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In the past decade, the construction of mass timber buildings made from sustainable cross-laminated timber
(CLT) has increased significantly. However, openings such as doors or windows in CLT shear walls can
substantially reduce their load-bearing capacity. Many design standards address this by neglecting wall
segments with openings, leading to inefficient designs and inaccurate internal force distributions in CLT
buildings. While current design standards provide guidance for wall sections without openings, they lack
suitable approaches for geometries with discontinuities, where stress concentrations occur. To address this
gap, we propose a fracture mechanics-based method to predict brittle failure at corners using 2D linear
elastic finite element (FE) models. The method evaluates Mode I and Mode II energy release rates based on
mean stresses and applies a mixed-mode fracture criterion. The modeling framework accounts for orthotropic
material behavior, local mesh refinement around singularities, and nonlinear connection behavior. The models
are validated against published experimental data, and the results show good agreement for both crack-driven
and connection-driven failure cases. A sensitivity analysis with respect to key parameters influencing the total
energy release rate confirms the robustness of the proposed approach. These findings support the method’s
applicability for practical design purposes and pave the way for its broader use in other timber engineering
applications.

1. Introduction

In the last decade, the worldwide production of cross-laminated
timber (CLT) has increased significantly. For example, the annual Eu-
ropean production of CLT nearly doubled from 2015 to 2020, reaching
1.2 million m? [1]. As of now, there is no indication that this remarkable
growth will slow down, owing to various factors. Firstly, the main
reason is the building sector’s pursuit of green, sustainable, and CO, -
reducing construction methods. Mass timber buildings made from CLT
meet these objectives. Secondly, CLT buildings exhibit excellent per-
formance in response to natural hazards such as earthquakes, showing
no disadvantages compared to traditional construction methods. CLT
structures demonstrate robust seismic behavior, which allows for the
construction of mid- and high-rise buildings even in regions prone to
high seismic activity [2,3]. Thirdly, CLT elements can be prefabricated
to various extents, resulting in reduced assembly times and rapid
construction progress.

Mass timber buildings constructed from CLT primarily consist of two
structural CLT components: ceilings and walls. Walls in these structures
serve dual load-bearing roles. They support vertical forces resulting

from dead loads, live loads, and others, and they also withstand hori-
zontal forces generated by wind and earthquakes. The impact of these
horizontal loads intensifies with the increase in building height. To
effectively channel these forces from each storey into the foundation,
the use of so-called shear walls is essential.

In shear walls, two primary failure mechanisms can be observed in
experiments, both of which determine the load-bearing capacity [4,5].
Either the anchors at the base of the wall, such as hold-downs and angle
brackets, fail, or the wall itself fails. In some cases, both failure mech-
anisms occur simultaneously, depending on the specific arrangement
and properties of the connectors, the geometry of the wall, and the load
configuration. Therefore, the failure of a CLT wall is a rather complex
process.

When openings in walls, mainly windows and doors, are required,
two fabrication options are possible [2,4]. In a monolithic wall, open-
ings are cut out on the CNC production line from a whole CLT plate.
Alternatively, a segmented wall is constructed from several smaller
panels, including areas without openings, lintels, and parapets, which
are assembled to form the entire wall.
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In the structural design process, it is important to distinguish be-
tween monolithic CLT walls without openings, monolithic CLT walls
with openings, and segmented CLT walls with openings, due to their
differing mechanical behaviors. Additionally, the arrangement and spe-
cific mechanical properties of the connectors should be incorporated
into the design process. Finite element software is a very good and
efficient way to plausibly model those mechanisms. The structural
behavior, as well as the influence of geometry and boundary conditions,
can be modeled in a highly realistic and straightforward manner. How-
ever, stress concentrations that occur in the corner areas of openings
are often critical for design purposes and must be interpreted appropri-
ately. Particularly in linear elastic analysis, which is very common in
engineering, stress singularities arise and are often misjudged.

1.1. State of the art and previous research

Although there are mechanical differences between monolithic and
segmented walls, both are often treated similarly in the structural
design process by civil engineers. This approach usually considers
only the wall areas without lintels and parapets for the horizontal
load-bearing capacity, resulting in each wall element acting as an
independent vertical cantilever. However, this simplification can lead
to an underestimation of the shear resistance in buildings with CLT
walls [2,6]. Both types of walls also exhibit significantly different hor-
izontal stiffness. Inaccurate modeling, therefore, results in unrealistic
force distributions in the building model. So, from various points of
view, both construction methods should not be treated similarly in the
modeling of CLT buildings.

Several studies related to CLT walls with openings have been con-
ducted over the past two decades. Dujic et al. [6], based on a parametric
study, demonstrated that the load-bearing capacity of CLT walls with
openings up to 30% of the total area is not significantly affected,
although the stiffness in such cases is reduced by approximately 50 %.
Shahnewaz et al. [7] studied the influence of openings on wall stiffness
using finite element modeling. They conducted a parametric study
by varying the size and shape of the openings, the aspect ratios of
the openings, and the aspect ratios of the walls. Mestar et al. [4]
investigated the kinematic behavior of CLT shear walls with openings
using full-scale tests and numerical models. The study found that the
slenderness of the lintel and the stiffness of the hold-downs significantly
influence the kinematic behavior. Casagrande et al. [5] conducted both
experimental and numerical studies on the mechanical behavior of
CLT shear walls with openings to identify failure modes and proposed
a numerical procedure to predict the load-bearing capacity. In this
study, 2D finite element simulations were used, with areas near stress
singularities excluded from the verification. The recommendations for
these exclusion zones are based on the findings of Casagrande et al. [2],
where a parametric study using finite element software was conducted
to explore the distribution of internal forces in single-story CLT shear
walls with openings. Sciomenta [8] demonstrated how to simulate CLT
walls with openings using the extended finite element method (XFEM)
and validated her model against experimental results from [5]. Isoda
et al. [9] conducted experiments to investigate the behavior of L-shaped
and T-shaped CLT elements for the evaluation of shear walls with
openings. D’Arenzo [10] presented an analytical model to predict the
lateral response of CLT shear walls with openings.

