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CROSS-LAMINATED TIMBER FLOORS WITH OPENINGS -
SERVICEABILITY LIMIT STATE VERIFICATIONS

Martin Schenk', Anja Husel?, Philipp Dietsch’, Pablo Gonzalez-Serna*, José Manuel
Cabrero’, Stefan Winters

ABSTRACT: This paper contributes information about the influence of openings in cross laminated timber (CLT) floors
in serviceability limit state (SLS) design. SLS verifications according to the European structural design standard for timber
structures - Eurocode 5 - comprise functionality, appearance and the user’s comfort. The verifications are based on
deformation and vibration criteria. The investigation presented describes the influence of openings on the basis of
experimental and theoretical investigations. Rectangular centralized openings in CLT elements were tested. The
experimental results were used for the calibration of the numerical models used for theoretical investigations. The
numerical models were geometrically parameterized. Towards application for practice, modification factors were derived
to enable determination of the respective deformation and first natural frequency.
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1 INTRODUCTION

Structural design of openings in walls and floors is of
crucial interest to enhance the competitiveness of cross-
laminated timber (CLT) with other building materials [1].
Already for spans larger than 4 m — 5 m, serviceability
limit state design (SLS) is decisive for the height of floor
constructions in timber buildings [2]. Openings, e.g. for
staircases or passages of technical building equipment
(pipes, ventilation, etc.) locally reduce the mass and
stiffness of floors and have therefor an influence on this
important design situation. The verifications of
serviceability limit states according to the European
structural design standards [3], the Eurocodes, ensure (a)
the functionality under typical conditions of use, (b) the

Figure 1: Deformation and vibration test set-up for a single

appearance of the structure and (c) the comfort of intended span CLT floor with and without opening

users. According to the European design rules for timber

structures [4] those verifications comprise criteria on nical University of Munich, Germany (MPA BAU), see
deformations for (a-b) and on vibrations for (c¢). Research Figure 1. Four-point bending tests were conducted to
results on the performance of CLT floors with openings obtain the (i) stiffness, (ii) strength, (iii) deformations,
are available in e.g. [5, 6]. As presented in [7], simplified and (iv) failure modes of the single span CLT elements.
rules for the assessment and design of openings in CLT Vibration tests were conducted to derive the (v) natural
floors seem to vary significantly worldwide. frequencies of the system. The influence of openings was
Striving towards a harmonization of rules, the aim of the investigated for two sizes of openings, see Figure 2 and
present investigations is to contribute to existing studies Figure 3. The test results, presented in Chapter 2 and in
on the influence of openings in CLT floors on SLS design. the companion paper [8], not only gave an insight into the
To achieve this, static load and vibration tests of 6 CLT structural behaviour of the system, but also provided data
elements by one single manufacturer without and with that has been used for the calibration of a numerical
openings were carried out at the laboratories of the Tech- model, see Chapter 3, followed by a parametrized
! Martin Schenk, TUM Technical University of Munich, > José Manuel Cabrero, UNAV University of Navarra, Spain,
Germany, martin.schenk@tum.de jcabrero@unav.es

2 Anja Husel, KIT Karlsruhe Institute of Technology, ¢ Stefan Winter, TUM Technical University of Munich,
Germany, anja.husel@web.de Germany, winter@tum.de

3 Philipp Dietsch, KIT Karlsruhe Institute of Technology,
Germany, dietsch@kit.edu

4 Pablo Gonzélez-Serna, UNAV University of Navarra,
Spain, glezsernapablo@gmail.com

https://doi.org/10.52202/069179-0351 2678



numerical study on the influence of openings on
deformations and frequencies in the system, see
Chapter 4.

