the applicability of the chosen 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.

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 mx and my. Nevertheless, these 5-layered elements are 
still and above all suitable for biaxial load transfer 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±45° 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 (By,D7 = 0.32 MNm2/m vs. By,O7 = 0.73 MNm2/m) (see Table 10.8).

- For static systems 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 (Bx,D7 = 2.65 MNm2/m vs. Bx,O7 = 2.48 MNm2/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 %) (Bxy,D7 = 3.16 MNm2/m vs. 
Bxy,O7 = 1.94 MNm2/m).

point-supports (plate dimension w/l = 3.0/3.0 m)

system (1) system (2) system (3) system (4) system (5) system (6)

linear supports (plate dimension w/l = 3.0/3.0 m)

system (7) system (8) system (9) system (10) system (11)

DLT±45° D7 CLT O7 DLT±45° D8 DLT±45° D9 CLT O8

see 
Appendix A8

z
x
x´
y

z
x
x´
y

z
x
x´
y

z
x
x´
y

x
x´
y

z

z
x
x´
y

z
x
x´
y

z
x
x´
y

z
x
x´
y

x
x´
y

z

z
x
x´
y

z
x
x´
y

z
x
x´
y

z
x
x´
y

x
x´
y

z

z
x
x´
y

z
x
x´
y

z
x
x´
y

z
x
x´
y

x
x´
y

z

z
x
x´
y

z
x
x´
y

z
x
x´
y

z
x
x´
y

x
x´
y

z

Tab. 10.8:	Exemplary examined static systems featuring point-supports ((1) - (6)) and linear supports ((7) - (11))
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- Adding two additional cross-layers achieving 7-layered series D8 and O8 (t = 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 (By,D8 = 0.84 MNm2/m, Syz,D8 = 8.05 MN/m vs. By,O8 = 0.79 MNm2/m, 
Syz,O8 = 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 (Bxy,D8 = 1.94 MNm2/m vs. Bxy,O8 = 1.03 MNm2/m).
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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

system

centric point-support
point-support 

at three corners 
point-support 

at three corners 

p = 5.0 kN/m2

four rotationally restrained edges
P = 45.0 kN 
two rotationally restrained edges

P = 45.0 kN
without rotationally restrained edges

series CLT O8 DLT±45° D8 CLT O8 DLT±45° D8 CLT O8 DLT±45° D8

ξ [/] 0.571 0.571 0.571 0.571 0.571 0.571

max. deformations [mm] 3.71 3.21 4.71 4.41 13.61 10.71

max. shear stresses
(longitudinal) 

[N/mm2]
0.65 0.63 0.77 0.64 1.96 0.65

location2
x-x section,
1st layer, d/4

x-x section,
1st layer, d/4

y-y section,
2nd layer, d/4

x-x section,
7th layer, d/4

y-y section,
6th layer, r

x-x section, 
7th layer, d/4

max. bending3 
tensile stresses

[N/mm2]
4.63 4.67 4.81 4.53 6.28 6.37

location 2
x-x section, 
1st layer, d/4

x-x section, 
1th layer, d/4

x-x section,
7th layer, r

x-x section,
7th layer, r

y-y section,
2nd layer, d/4

y'-y' section,
3rd layer, d/4

max. bending3 
compression stresses

[N/mm2]
- 5.29 - 5.27 – 4.22 – 4.64 – 6.82 -7.39

2location
x-x section,
7th layer, d/4

x-x section,
7th layer, d/4

x-x section,
7th layer, d/4

x-x section,
7th layer, d/4

x-x section,
7th layer, d/4

y-y section,
6th layer, d/4

1deformations close to the SLS (P = 5.0  kN), Tab. 10.3
2the layers are numbered form the lower to the upper edge of the specimens (see Figure 3.1)
3normal stresses due to bending
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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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10.4	 Design processes of point-supported DLT slabs

11	 Outlook on design processes and production stages of DLT 

Outlook on design processes and production stages of DLT

Regarding the design process of point-supported mass timber slabs made of DLT, the thesis 
aims 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 ξ 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 φ where the bending moments acting in the direction of the respective diagonals 
become extreme values, called m1 and m2 (see also Figure 10.5). With the help of the Mohr’s 
circle the angle φ 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 φ according to Equation (11.1). In this context, DLT could be utilized as 
application-optimized mass timber elements.
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Fig. 11.1:	Relationship between bending and torsional moments and the angle φ
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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:	
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- and compression verification due to compression perpendicular to plane, 

 	wherein kp and kc,90 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).
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(11.5)

- Bending verification due to normal stresses (tension); 

- Shear verification due to out-of-plane shear stresses in the longitudinal layers;

- Rolling shear verification due to out-of-plane shear stresses in the cross-layers;

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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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). 