In most cases of the simulations, either stress singularities were de-
liberately excluded in the verifications or advanced simulation methods
were employed to directly address them. Unfortunately, such advanced
methods, like XFEM, are not available in commercial FE software com-
monly used by civil engineers in practice. Highly nonlinear simulations
would also be too complex for the typical verification process.
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1.2. Scope of this paper

Current design standards lack specific guidance on how to verify
geometrical arbitrary CLT walls with openings. Furthermore, there are
no official guidelines for modeling CLT shear members in finite element
software or for addressing resulting stress singularities. Thus, the need
for a standardized procedure to address these issues is evident. In this
paper, we demonstrate how to model CLT walls with openings using
2D finite element simulations with orthotropic material behavior and
propose a novel universally applicable approach to assess stress concen-
trations at openings of CLT shear walls. A simple and as universal as
possible applicability of this approach was a requirement of our defined
research question, so that civil engineers in practice can handle stress
singularities in FE simulations straightforwardly.

In Section 2, we present the theoretical background for applying
fracture mechanics to 2D finite element models of CLT shear members.
This section also introduces our proposed approach for addressing
stress singularities and discusses experimental campaigns found in
the literature that validate our approach. In Section 3, the numerical
models of the experiments, which are used for validation, are described
in detail. In Section 4, we present the results of these numerical models
and compare them with the experimental outcomes. In Section 5,
we give our conclusions and discuss the potential applications of the
proposed approach to other mechanical problems.

2. Materials and methods

This chapter is divided into four parts. First, we present in Sec-
tion 2.1 the theoretical background and the foundation of our proposed
approach to assess stress singularities in CLT members, which is shown
in Section 2.2. Subsequently, we demonstrate how to model CLT mem-
bers using 2D finite elements, as detailed in Section 2.3. Finally, in
Section 2.4, we describe the various experimental campaigns used to
validate our approach.

2.1. Theoretical backround — LEFM

In linear-elastic finite element simulations using 2D elements, stress
singularities typically occur at the corners of rectangular openings.
Theoretically, the stress at these corners increases to infinity, making
the use of stress-based verification criteria for this situation inapplica-
ble. Fracture mechanics, particularly linear elastic fracture mechanics
(LEFM), offers a robust approach to address these singularities. LEFM
is especially valuable for validating stress concentrations without sig-
nificantly increasing the computational time of finite element models,
thereby maintaining practical feasibility.

There are various approaches to implementing LEFM for validation,
such as the compliance method, stress-intensity factors, the mean stress
method, and others. LEFM is a theory based on the assumptions that the
material behaves in a linearly elastic manner, that the fracture process
zone (FPZ) is small compared to the characteristic dimensions of the
structure, and that a stress singularity exists. Wood loaded perpendicu-
larly to the grain in tension (Mode I) and shear (Mode II) exhibits nearly
linear elastic and quasi-brittle fracture behavior, characterized by a
small nonlinear region before the peak stress and progressive softening
in the post-peak behavior. Additionally, CLT members used in standard
building applications are relatively large; therefore, we assume that the
geometric requirements for the FPZ are satisfied.

Since the critical energy release rates G for Mode I and Gy for
Mode II — which in LEFM are equal to the fracture energies — are known
material parameters for commonly used wood species, we can assess
the validity of our assumptions in this context and determine whether
LEFM is applicable and capable of predicting elastic limits of CLT shear
walls with openings.

For our proposed approach, we adapted the so-called mean stress
method, originally derived by Gustafsson in [11]. With this adaptation,
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Fig. 1. Qualitative representation of the stress distribution oy, at a crack tip
and the corresponding mean stress 6o mean-

it is possible to calculate the energy release rates G; and Gy; at stress
singularities using the resulting mean stresses ogg mean (Stress perpen-
dicular to the grain) and 7pgpmean (membrane shear stress) obtained
from a single 2D linear-elastic finite element analysis. In the following,
the derivation of this method is presented. The direction parallel to the
fiber is defined as 0, and the direction normal to the fiber is defined as
90.

In the vicinity of a crack tip, under the assumptions of LEFM,
a so-called 1/ \/; singularity of stresses and strains occurs, where r
represents the radius as the distance from the crack tip. An example of
this analytical stress distribution is shown in Fig. 1 for tensile stress oq,
perpendicular to the grain. Here, x denotes the horizontal distance from
the crack tip. At the crack tip, the stresses approach infinity. Typically,
for solid timber, the potential crack surface follows the fiber direction.

To solve the problem of the infinite stresses, Irwin [12] developed
the concept of stress intensity factors, known as K-factors. These factors
allow for the description of stress fields in the vicinity of a crack tip
along the potential crack surface. The transverse tensile stresses oqq
and shear stresses (g, can then be calculated using the stress intensity
factors K; for Mode I and Kj; for Mode II, as follows:

K;

Ogp = 5 (€9)]
2rx
K

To00 = —— . (2)
27x

If the potential crack follows the principal material directions of
an orthotropic material, which is typically the case for wood, the
relationships between the energy release rates G; and Gy; and the stress
intensity factors K; and Ky, as described by Gustafsson in [11], are
given by:

K
=g ®
1
i @
Gp=—, 4
Ey

where E; and Ej; are defined as follows:

Ey + Ey y Eq ©)
— t5— —Vooo 77—
Eqy  2Goo Eq
1 1 1 E E E,
— =—4/= e e g A 6)
Ey EgV2 Eqy  2Gooo Eqg

Here, E, and Eq, represent Young’s moduli in the corresponding
material directions, with the fiber direction aligned along the 0-axis.
Gqp is the shear modulus, and vqy is the Poisson’s ratio.

Using Egs. (1) and (2), the mean stresses 6gp mean aNd 7490, mean OVEr
a length x, can be calculated as follows:

1 [Y K d / 2KI2 %)
090, = —dx =1 —,
mean xo Jo D X,

1 1

Ey
E;  Eg \ 2Eq
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For example, 6gg mean is illustrated in Fig. 1. Using the mean stresses
from Egs. (7) and (8), Gustafsson proposed the so-called mean stress
approach in [11], where fracture is described using a stress-based failure
criterion. Serrano further demonstrated applications of this method
in [13,14].

By rearranging Egs. (7) and (8) to express K; and Kj;, and substi-
tuting them into Egs. (3) and (4), we obtain:

2

o X0
GI _ 90,mean ) (9)
2E;
T(%QO mean” X0
Gy= ———. 10
I 2By (10)

Thus, with Egs. (9) and (10), it is possible to obtain the energy release
rates Gy and Gy using the mean stresses 6go mean and 7pgg mean> Which
can be derived from a 2D finite element analysis. The length x, has no
impact as long as the stress distributions precisely follow Egs. (1) and
(2).