2 EXPERIMENTAL INVESTIGATIONS

A total of six non-edge-glued CLT specimens according
to ETA-06/0138 [9] with an element height of 100 mm
were tested in bending to determine the element stiffness
and natural frequencies. The test set-up for bending
corresponded to the test provisions of EN 16351 [10] in
conjunction with EN 408 [11]. The lamination height of
the five layers of the elements was 20 mm each with the
outer layers oriented in span direction, see Table 1 and
Figure 4. The strength class of the sorted laminations
corresponded to C24 according to EN 338 [12]. The
elements had a length of 2,50 m and width of 1,20 m. The
span of the simple supported test set-up was 2,40 m. The
ratio of plate thickness 7 to span L was 1/24.

Table 1: Layer thickness and orientation relative to the x-axis
of the element and total element thickness

layer 1 2 3 4 5 P unit
thickness 20 20 20 20 20 100 [mm]
orientation 0 90 0 90 O — [°]

The panels where tested in three series: (i) without
opening, (ii) with an opening size of 300 mm x 300 mm
and (iii) with an opening size of 600 mm x 300 mm, each
in the centre of the elements, see Figure 2. Thus, the
opening size corresponded to 12,5 % of the span and to
25 % of the panel width in case (ii) and to 50 % of the
panel width in case (iii). In the test series with small
opening (ii), the edge distance of the opening was
450 mm. In the test series with bigger opening (iii), the
edge distance was 300 mm. Four panels (A2, A3, A4, A6)
were tested in all opening stages while two panels (Al,
AS) served as reference panels without openings. In this
evaluation, the series with openings are presented. All
CLT specimens were stored in standard climate until
moisture balance with a temperature of around 20 °C and
a relative humidity of about 65 % in the test laboratory.
The mass of all panels and the moisture content of the
CLT panels was determined according to EN 13183-2
[13], see Table 2. The elements had a mean density of
437,5 kg/m* (COV: 10,2) and an average moisture content
of 11,3 m-% (COV: 0,083). Three different load
configurations were tested: (a) two uniformly distributed
linear loads over the full element width, (b)two
concentrated point loads, both for deformation
investigations and (c) an unloaded state for vibration
investigations (self-weight only), see Figure 2. The loads
F were applied with a displacement-controlled hydraulic
actuator in the distance of 900 mm to the supports. The
hydraulic cylinder was jointed to a self-contained steel
frame, fixed to the ground. The point loads were applied
via steel plates of 200 mm x 200 mm width, the linearly
distributed loads via two respective spreader beams
(HEB), which were linked with a steel coupler. To avoid
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compressive deformations perpendicular to the grain in
the outermost layers, a hardwood lamella was placed as
load distributing element onto the roller supports, see
Figure 4. Via nine displacement transducers (wl1-w9 in
Figure 2), global and local deformations were recorded.

Table 2: Average moisture content according to EN 13183-2
[13] and total element mass without opening

specimen A2 A3 A4 A6 unit
moisture 11,3 11,2 11,6 10,9 m-%

mass 132 132 130 131 [kg]
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Figure 2: CLT deformation tests: plan view with locations of the
displacement transducers (wl-w9) and distributed load /
concentrated load
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Figure 3: CLT vibration tests: plan view of excitation points
(EI1-ES5) and locations of the reception (R1-R3)
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Figure 4: CLT tests: side view in width (above) and length
(below) direction

numerical calculations according to [14]. In order to
achieve deformations in the elastic range and also to
reduce the risk of damage such as cracks or plastic
deformations to the specimen, a conservative load
limitation Fiim,est to 40 % of the estimated maximum load
Fraxest Was made for the non-destructive deformation
tests. The non-destructive tests were stopped manually
when the estimated limit load was reached. For, e.g. panel
A2, the estimated limit load Fiim.est reached approximately
34 % of the destructively tested limit load Faxest, S€€
Figure 8 and Figure 9. Figure 10 shows the evaluated
moduli of elasticity in span direction x as average between
the left panel edge (transducer wl) and the right panel
edge (transducer w2) for all test series in load
configuration (a) and (b). The specimens in this series
were tested without opening. The in total smallest
evaluated value of the modulus of elasticity was
Enetxmin = 12.468 N/mm?. The in total largest evaluated
value of the modulus of elasticity was
Enetxmax = 14.558 N/'mm?. The mean values were
evaluated as Enetxmean = 13.596 N/mm? in case (a) and
Enetxmean = 13.243 N/mm? in case (b), see Figure 10. The
corresponding value according to the manufacturer was
12.000 N/mm?. One reason for the relatively high tested
values could be the inclusion of higher quality boards in
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Figure 7: View on the vibration test set-up