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. 

Outlook on design processes and production stages of DLT Outlook on design processes and production stages of DLT
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Fig. 11.3:	Stages within the CLT and DLT production of Holzbau Unterrainer GmbH

Fig. 11.2:	Production processes of CLT and DLT and their interaction to the input by researchers and planers
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11.2	 Further research tasks regarding the practical implementation of DLT

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. 

Fig. 11.4:	Stages of product development and the implementation on markets
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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.

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:

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). 

- 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.

Outlook on design processes and production stages of DLT Outlook on design processes and production stages of DLT
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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).

Fig. 11.5:	Deep-beam with openings (left), plate elements with opening and notches (middle), and segmentation 
and joints of DLT slabs (right)

Outlook on design processes and production stages of DLT Outlook on design processes and production stages of DLT
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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:

12	 Summary

Summary

Out-of-plane shear stiffness

- The out-of-plane shear stiffness values refer to the entries E55, E45, and E44 of the 
ABD-E stiffness matrix. According to the laminate theory, the out-of plane shear 
stiffness of the DLT±45° D3 series (t = 100 mm) in y direction is much higher than 
of the CLT O1 series (t = 100 mm), while the values in x direction remain in a com-
parable range (Sxz,D3 = 7.68 MN/m to Sxz,O1 = 7.96 MN/m; and Syz,D3 = 12.86 MN/m 
to Syz,O1 = 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 G45° = 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-

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 coefficients 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 ki,z 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.
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Bending stiffness

- The bending stiffness of the elements is determined by the laminate theory and can 
therefore be taken from the entries D11 and D22. The bending stiffnesses in x direction 
Bx of the DLT±45° 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 (t = 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  
l/d, effective bending stiffness values Bx,eff and By,eff 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 Bx of D1 series is 
6.35 MNm2/m. This value appears to be higher by 0.70 MNm2/m than the mean value 
Bx,exp. = 5.65 MNm2/m achieved in mechanical testing. 

-	The effective bending stiffness Bx,eff of D1 series, following the analytical approach, 
appears to be 5.95 MNm2/m (considering the span of l = 4.6 m and a = 1.5 m of the 
four-point bending tests). This value differs by 0.61 MNm2/m to the experimental 
determined effective (global) bending stiffness Bx,eff,exp (5.34 MNm2/m).

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). 

SummarySummary

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.

Torsional stiffness and effective torsional stiffness

- The torsional stiffness values Bxy are obtained from the ABD stiffness matrix  
(entry D66). Bxy of the 5-layered DLT±45° D3 series (t = 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 (t = 140 mm), 
featuring four diagonally oriented layers, to CLT O8 series (t = 140 mm) the torsional 
stiffness Bxy is increased by 70.6 %.

- Considering deformations from uniaxial bending and out-of-plane shear, as well as 
the static system regarding the plate dimensions dx/dy/t, effective torsional stiffness 
values Bxy,eff  are achieved. The values are needed to determine deformations under a 
combination of both, bending and shear in two directions.

- 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 t = 100 mm and t = 200 mm.

- Regarding the experimental investigations within the plate dimension dx = 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 Bxy,eff 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.

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 advantages of DLT over CLT in terms of in-plane shear stiffness appear to be another 
benefit of diagonal layer arrangements.

In-plane shear stiffness

- The in-plane stiffness refers to the entry A66 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 ∑Qij of the UD layer, multiplied by the respective thickness.