This differs from that proposed by Gustafsson in [11]. There, to
achieve equivalent results using stress intensity factors K, it is nec-
essary to calculate x, based on material parameters such as Young’s
moduli, shear modulus, fracture energies, tensile strength, and shear
strength. The calculation of x, also depends on the resulting mixed-
mode ratio k = Kj/K;, which is determined through an iterative
process. Typical values for x, for pure Mode I in solid softwood range
between 10 mm and 30 mm [11,15,16].

Since in our approach x, is independent of material properties and
the mixed-mode ratio, we used a fixed value of x, = 15mm for all
calculations. Notably, this value also corresponds to the result obtained
for pure Mode I fracture using the formulation in [11] including the
stiffness parameters shown in Fig. A.12, a critical energy release rate
of G;,. = 300N/m, and a tensile strength perpendicular to the grain of
Sfroo=3 N/mm?. In the Appendix, we show that the value of x, has no
significant influence on the results when analyzing a notch using the
proposed approach.

Finally, we propose to apply the obtained energy release rates Gy
and Gy; to the fracture criterion f(G), presented by Wu [17], which is
expressed in energy terms as follows:

f(G)= i+ G =10. an
Gie G

Here, G is the critical energy release rate perpendicular to the grain
(Mode 1), and Gy is the critical energy release rate for shear (Mode II).

2.2. Application of the proposed approach

In CLT, the potential crack directions at corners can typically be
defined in advance. Cracks that initiate in corners generally follow the
wood fiber direction, at least at the beginning of the crack progression
and, therefore, in the stage relevant for a conservative verification pro-
cedure. This behavior was observed in the experiments by Casagrande
et al. [5], Mestar et al. [4], Aljuhmani et al. [18], and Gschwendtner
[19].

For example, Fig. 2 illustrates a three-layered CLT wall panel with
a door opening, showing potential cracks in both the inner and outer
layers at the left corner. By modeling this CLT wall panel using 2D
linear-elastic finite elements, which is described in Section 2.3, we
can determine the stresses in the potential crack directions for each
layer, which include tensile stresses perpendicular to the local grain
direction oy, and membrane shear stresses 7y,. These stresses are also
qualitatively depicted in Fig. 2 for both the inner and outer layers.

Knowing these stress distributions, it is possible to calculate the
mean Stresses 6go mean aNd 7gg mean fOT €ach layer i of N layers of the



M. Detter et al.

potential crack in outer layer

potential crack in inner layer

singularity

Y X

=T

global coordinates
of the model

of the CLT

tensile stress ogg

Engineering Structures 343 (2025) 121249
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Fig. 2. Potential crack formation in a CLT wall panel with a door opening and corresponding linear elastic stress distributions.

CLT panel. Further, the energy release rates can be calculated according
to Egs. (9) and (10) for each layer i at the corner. These calculations
enable the use of the fracture criterion in Eq. (11) to predict whether
a crack will develop.

For predicting the load-bearing capacity of the entire CLT corner,
we present two failure criteria. The first and also the more conservative
approach calculates an elastic limit, which is reached if a crack occurs
in at least one layer i out of N layers, mathematically expressed (with
the operator OR) as:

N
ViG>t a2
i=1

The second, less conservative approach, assumes that failure of
the corner occurs only if cracks develop in all layers, mathematically
expressed (with the operator AND) as:

N
/\7(G); > 1 which means Vi€ {1,2,...,N}: f(G); > 1. 13)
i=1

2.3. Modeling of CLT using 2D finite elements

In our FE models, we utilized 2D shell elements with orthotropic
stiffness properties. The calculations were performed using the FE
software RFEM 5 [20], which is commonly used by engineers in the
building design process. First, we show in Section 2.3.1 how to cal-
culate the stiffness properties for a CLT member, and second, the
calculation of stresses acting in the layers is shown in Section 2.3.2.

2.3.1. Stiffness properties of CLT

CLT can be mechanically described using classical laminate theory.
Details on classical laminate theory can be found, for example, in Jones
[21]. Fig. 3 illustrates a symmetric laminate consisting of N layers, with
each layer defined by z-coordinates, which are referenced to the middle
surface.

In the case of CLT, simplifications are made: Neglecting the Pois-
son’s ratios vy, and vy, is justified based on the structure of the element
made from individual boards and the formation of gaps or cracks
parallel to the boards, as explained by Wallner-Novak et al. [22].
Additionally, Bogensperger and Silly [23] also states that CLT members
are not joint-free and crack-free continuums.

Since we are modeling plane problems with in-plane-loading, only
two membrane stiffnesses (S, and Syy) and one membrane shear
stiffness (Syx) need to be calculated.

By neglecting the Poisson ratios vy, and vy,
the membrane stiffnesses is conducted as follows:

the determination of

N
Sex = Z E, 1 (Zp = Zg1) 14)

k=1

N
Syy = D Ep iz = zic1) s @5)
k=1

where E, , and E,, are the Young’s modulus of the layers in x- and
y-direction of the CLT member.

The shear stiffness of a CLT panel per length unit, Sy, is determined
according to the Austrian National Annex of Eurocode 5 (EC5) [24].
The equation is as follows:

G t
0,mean (1 6)

SXY qs ’

1,

1+ 6pg (max)
where ¢ is the thickness of the CLT member, and 7, is the thickness
of the thickest layer. The width of the boards is denoted by a. The
parameters pg and gg are dependent on the number of layers and can
be taken from the Austrian National Annex of EC5 [24].

The constitutive relation between the membrane forces and the
membrane strains can be stated as:

ny S O 0 £y
ny | = 0 Syy 0 |- e |- a7
n 0 0 S,

Xy Xy Txy
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Fig. 3. Notations for a laminate member comprising N layers as described in [21].

2.3.2. Stress distribution in CLT

The longitudinal stress o, and the transverse stress oy in each
layer k, both in reference to the global coordinate system of the
CLT member, are calculated according to classical laminate theory as
follows:

n

ok = Exx <S—X> , (18)
XX

Ny
O-y,k = Ey,k S_ . (19)
yy

with the normal forces n, and n,. For analyzing each layer, these
stresses (Egs. (18) and (19)) have to be converted into the local
coordinate system of each layer k, resulting in o) and ogqy, Where
“0” is parallel to the grain direction and “90” denotes the direction
perpendicular to grain. For the further calculation of the corresponding
energy release rate in Mode I, only oqq is required.

The shear stress 7y, respectively z,, (related to the gross cross-
section) due to shear force ny, respectively ny, in CLT is calculated as
follows:

Ryy  Hyx

Txy = Tyx = Togo = To00 = —~ = 7, - (20)

Here, it is not necessary to perform a coordinate transformation be-
tween the global coordinate system of the entire CLT member and the
local coordinate systems specific to each layer.

Depending on the CLT producer, the boards within a layer can be
edge-glued or not edge-glued. If a CLT member is made out of not edge-
glued boards, the transverse stiffness of the boards Eq, is set to zero,
so, therefore, no transverse stresses oy, can occur. In the design of CLT
members, this is commonly also implemented for edge-glued boards as
stated in Bogensperger and Silly [23]. The reason here is the possibility
of shrinkage-induced cracks and, therefore gaps in the fiber direction
between and in the boards so that no stress transmission is possible.
Based on this assumption, just longitudinal stresses are accounted for
in the verification, which also makes the design process easier.

To apply our proposed approach for evaluating stress concentrations
at openings, we must deviate from this commonly used procedure.
Therefore, we define two regions in a CLT wall: First, the regular
region (reg-region) without stress singularities, and second, detailed
regions with singularities (sin-region), for example, at corners. Both
regions should be modeled in the FE software with the same stiffness
properties, however, a crucial distinction is made for the calculation of
the occurring stresses.

In the vicinity of singularities, the transverse stiffness of the boards
Eqq is not neglected in the calculations, even if the boards are not
edge-glued. It is essential for obtaining the necessary tensile stresses oqq
perpendicular to the grain as shown in Fig. 2. In most cases, the gap
between the boards is not located directly at the edge, and the boards
are notched. Therefore, from a mesoscopic point of view, considering
the transverse stiffness Eqy makes sense.

Fig. 4 qualitatively illustrates the difference in the occurring stresses
between the regular region and regions with singularities, caused by
normal forces n, and ny. In the regular region, no transverse stresses
690 occur, while in the detailed region, transverse stresses ooy are
present. For clarity, the magnitude of 64 is shown exaggerated. Also
in Fig. 4 the shear stress 7y, distribution induced by n,, (see Eq. (20))
and vice versa 7, induced by ny, is shown.

2.4. Experimental campaigns used for validation

To validate our approach for evaluating stress concentrations at the
corners of openings in CLT shear members, we utilized two recently
made experimental campaigns.

Casagrande et al. [5] conducted experimental tests on symmetric
CLT shear walls made of spruce, examining six different wall config-
urations, with one specimen per configuration, to characterize their
mechanical behavior. Similarly, Mestar et al. [4] investigated the kine-
matic modes of symmetric CLT walls through experiments on five
distinct geometrical configurations, also using one specimen per con-
figuration.

3. Numerical models of the experiments

This chapter presents the numerical models of the experiments.
First, the geometrical and material properties are defined. Second, the
mechanical behavior of the hold-downs is discussed. To give a proper
insight into the models, one numerical model (M2) is presented in de-
tail, including its support and load conditions as well as representative
results.

3.1. Geometry and dimensions

The geometries of the walls from the two considered test series
and thus the basis for our numerical models are summarized in Table
1. The specified geometric dimensions are defined in Fig. 5. Each
wall is defined by its length ¢ and height h, while each opening is
characterized by its length ¢, and height A,. The height of the lintel
is defined by h,. The horizontal shear load F acts on the upper side of
the wall. The positions of the horizontal supports (HS) and hold-downs
(HD) are also indicated for each configuration.

3.2. Material properties

In Table 2 the layup and the elastic material properties for each
specimen are given. The number N of the layers, the total thickness ¢
of the walls, and the width w of the individual boards are also given. In
the definition of the layups, “v” stands for vertical alignment and “h”
for horizontal alignment. The elastic properties for C1-C6 are taken
from the European Technical Approval (ETA) [25] which is referenced
in [5]. The properties from M1-M5 are based on the information which
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Fig. 5. Properties for the symmetric shear-walls with: (a) windows, (b) doors.

is given in Mestar et al. [4]. On the basis of those material properties,
the stiffness properties for the simulation, for both detailed and regular
regions, were calculated according to Egs. (14) to (16) and are given
in Table 3.

The critical energy release rates, Gy, and Gy, for Mode I and
Mode II, respectively, are not standardized for spruce, unlike stiffness
or strength, for which grading classes are available in material codes.

In the early 1990s, Larsen and Gustafsson [26] presented the results
of a collaborative testing project on the fracture energy of softwood
loaded in tension perpendicular to the grain. A total of eleven insti-
tutions participated, generating a substantial dataset. Based on this, a
regression formula was developed to estimate the fracture energy for
Mode I as a function of the mean density. For example, assuming a
mean density of pe., = 420 kg/m?® for C24 solid wood according to
EN 338 [27], the resulting fracture energy is:

Gre = 1.04ppean — 146N/m =291 N/m . 1)

Eq. (21) was also included in the background document [28] that sup-
ported the development of the Eurocode 5 design equation for notched
beams. In a related study, Riberholt et al. [29] conducted an extensive
experimental investigation on notched beams made of coniferous solid
wood and glued laminated timber. By testing 101 specimens, they
determined an average fracture energy of Gy, = 298 N/m. Jockwer [30]
analyzed various experimental results from the literature regarding the
fracture energy Gy, determining a mean value of Gy ¢ mean = 306 N/m.
Therefore, for Mode I, we adopted a critical energy release rate of

Gi. = 300N/m in our verification. This value has also been used in
previous simulations [11,14,31].

Jockwer [30] also examined test results for the fracture energy
Gy, and noted the increased complexity of its experimental determi-
nation, leading to higher variability. Previous simulations have em-
ployed different values for Gy ¢ mean, typically ranging from 1050 N/m to
1150N/m [11,14,31]. According to Jockwer [30], other sources report
mean values ranging from 900N/m to 1000 N/m. Riberholt et al. [29]
also conducted tests on Mode II fracture and determined a mean value

of Gy, = 945N/m. In our simulations for Mode II, we adopted a
conservative value of Gy . = 900 N/m, which is three times higher than
Gy ..