- Following the laminate theory, the in-plane shear stiffness Dxy of DLT±45° 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 ΔDxy = 7.74 MN/m. The value of the shear frame test (Dxy,O1 = 24.30 MN/m) 
is therefore by 31.9 % smaller compared to the in-plane shear stiffness determined us-
ing the shear compression test (Dxy = 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. 

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.

-  In conclusion, the deformations of the chosen 5-layered DLT±45° series D7 (t 
=  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 (By,D7 = 0.32 MNm2/m vs. By,O7 = 0.73 MNm2/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 (Bx,D7 = 2.65 MNm2/m vs. Bx,O7 = 2.48 MNm2/m).

- For static systems governed by torsional 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 %) (Bxy,D7 = 3.16 MNm2/m vs. Bxy,O7 = 1.94 MNm2/m).

- Adding two additional cross-layers achieving 7-layered series D8 and O8 (t = 140 mm), 
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 (By,D8 = 0.84 MNm2/m, 
Syz,D8 = 8.05 MN/m vs. By,O8 = 0.79 MNm2/m, Syz,O8 = 8.31 MN/m).

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.

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 O8 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. 
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A1: Derivation of the transformed stiffness terms and engineering constants in non-
principal directions

The derivation of the transformed stiffness terms can be taken exemplarily from (Schickhofer 
1994) or (Jones 2014) (Equations (A1) to (A9)).

𝑄𝑄��� � Q�� cos� 𝜃𝜃 � � Q�� � �Q�� sin� 𝜃𝜃 𝜃𝜃𝜃� 𝜃𝜃 � Q�� sin� 𝜃𝜃

Q��� � Q�� � Q�� � �Q�� sin� 𝜃𝜃 𝜃𝜃𝜃� 𝜃𝜃 � Q�� sin� 𝜃𝜃 � cos� 𝜃𝜃

Q��� � Q�� sin� 𝜃𝜃 � � Q�� � �Q�� sin� 𝜃𝜃 𝜃𝜃𝜃� 𝜃𝜃 � Q�� 𝑐𝑐𝑐𝑐𝑐𝑐� 𝜃𝜃

Q��� � Q�� � Q�� � �Q�� sin 𝜃𝜃 𝜃𝜃𝜃� 𝜃𝜃 � Q�� � Q�� � �Q�� sin� 𝜃𝜃 𝜃𝜃𝜃 𝜃𝜃

Q��� � Q�� � Q�� � �Q�� sin� 𝜃𝜃 cos 𝜃𝜃 � Q�� � Q�� � �Q�� sin 𝜃𝜃 𝜃𝜃𝜃� 𝜃𝜃

Q��� � Q�� � Q�� � �Q�� � �Q�� sin� 𝜃𝜃 𝜃𝜃𝜃� 𝜃𝜃 � Q�� sin� 𝜃𝜃 � cos� 𝜃𝜃

Q��� � Q�� cos� 𝜃𝜃 � Q�� 𝑠𝑠𝑠𝑠𝑠𝑠� 𝜃𝜃 � �Q�� cos 𝜃𝜃 𝜃𝜃𝜃 𝜃𝜃

Q��� � Q�� cos� 𝜃𝜃 � sin� 𝜃𝜃 � Q�� � Q�� cos 𝜃𝜃 𝜃𝜃𝜃 𝜃𝜃
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(A9) 