3

In general, in a mixed-mode scenario, Mode I is more critical and
has a greater influence on the fracture load. This is reflected in the
fracture criterion Eq. (11) and also makes sense from a safety-related
perspective due to the lower fracture energy of spruce in Mode I.

3.3. Hold downs

In the simulations, the stiffness of the hold-downs was considered
using the load-deformation curves presented in Fig. 6. The curve
corresponding to the hold-downs WHT620 was taken from Casagrande
et al. [5], where component tests were also conducted. In that study,
the hold-downs were fully nailed using 55 nails of 4 x 60 mm. Similarly,
in Mestar et al. [4] for M5, hold-downs WHT620 with 55 nails of
4 x 60mm were used, allowing the same load—deformation curve to
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Overview of the considered experimental and in this work simulated shear wall configurations (dimensions

definitions in Fig. 5).

Source 1D Layout Opening 13 h h, 48 h, HD type
m m m m
[4] M1 Al ﬂ Door 1.95 2.60 0.60 0.75 2.00 WHT440
[4] M2 4l ﬂ Door 1.95 2.60 0.60 0.75 2.00 WHT440
«-
[41 M3 ALu Window 1.90 2.60 0.40 0.70 1.10 WHT440
«-
[41 M4 4 1 Window 1.90 2.60 0.40 0.70 1.10 WHT440
%
[4] M5 Al Door 2.30 2.60 0.30 1.00 2.30 WHT620
[5] Cl A—U Door 3.30 2.38 0.34 0.60 2.04 WHT620
[5] c2 AJU Door 3.30 2.38 0.34 0.90 2.04 WHT620
[5] C3 E Window 3.30 2.38 0.34 0.90 1.70 WHT620
[5] Cc4 Pl | D Door 3.90 2.38 0.51 1.50 1.87 WHT620
[5] C5 Pl | D Door 3.90 2.38 0.34 1.50 2.04 WHT620
(51 c6 A_I:u‘- Window 3.90 238 034 150 1.70 WHT620
Table 2
Material properties of shear walls.
D Grade t N Layup w E, Ey Gooo
mm mm N/mm? N/mm? N/mm?
M1-M5 C24 85 5 17v-17h-17v-17h-17v 150 11000 370 690
Cl1, C4 C24 90 3 30v-30h-30v 170 11500 370 690
C2, C3, C5, C6 C24 100 5 20v-20h-20v20h-20v 170 11500 370 690
Table 3 120
Stiffness properties for the regular and detailed regions of the simulated shear 1(1]8 o5 1N
walls.
90
D Seres Syyreg Swreg Swen Sypen Sysm Z 80 TSN
kN/m kN/m kN/m kN/m kN/m kN/m "; 70 sammT
M1-M5S 561000 374000 49490 573580 392870 49490 ,.; 60 |- Y - N
Cl, Cc4 690000 345000 44681 701 100 367200 44681 g 50 i
C2, C3, C5, C6 690 000 460000 57806 704 800 482200 57 806 — 40 Pd
38 | . WHT620
. - = = WHT440
10 (/-
0

be applied. For the other experimental setups M1-M4, hold-downs
WHT440 with 30 nails of 4 x 60mm were used. For them, a bi-
linear load-deformation curve was derived from experimental results
presented in Casagrande et al. [32].

3.4. Meshing

In order to capture stress distributions required for further evalua-
tion accurately, the mesh density of the used 2D rectangular elements
must be sufficiently fine in the vicinity of stress concentrations. In
Appendix A.1, a mesh study using a notched beam, which represents
one layer of a CLT member, is shown. Based on the findings, we
recommend using a circular mesh refinement with a radius rgg refined
and a minimal inner mesh size defined as follows:
Y
ﬁ >
where x, = 15mm, resulting in an inner mesh size of 0.05mm used
in our simulations. In all simulations, rgg refineq Was set to 20cm. The

CrEi = (22)

0 2 4 6 8 1012 14 16 18 20

Displacement in mm

Fig. 6. In the simulation used load-deformation curves for the hold-downs
WHT440 (according to [32]) and WHT620 (according to [5]).

mesh size ¢pg e, in regular regions without singularities depends on
the geometric shape and size of the specimen and ranges from 6 cm to
8cm. It can be stated that the mesh size of the regular regions has a
rather small impact on the load-bearing predictions compared to the
mesh refinement in the corners.

3.5. Dealing with round corners
The experimental documentations do not clearly indicate whether

every opening in the CLT walls is rounded at the corners. Therefore,
every corner of the openings in the simulations was modeled without
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HD-stiffness
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rigid
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45 kN
<

0.1 23.3
| Eeeea— |
global deformation w in mm

(b)

Fig. 7. Example of the finite element model M2: (a) model with support and mesh definitions, (b) global deformation u for a horizontal load F = 45kN.

rounding. But there are also other reasons for neglecting rounding in
the simulations.

In the fabrication of CLT elements, openings are mainly obtained
using full CNC-machines with finger milling cutters with diameters of
20 mm to 40 mm, resulting in rounding radii of 10 mm to 20 mm. Due to
the strong anisotropy of wood, such small roundings do not change the
strain and stress distribution in such a way that the overall load-bearing
capacity is affected significantly. Additionally, the execution quality of
roundings can be very variable due to unsharp cutters, etc., making a
detailed simulation of roundings much more difficult. Beside that, some
practitioners are cutting openings in CLT elements without roundings.
Our approach aims to be universal and straightforward for engineers
in practice. Therefore, neglecting roundings in the simulations is also
necessary from this perspective.

Based on the simulation results in Section 4, it is recognizable that
neglecting rounded corners has no significant impact.

3.6. Prediction of the load-bearing capacity

To predict the load-bearing capacity of each numerical model, two
main types of failure are investigated. Either the failure of a hold-down
or the failure of a corner limits the load-bearing capacity of a shear
wall. That was also noted in Mestar et al. [4] and Casagrande et al. [5].
The regular regions are not accounted for in the prediction of failure
loads, as they did not govern the failure in the experiments.

3.7. Example of the numerical model for M2

The numerical models of each experiment consist of the same
elementary components. First, the geometry of the wall with openings
is discretized using 2D finite elements. Then, three different support
conditions are required to capture a realistic deformation behavior of
the CLT walls. The hold-downs, with mechanical behavior according to
Fig. 6 can only transmit vertical tensile forces, while the compliance-
less horizontal point supports only prevent horizontal displacement.
The vertical support is modeled as a line support with full vertical bear-
ing capacity in compression, no vertical bearing capacity in tension,
and horizontal bearing capacity due to friction. To model frictional
resistance, horizontal springs were added along the line support at the
bottom of the wall. These springs represent the effect of contact friction,

defined by a stiffness proportional to the normal force, representing a
friction coefficient of 0.25. For a more realistic load introduction into
the CLT walls, so-called rigid beams are used at the horizontal point
supports and at the point of application of the horizontal load F.

For illustration, and in the representation of all experiments, the
numerical model of experiment M2 with all the elementary components
is shown in Fig. 7a. As an example, the global deformation obtained
under a horizontal load F = 45kN is shown in Fig. 7b. It is visible that
the right part is completely lifted off, and the remaining vertical contact
of the wall element is concentrated on the left corner of the entire wall
element. By looking at the global deformation field u, it can be expected
that the right corner of the door opening is the critical one, because
this corner opens under the current deformation, and critical tensile
stresses perpendicular to the grain are induced. To consolidate this
assumption, the distribution of the internal forces has to be analyzed.
Critical corners are those with tensile normal forces.

In Fig. 8, the corresponding distribution fields of the internal forces
ny, ny, and ny, are shown. For the normal forces ny and ny, only the
critical positive values (tensile normal forces) are shown. It should be
mentioned, that for the sake of clarity, the ranges of the legend in Fig. 8
have been optimized. The minima and maxima values are significantly
higher at the corners. As expected, the critical concentration of tensile
normal forces is in the right corner of the door opening. With this
knowledge, this corner, and, the stress concentration occurring there,
has to be further analyzed.

As previously shown in Fig. 2, we define for each layer a potential
crack surface originating from a corner. Based on this, the mean forces
can be read out, and using Egs. (18) to (20), the corresponding mean
stresses can be calculated. In our example of M2, which is a five-
layered CLT wall, two potential crack formations are identified (see
Fig. 9). The first is a vertical crack formation in the vertical layers
(two cover layers 1 and 5 and the middle layer 3). The second is a
horizontal crack formation in the two horizontal inner layers 2 and
4. For the vertical crack formation in the vertical layers, the normal
force ny is responsible for the tensile stresses ogy, which are acting
perpendicular to the grain direction of the boards. For the horizontal
crack formation in the horizontal inner layers, n, is responsible for
the local tensile stresses oqy. The shear stresses ogq, for both crack

formations are obtained from the shear force n,.
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(a)

(c)

Fig. 8. Internal force distribution for M2 with a horizontal load F = 45kN: (a) normal force n,, (b) normal force ny, (c) shear force Ry
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Fig. 9. Potential crack formations in wall M2 and the associated mean internal forces for calculating the mean stresses which are used to calculate the energy

release rates.

4. Results & discussion

Overall, the numerical simulations of the specimens of both ex-
perimental campaigns show good accordance with regard to the load-
bearing capacity and the deformation behavior. Also, the failure

reasons, hold-down failure, and CLT failure can be distinguished in the
simulation and showed a good agreement with the experimental results.

In the following, the results of the experiments and the numeri-
cal simulations are detailed presented and compared. After that, the
applicability of the proposed approach is discussed.
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Fig. 10. Results of the experiments from Mestar et al. [4] and the corresponding simulations.

4.1. Results of the experiments and the simulations — comparison

The results of the numerical models and the results of the cor-
responding experiments are depicted in Fig. 10 for the experiments
from Mestar et al. [4] and in Fig. 11 for the experiments from
Casagrande et al. [5].

The following notation should be considered: The gray lines repre-
sent the experiments, while the red ones show our simulations. The
failure modes are also specified, distinguishing between hold-down
failure and CLT failure. Hold-down failure is represented by a filled
circle, whereas full CLT failure is depicted with a cross. Full CLT failure
occurs when cracking is obtained in every layer (see Eq. (13)). The
so-called elastic limit, where at least one crack occurs in at least one
layer (see Eq. (12)), is shown by a vertical line. In all simulations,
when cracking is predicted, the first crack initiation occurs in the top
layers, which in all cases are the vertical ones. For full CLT failure, and
thus, crack initiation in all layers, the inner horizontal layers also show
horizontal crack initiation. So, the symbolism corresponds to the crack
direction: the vertical line shows vertical crack initiation in the vertical
layers, and the cross represents full crack initiation, including vertical
cracks in the vertical layers and horizontal cracks in the horizontal
inner layers.

First, we discuss the results of the experiments from Mestar et al. [4]
and the corresponding simulations. According to Mestar et al. [4], the
ultimate failure of M1 occurred as a combination of CLT failure and
hold-down failure. CLT failure was specified as wood tension failure,
but it was unfortunately not further described. However, the simulation
was capable of predicting the final bearing load which led to hold-down
failure very well. Additionally, crack initiation at a slightly lower load
level was predicted, which matches the explanations in Mestar et al.
[4].

Specimen M2 failed due to clear hold-down failure, which was
perfectly predicted by the simulation. Matching the experiments, also
in the simulation, no previous crack initiation was predicted. The same
applies to specimens M3 and M4. The implementation of the load—
deformation curves for the hold-downs (Fig. 6) leads to nonlinear
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load-deformation curves for the walls, which fits very well with the
experimental results.

Specimen M5 showed plain CLT failure in the lintel in the experi-
ments. Mestar et al. [4] described the failure twofold: the lintel beam
failed at the top left above the opening and in the right corner of the
opening. The corresponding image of the failure of the right corner in
Mestar et al. [4] confirmed our assumption of full CLT failure when
every layer undergoes crack initiation. This failure type in the right
corner and the corresponding failure load were predicted extremely
well in the simulation.

Next, the results of the experiments from Casagrande et al. [5] and
the corresponding simulations are discussed. According to Casagrande
et al. [5], specimen C1 showed clear CLT failure in the right corner
of the opening, with vertical cracks in the two vertical top layers and
horizontal crack initiation in the horizontal inner layer. This behavior
was also predicted in the simulation, resulting in a very good agreement
with the experimental result.

Specimen C3 was reported in Casagrande et al. [5] to exhibit clear
hold-down failure, with no cracks in the wood documented in the
area of the corners. The corresponding simulation also predicted clear
hold-down failure with no crack initiation.