Appendix

𝐺𝐺�� 𝜃𝜃 �
1
𝐺𝐺��

𝑐𝑐𝑐𝑐𝑐𝑐�𝜃𝜃 � 𝑐𝑐𝑠𝑠𝑠𝑠�𝜃𝜃 𝜃
𝐺𝐺��
𝐺𝐺��

��

𝐸𝐸� 𝜃𝜃 �
1
𝐸𝐸�
𝑠𝑠𝑠𝑠𝑠𝑠�𝜃𝜃 �

1
𝐺𝐺��

�
2ν��
𝐸𝐸�

sin� 𝜃𝜃 𝜃𝜃𝜃� 𝜃𝜃 �
1
𝐸𝐸�

cos� 𝜃𝜃𝜃𝜃
��

𝐸𝐸� 𝜃𝜃 �
1
𝐸𝐸�
𝑐𝑐𝑐𝑐𝑐𝑐�𝜃𝜃 �

1
𝐺𝐺��

�
2ν��
𝐸𝐸�

sin� 𝜃𝜃 𝜃𝜃𝜃� 𝜃𝜃 �
1
𝐸𝐸�

sin� 𝜃𝜃𝜃𝜃
��

𝐺𝐺�� 𝜃𝜃 �
1
𝐺𝐺��

𝑐𝑐𝑐𝑐𝑐𝑐�𝜃𝜃 � 𝑐𝑐𝑠𝑠𝑠𝑠�𝜃𝜃 𝜃
𝐺𝐺��
𝐺𝐺��

��

𝐺𝐺�� 𝜃𝜃 � 2
2
𝐸𝐸�

�
2
𝐸𝐸�

�
4ν��
𝐸𝐸�

�
1
𝐺𝐺��

𝑐𝑐𝑐𝑐𝑐𝑐�𝜃𝜃𝜃𝜃𝜃𝜃𝜃𝜃�𝜃𝜃 �
1
𝐺𝐺��

𝑐𝑐𝑐𝑐𝑐𝑐�𝜃𝜃𝜃𝜃𝜃𝜃𝜃𝜃�𝜃𝜃
��

(A10)

(A11) 

(A12)

(A13)

(A14) 

Equations (A10) to (A14) give the engineering constants in non-principal directions.
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Tab. A1:	 Shear correction coefficients for O1 series: 

t i [n °] z i

x y x y x y x y x y

-50

-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

3 -5.5360E+08 1.8621E+07 -9.5592E+09 -4.6793E+09 sym. sym.

10

50

∑ 6.8259E+16 9.4725E+15

1/k z 5.4516 6.2563
k z 0.183 0.160 43.40 30.60

S i,z [MN/m] 7.961 4.891
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t i [n °] z i
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Table A1 provides the calculation of the shear correction coefficients and out-of-plane shear 
stiffness values according for O1 series in tabular manner (t = 100 mm; 20-20-20-20-20; [0°, 
90°, 0°, 90°, 0°]S ; spruce T14, EN 338).

Tab. A2:	 Shear correction coefficients for D3 series: 

Table A2 gives the calculation of the shear correction coefficients and out-of-plane shear 
stiffness values for D3 series in tabular manner (t = 100 mm; 20-20-20-20-20; [0°, 45°, 
90°,–45°, 0°]S ; spruce T14, EN 338).

Appendix

A3: Tabular calculation of shear correction coefficientsA2: Derivation of the of the ABD-E matrix
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(A15)

(A16)

(A17)

(A18)  

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 A1 gives the flowcharts for the determination of transformed elastic 
coefficients and laminate stiffness matrices.

Fig. A1:	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)

𝐴𝐴�� � � 𝑄𝑄��� 
� �⁄

�� �⁄

�𝑧𝑧 �  � 𝑄𝑄��� �

�

���

·  𝑧𝑧� � 𝑧𝑧���

𝐵𝐵�� � � 𝑄𝑄��� 
� �⁄

�� �⁄

𝑧𝑧  �𝑧𝑧 �  
1
2 � 𝑄𝑄��� �

�

���

·  𝑧𝑧�
� � 𝑧𝑧���

�

𝐷𝐷�� � � 𝑄𝑄��� 
� �⁄

�� �⁄

𝑧𝑧�  �𝑧𝑧 �  
1
3 � 𝑄𝑄��� �

�

���

·  𝑧𝑧�
� � 𝑧𝑧���

�

𝐸𝐸�� � ���� · � 𝑄𝑄��� 
� �⁄

�� �⁄

�𝑧𝑧 �  ��
� · � 𝑄𝑄��� �

�

���

·  𝑧𝑧� � 𝑧𝑧���

 [E]x,y
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A4: Input parameters for the FE models

Tab. A3:	 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. 

model 
and Chapter

software 
version

element 
type

mesh 
size

mesh 
generation

mesh
refinements

solver

2bond 
between the 

layers

out-of-plane 
shear tests, 
Ch. 6.2.2

Ansys, 
2022 R1

Solid 186,
20 nodes

ti/3
(6.67 mm)

automatic, 
quadratic 
functions

load-introduction 
points

 and screws
iterative

type 
composite

biaxial 
bending tests,

Ch. 7.3.2

Ansys, 
2021 R1

Solid 186,
20 nodes

 1min ti/2
10 mm

automatic, 
quadratic 
functions

load-introduction 
points

direct
type 

composite

uniaxial 3-point 
bending tests,

Ch. 8.3.1

Ansys,
2021 R2

Solid 186,
20 nodes

min ti/2
10 mm

automatic, 
quadratic 
functions

no iterative
type 

composite

real-scale 2D 
models for 

deformation 
analysis
Ch. 10.1

Dlubal,
RFEM 5.24

Serendipity 
elements
8 nodes 

50 mm automatic
yes, adaptive 
(automatic)

iterative rigid

real-scale 3D 
models for 

stress distribu-
tion analysis

Ch. 10.2

Ansys, 
2022 R1

Solid 186,
20 nodes

min ti/2
10 mm

automatic, 
quadratic 
functions

load-introduction 
points

iterative
type 

composite

1Additional mesh-convergence studies were carried out for mesh sizes between 5 to 20 mm
1No contact was defined between the narrow sides of the single boards

A5: Additional results of the four-point bending tests

EN 408

E*local 

[MN/m2]
E*global 

1

[MN/m2]

8358.48 8131.90

9246.89 9151.22

8473.94 8536.98

8648.51 9265.69

8992.17 8655.73

8245.54 7883.43

8379.07 7980.97

8044.51 8047.53

7975.09 7831.13

9195.50 9222.50
1with equivalent shear modulus G = 234 MN/m2

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 Sxz 
according to the analytical solution (G = Sxz/A = 28.08 MN / 0.12 m2 = 234 MPa). 
 In addition the load-deformation curves measured by the displacement transducers (wlocal 
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.
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�

24
𝑤𝑤 �

𝐹𝐹 𝐹𝐹𝐹 𝐹 𝐹 3 𝑎𝑎
𝑙𝑙 � 4 𝑎𝑎

𝑙𝑙
�

24𝐵𝐵�����

𝑤𝑤����� � 𝑤𝑤

3al� · 𝐹𝐹
24𝐵𝐵�

�
6𝑎𝑎 𝑎𝑎𝑎
5𝑆𝑆��

�
Fa�

6𝐵𝐵�
�
𝐹𝐹 𝐹𝐹𝐹 𝐹 𝐹 𝐹𝐹
24𝐵𝐵�����

1
𝐵𝐵�����

�
3a

𝐵𝐵� · 𝑙𝑙𝑙𝑙𝑙 
�

144𝑎𝑎
5𝑆𝑆�� · 𝑙𝑙� · 𝛼𝛼

�
𝑎𝑎�

4𝐵𝐵� · 𝑙𝑙𝑙𝑙𝑙𝑙 

with  � � 3 �
�
� 4 �

�

�

(A19)

(A20)

(A21)

Determination of effective bending stiffness values following four-point bending tests:
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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).

Table A4 gives the values of the tension and compression forces for the axes of symmetry in 
reference to (Frocht 1931).

Fig. A2:	Stress trajectories (heavy lines) and isoclinics (light lines), Frocht 1931

B

A

r Ci,x Ci,y

x/h
tension P

F/h
compression Q

F/h
tension P

F/h
compression Q

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 ∞

example: 2h = 1.6 m; d1/2 = r = 0.25 m; Ccomp,y = –1.337

Tab. A5:	 Tension and compression forces for the axes of symmetry within a square element

AppendixAppendix



207 208Appendix

DLT D8, t = 140 mm; 20-20-20-20-20-20-20; [0°, 90°, 45°, 0°, –45°, 90°, 0°]S:

� �

8��.�8 10�.61 0 0 0 ��.1�6 0 0
10�.61 60�.1� 0 0 0 ��.1�6 0 0
0 0 180.�� ��.1�6 ��.1�6 0 0 0
0 0 ��.1�6 �1.�01 �0�06� 0 0 0
0 0 ��.1�6 �0�06� �0.8�� 0 0 0