CLT failure was also the reason for the failure of specimen C4.
According to Casagrande et al. [5], the failure occurred on the upper
side of the lintel, above the left corner of the opening, in a region
without stress singularities. It was associated with finger-joint failure
in the inner horizontal boards of the wall. However, Casagrande et al.
[5] noted that the loading continued beyond potential initial cracks
until ultimate failure was reached. This suggests the possibility that
crack initiation may have started in the right corner, where a stress
singularity exists, but it was not the cause of ultimate failure. In
our simulation, only the right corner was investigated, resulting in
an adequate prediction of the load-bearing capacity on the safe side.
For further investigation, more details about that specimen during the
experiment, such as video recordings of the test, would be required.

Specimens C2, C5, and C6 failed due to hold-down failure. The
load level of the final hold-down failure was predicted very well in
the simulations, as shown in Fig. 11. However, the simulations also
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Fig. 11. Results of the experiments from Casagrande et al. [5] and the corresponding simulations.
Table 4 4.2. Discussion

Comparison of maximum experimental loads
Fie; from Mestar et al. [4] and Casagrande
et al. [5] with corresponding simulation pre-

dictions F, (relative devitation ¢ = % .
100 %).
Source D Fiegt Fim €
kN kN %
[4] M1 96 101 52
[4] M2 61 62 1.6
[4] M3 100 102 2.0
[4] M4 65 60 =17
[4] M5 62 58 -6.5
[5] C1 112.8 109.5 -2.9
[5] Cc2 176.5 178.5 1.1
[5] C3 160.9 137.0 -149
[5] Cc4 178.6 162.0 -93
[5] C5 165.9 156.0 -6.0
[5] C6 226.8 219.0 -34

predicted crack initiation and, finally, CLT failure at lower load levels.
Due to the lack of detailed information about the behavior of the
specimens during the experiment with increasing load, it is possible
that small cracks did appear in the right corners but did not cause the
final failure. As mentioned before, more details from the experiments
would be helpful. Nevertheless, the predicted bearing loads for failure
in the corners are on the safe side and not too conservative from an
engineering point of view.

Table 4 compares the maximum loads F,. obtained from the exper-
iments in Mestar et al. [4] and Casagrande et al. [5] with the numer-
ically predicted failure loads F;,, focusing on the failure mechanisms
described in the referenced studies. The relative deviations ¢ indicate
that the numerical models tend to be slightly conservative, with a
maximum underestimation of —14.9 %. The maximum overestimation
was relatively small, at 5.2 %.
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Two mechanical properties are essential for the prediction and
design of CLT walls: the deformation behavior and the failure load level
with the corresponding failure type. Our numerical models can describe
both to a sufficient extent and with high efficiency.

The load-deformation curves from the simulations show overall
good agreement with the experiments. This indicates that the stift-
ness definitions for the two main mechanical elements of each wall
configuration, the CLT wall and the hold-downs, were appropriate.
Classical laminate theory, as described in Section 2.3.1, is therefore
perfectly qualified to describe the stiffness properties of CLT. Also,
the implementation of the mechanical behavior of hold-downs with
bilinear or experimentally determined load-deformation curves in a
numerical simulation can be recommended. This allows the model to
consider their impact on both the load-deformation behavior and also
on the load-bearing capacity of a CLT shear wall very well.

Our proposed approach to predicting the load-bearing capacity of
CLT walls based on the assessment of stress singularities at the corners
of openings has, as expected, proven to be an approach that is on the
safe side, but not too conservative. Although stress redistribution after
the failure of a single layer (see Eq. (12)) is not considered, the second
failure criterion (Eq. (13)) yields similar load-bearing capacities. This
suggests that quasi-brittle failure modes are not significantly influenced
by such redistribution effects and can be reliably predicted using the
proposed failure criteria.

The precise rounding/finishing of the corners in openings probably
does not have a major influence on the load-bearing capacity and,
therefore, does not need to be taken into account in the numerical
model.

4.3. Proposal for implementation in design standards

So far, we have used mean values of the critical energy release rates
to define crack initiation. However, in design verification approaches,
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characteristic values must be used for safety reasons, along with factors
that account for material variability, environmental conditions, and
load duration.

Therefore, based on the suggestions of Aicher et al. [33], who used
stress intensity factors K, we recommend the following design criterion:

Ga  Gpg

<10, (23)

Gl,c,d GII,c,d

where Gy 4 and Gy 4 in Eq. (23) are the critical design energy release
rates:

Grex

GI c,k
GH,c,d = kmod ™ >

GI,c,d = kmod ™ B

(24)

and G4 and Gy 4 are the design energy release rates obtained from
simulations under ultimate limit state (ULS) load combinations.

In Eq. (24), Gix and Gy are characteristic values of the crit-
ical energy release rates and can be found in the literature, such as
in Jockwer [30]. The modification factor k.4, which accounts for load
duration and service class, as well as the partial material safety factor
ym» are both specified in EC5 [24].

5. Conclusion & outlook

In this work, we have presented an engineering approach to predict
the load-bearing capacities of CLT walls with openings. This approach
is based on a linear elastic fracture mechanics assessment of stress
fields in the vicinity of singularities. This is intended to establish a
mechanically sound alternative to an arbitrary averaging of stresses
in the vicinity of singularities or the exclusion of edge stresses in
numerical analyses, both of which are common practice.

With our approach, the energy release rates Gy for Mode I and Gy; for
Mode II, occurring at sharp corners, can be calculated using the stress
fields of a simple numerical 2D model, without the need of advanced
finite elements. Based on this, we developed two failure criteria capable
of predicting the load-bearing capacity of a corner in a CLT wall under
in-plane shear loading.

To validate our proposed approach, we used experimental results
from the literature and compared them with our numerical results
obtained by finite element simulations. We modeled the CLT walls
using 2D finite elements with stiffness properties calculated according
to classical laminate theory. Additionally, the hold-downs were im-
plemented in detail using load—deformation curves and corresponding
failure definitions.

In conclusion, our procedure for predicting the load-bearing ca-
pacity of an entirely CLT shear wall with opening, while addressing
the main failure mechanisms: hold-down failure and CLT failure in
corners with stress singularities, using a relatively simple finite element
simulation, is highly effective in depicting the experimental results.