��.1�6 ��.1�6 0 0 0 �0.1�� 0 0
0 0 0 0 0 0 11.65 0
0 0 0 0 0 0 0 8.05

D8

DLT D9, t = 140 mm; 20-20-20-20-20-20-20; [0°, 45°,–45°, 90°, 45°,–45°, 0°]S:

� �

�3�.�0 1��.40 0 0 0 �2.13� 0 0
1��.40 �2�.30 0 0 0 �2.13� 0 0
0 0 2�4.2� �2.13� �2.13� 0 0 0
0 0 �2.13� �1.�0� �0�20� 0 0 0
0 0 �2.13� �0�20� �0.3�0 0 0 0

�2.13� �2.13� 0 0 0 �0.331 0 0
0 0 0 0 0 0 11.23 0
0 0 0 0 0 0 0 14.22

D9

(A25)

(A26)

Appendix

A7: Stiffness matrices of the chosen CLT and DLT elements for the deformation analysis and 
stress distribution analysis

CLT O7 series, t = 150 mm; 30-30-30-30-30; [0°, 90°, 0°, 90°, 0°]S:

𝑄𝑄� �

1017.00 21.19 0 0 0 0 0 0
21.19 696.68 0 0 0 0 0 0
0 0 103.50 0 0 0 0 0
0 0 0 �2.484 �0.040 0 0 0
0 0 0 �0.040 �0.730 0 0 0
0 0 0 0 0 �0.194 0 0
0 0 0 0 0 0 7.33 0
0 0 0 0 0 0 0 11.94

O7

� �

906.60 19.78 0 0 0 0 0 0
19.78 693.00 0 0 0 0 0 0
0 0 96.60 0 0 0 0 0
0 0 0 �1.8�� �0.03� 0 0 0
0 0 0 �0.03� �0.790 0 0 0
0 0 0 0 0 �0.10�557 0 0
0 0 0 0 0 0 11.35 0
0 0 0 0 0 0 0 8.31

O8

CLT O8 series, t = 140 mm; 20-20-20-20-20-20-20; [0°, 90°, 0°, 90°, 0°, 90°, 0°]S:

(A22)

In the following, the stiffness matrices used within the real-scale FE models are given 
(Equations (A15) to (A19)) (for spruce T14, EN 338).

� �

�91.�0 1��.90 0 0 0 ��.�0� 0 0
1��.90 5�0.90 0 0 0 ��.�0� 0 0
0 0 229.2� ��.�0� ��.�0� 0 0 0
0 0 ��.�0� �2.�50 �0.1�2 0 0 0
0 0 ��.�0� �0.1�2 �0.�1� 0 0 0

��.�0� ��.�0� 0 0 0 �0.�1� 0 0
0 0 0 0 0 0 11.52 0
0 0 0 0 0 0 0 19.29

D7

DLT D7, t = 150 mm; 30-30-30-30-30; [0°, 45°, 90°,–45°, 0°]S:

(A23)

(A24)



CLT O1
t = 100 mm

B xy ꓿ 0.12    
B x ꓿ 0.74    
B y ꓿ 0.22    
S x ꓿ 7.96    
S y ꓿ 4.89    

-45°

45°
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45°
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-45°

0° 90°

-30°

30°

-45°

45°

-30°

30°

-45°

45°

-45°

45°

20-20-20-20-20
0°, 90°,0°, 90°, 0°

ti

Ѳi

DLT D3
t = 100 mm

B xy ꓿ 0.19    
B x ꓿ 0.79    
B y ꓿ 0.09    
S x ꓿ 7.68    
S y ꓿ 12.86  

-45°

45°

-45°

45°

-45°

45°

45°

-45°

0° 90°

-30°

30°

-45°

45°

-30°

30°

-45°

45°

-45°

45°
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0°, 45°, 90°,–45°, 0°

ti

Ѳi

DLT D4
t = 100 mm

B xy ꓿ 0.17    
B x ꓿ 0.84    
B y ꓿ 0.06    
S x ꓿ 9.52    
S y ꓿ 10.33  

-45°

45°

-45°

45°

-45°

45°

45°

-45°

0° 90°

-30°

30°

-45°

45°

-30°

30°

-45°

45°

-45°

45°
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 0°, 30°, 90°,–30°, 0°

ti

Ѳi

CLT O5
t = 200 mm

B xy ꓿ 0.92    
B x ꓿ 5.90    
B y ꓿ 1.73    
S x ꓿ 15.92  
S y ꓿ 9.78    

-45°

45°

-45°

45°

-45°

45°

45°

-45°

0° 90°

-30°

30°

-45°

45°

-30°

30°

-45°

45°
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45°
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0°, 90°,0°, 90°, 0°