The load-bearing capacity is assessed based on linear 2D finite
element calculations. This is extremely efficient compared to advanced
methods such as damage, plasticity or methods for describing dis-
crete cracks. The proposed method for assessing stress singularities
is not limited to RFEM 5 [20] and can be implemented in any fi-
nite element software that supports 2D modeling with linear elastic
orthotropic material definitions. To apply the method reliably, the
software should also support reasonable mesh refinement in regions
near discontinuities (e.g., notches or corners). These requirements — 2D
FE analysis, orthotropic elasticity, and mesh control — are typically met
by most commercial finite element packages used in civil and structural
engineering

With all these benefits, we recommend that the proposed approach
be considered in the design process of CLT shear walls using finite
element software and be considered in future design codes, making the
use of finite element software more appealing to practitioners in timber
engineering.
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As an outlook for further investigation and potential application of
the proposed approach, additional experimental results could be used.
For example, further experimental data on shear walls with openings
can be found in [6,34-36]. The proposed approach should also be
able to predict the load-bearing capacity of CLT shear members with
shapes other than walls with openings. A basis for validation of this
assumption could be the experimental campaign of Aljuhmani et al.
[18], who investigated openings in in-plane shear loads CLT panels
made from Japanese cedar. Also, the results of Isoda et al. [9], who
tested in-plane shear-loaded L-shaped and T-shaped CLT panels, also
made from Japanese cedar, would be interesting for further validation.
Future validation of the approach could also focus on 3D building-scale
models, where interactions with floor diaphragms are considered.
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Appendix. Sensitivity analysis

This appendix presents a parametric study evaluating the sensitivity
of the proposed method to three key parameters: the mesh refinement
near singularities, the length x,, and the critical energy release rates
G and Gy .

First, in Appendix A.1, we provide recommendations for the re-
quired mesh refinement at the potential crack tip, as previously dis-
cussed in Section 3.4. Second, in Appendix A.2, we investigate the
influence of the length x, and the mesh refinement radius on the total
energy release rate. Finally, we assess the impact of the critical energy
release rates on the results obtained using the fracture criterion defined
in Eq. (11).

The basis for the parametric study is a notched cantilever beam,
modeled in RFEM 5 [20], as shown in Fig. A.12.

A.1. Necessary mesh refinement

To investigate the impact of the type of FE mesh refinement on the
total energy release rate G = G; + Gy, two variants of mesh refinement
were analyzed:

Variant 1: Circular mesh refinement with a variation of the
inner FE mesh size £pg ;.
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Fig. A.12. Geometry and material parameters of the notched cantilever beam.
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Fig. A.13. Mesh variants: (a) variant 1, (b) variant 2.

Variant 2: Circular mesh refinement with a constant inner FE
mesh size £pg; = 7.5mm and additional varied linear mesh
refinement across the length x, using £ ;.

These two types of FE mesh refinement were applied to the model
(see Fig. A.13), with a refinement radius defined as rpegh refinement =
0.72 m. The global setting for all FE elements outside the circular mesh
refinement area is £ = 0.06 m.

The internal FE mesh size ¢pg; in the vicinity of singularities is of
particular interest and is varied in variant 1 and in variant 2 (only linear
mesh refinement) for comparison calculations as follows:
X0

a
where a > 0 represents a factor for discretization. Thus, the internal
FE mesh size is expressed solely by the length x, and the factor a. The
length x, was defined with 15 mm.

Therefore, for each variant, eleven models were calculated with the
factor a varying from 1 to 960. The energy release rates Gy and Gy; were
calculated according to Egs. (9) and (10), and the results are presented
in Fig. A.14. Two conclusions can be drawn from this figure:

CrEi = (A1)

1. There is no significant difference between the two variants of FE
mesh refinement.

2. Regardless of the variant of FE mesh refinement used, it is
observed that the total energy release rate converges relatively
quickly. Beyond a factor of a = 300, the results change only
marginally.

For our calculations in this paper, variant 1 with factor a;, = 300 is
used (see Eq. (22)).

A.2. Influence of x, and mesh refinement radius

In the next step, we investigate the influence of the length x, and the
mesh refinement radius r; megh refinement ON the total energy release rate
Gy + Gyp. To this end, x, was varied between 10 mm to 30mm (10 mm,
15mm, 20mm and 30 mm). All simulations were conducted using two

13
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Fig. A.14. Comparison of variant 1 and variant 2 regarding the total energy
release rate G; + Gy;.

values for 7y yesh refinement: 72 ¢m and 20 cm. The mesh size was adjusted
according to Eq. (A.1), based on x; = 15 mm.

The results are presented in Fig. A.15. It is evident that the total
energy release rate converges relatively quickly. Changing the radius
of the mesh refinement leads to only a minimal variation in the total
energy release rate — approximately 5N/m at a = 300. In contrast,
varying x, (while keeping the refinement radius constant) results in a
slightly larger difference of about 23 N/m at the same value for a. The
chosen value of x;, = 15 mm therefore lies in the middle of the examined
range and represents a reasonable balance.

It is also worth noting that the variation in total energy release
rate remains relatively small, even though the mean stresses 60 mean
and 7gg mean €nter quadratically into the calculation of Gy and Gy; (see
Egs. (9) and (10)). This indicates that the sensitivity to changes in
xo and the mesh refinement radius is rather low. Overall, the results
demonstrate that the proposed method is robust with respect to these
parameter choices.
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Fig. A.15. Influence of x; and r, yeh refinement (Variant 1) on the total energy release rate G; + Gy for different values of x, and mesh refinement radius.
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Fig. A.16. Influence of X, r;mesh refinement (Variant 1), and the critical energy release rates G;. and Gy on the fracture prediction according to Eq. (11).

A.3. Influence of the critical energy release rates on the results

Finally, the influence of the critical energy release rates G;. and
Gy, on the results obtained using the fracture criterion (see Eq. (11))
is examined. For this purpose, two sets of fracture energy values were
used: Gy, = 300N/m and Gy, = 900N/m is the first case, and G, =
200N/m and Gy = 600N/m is the second.

It is clearly evident in Fig. A.16, that the critical energy release rates
have a dominant influence on the prediction of whether fracture occurs.
When the lower values for Gy, and Gy are applied, the utilization
factor increases in a range of 0.23 to 0.24 at a = 300. So the impact of the
critical energy release rates is significantly higher than the variations
caused by changes in x, or the mesh refinement radius.

Data availability

Data will be made available on request.
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