ti

Ѳi

DLT D5
t = 200 mm

B xy ꓿ 1.50    
B x ꓿ 6.29    
B y ꓿ 0.76    
S x ꓿ 15.36  
S y ꓿ 25.72  

-45°

45°

-45°

45°

-45°

45°

45°

-45°

0° 90°
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Ѳi

DLT D6
t = 200 mm

B xy ꓿ 1.36    
B x ꓿ 6.73    
B y ꓿ 0.46    
S x ꓿ 19.03  
S y ꓿ 20.66  

-45°

45°

-45°

45°

-45°

45°

45°

-45°

0° 90°

-30°

30°
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 0°, 30°, 90°,–30°, 0°
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Ѳi

Appendix

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, O5, D5, and D6 series (spruce T14)

series t [mm] Bx [MNm2/m] By [MNm2/m] Bxy [MNm2/m] Sxz [MN/m] Syz [MN/m]

O7
CLT

100 0.74 0.22 0.12 7.96 4.89

D3
DLT±45°

100 0.79 0.09 0.19 7.68 12.86

D4
DLT±30°

100 0.84 0.06 0.17 9.52 10.33

O5
CLT

200 5.90 1.73 0.92 15.92 9.78

D5
DLT±45°

200 6.29 0.76 1.50 15.36 25.72

D6
DLT±30°

200 6.73 0.46 1.36 19.03 20.66

Appendix 211210
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A8: Layups of the series investigated and radar charts of the out-of-plane stiffness distribution

series: 
O1, D3, D4, 
O5, D5, D6 

unfold →  
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DLT D1
t = 200 mm

B xy ꓿ 1.50    
B x ꓿ 6.35    
B y ꓿ 0.70    
S x ꓿ 28.08  
S y ꓿ 9.94    

CLT O7
t = 150 mm

B xy ꓿ 1.94    
B x ꓿ 2.48    
B y ꓿ 0.73    
S x ꓿ 7.33    
S y ꓿ 11.94  

DLT D7
t = 150 mm

B xy ꓿ 3.16    
B x ꓿ 2.65    
B y ꓿ 0.32    
S x ꓿ 11.52  
S y ꓿ 19.29  

CLT O8
t = 140 mm

B xy ꓿ 1.03    
B x ꓿ 1.82    
B y ꓿ 0.79    
S x ꓿ 11.35  
S y ꓿ 8.31    

DLT D8
t = 140 mm

B xy ꓿ 1.94    
B x ꓿ 1.70    
B y ꓿ 0.84    
S x ꓿ 11.65  
S y ꓿ 8.05    

DLT D9
t = 140 mm

B xy ꓿ 3.31    
B x ꓿ 1.91    
B y ꓿ 0.36    
S x ꓿ 11.23  
S y ꓿ 14.22  

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, O7, D7, O8, D8, and D9 series (spruce T14)

series t [mm] Bx [MNm2/m] By [MNm2/m] Bxy [MNm2/m] Sxz [MN/m] Syz [MN/m]

D1
uDLT+45°

200 6.35 0.70 1.50 28.08 9.94

O7
CLT

150 2.48 0.73 1.94 7.33 11.94

D7
DLT±45°

150 2.65 0.32 3.16 11.52 19.29

O8
CLT

140 1.82 0.79 1.03 11.35 8.31

D8
DLT±45°

140 1.70 0.84 1.94 11.65 8.05

D9
DLT±45°

140 1.91 0.36 3.31 11.23 14.22
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series: 
D1
O7, D7
O8, D8, D9

please unfold →  

A8: Layups of the series investigated and radar charts of the out-of-plane stiffness distribution



"Die Zweifel gehören zum Prozess, 
aber nicht zum Resultat."

- Peter Zumthor -