Spherical bearings at the cylinder and at the concentrated
loads ensured uniformly orthogonal load application, see
Figure 5. Each concentrated load corresponded to the load
F/2. An estimated failure load Fiaxest Was determined by
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A2 concentrated load with opening 600 mm x 300 mm

Figure 8: Example of a load-displacement curve of specimen A2
at global w2 (non-destructive test until Fiimes: = 0,4 + Fmaxest)
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Figure 9: Overview of load-displacement curves at all
transducers of specimen A2 with concentrated load and opening
600 mm x 300 mm (destructive test) according to [15]
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Figure 10: (a) E-modulus tested according to [9] with uniformly
distributed linear load without opening and (b) equivalent
E-modulus tested with concentrated load without opening
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Figure 11: Example of a vibration test of specimen A2 at
locations E3 and R3

Table 3: Fundamental natural frequency of the CLT elements at
locations E3 and R3: tested (A2 — A6) and simulated (FEA)*

frequencies [Hz]

specimen without with with

opening opening opening

300mmx 600 mm x

300 mm 300 mm
A2 27,6 26,6 252
A3 27,7 27,4 26,0
A4 26,5 26,1 24,7
A6 27,8 27,2 24,5
mean 27,4 26,8 25,1
FEA" 29,8 28,0 24,5

* see Chapter 3

the grading process. While the laminations have a
stiffness more than 10 % higher than stated in declaration
of performance, the resulting values for series (a) and (b)
are at similar level. The averaged modulus of elasticity
Encixmean 1n the case of testing according to [10] (a) is
2,6 % higher than the respective value in the case of
concentrated loading (b). To obtain the dynamic
characteristics of the elements, the CLT panels were
excited at midspan, in the quarter points and at the
opening edge by a falling impact hammer in all test stages,
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see Figure 7 and E1 — ES in Figure 3. The response was
read via accelerometers fixed to the panels in midspan and
in the quarter of the span, see Figure 7 and R1 —R3 in
Figure 3. The time history acceleration responses from the
hammer impacts were converted into frequency domain
using the Fast Fourier Transform algorithm, sce
Figure 11. Table 3 shows the first natural frequency of tae
elements with and without openings. In general, the first
natural frequency of the CLT panels without openings
was relatively similar in all elements. The mean
fundamental frequency of the CLT panels without
opening was 27,4 Hz. With opening, the scatter of the
measured fundamental frequencies was a little wider, see
Table 3. Due to an opening of 300 mm x 300 mm in the
elements, the mean value for the natural frequency of the
panels dropped by 2,2 % to 26,8 Hz. An extended opening
width of 600 mm x 300 mm lead to a further decrease of
the mean value of the fundamental frequency to 25,1 Hz
and thus by 8,4 % compared to the condition without
opening. For an in-depth view into the determination of
values according to EN 384 [16], destructive test-results
and further test- set ups, their execution and evaluation see
the companion paper [8].

3 NUMERICAL INVESTIGATIONS

There are numerical or analytical methods for solving the
plate differential equations, see e.g. [17 — 19], the latter
usually being valid for very special cases only. In the
present study, a linear elastic finite element (FE) analysis
with the software SOFiSTiK 2020 (version 2020.13-1)
[20] was used for numerical evaluations.

There are various ways of representing the material and
load-bearing behaviour of cross laminated timber
elements in finite element models. Figure 12 shows the
considered models: (A) modelling of each individual
lamination as 2D  Timoshenko-beam element,
(B) modelling as a multi-layered structure with shell
elements and (C) modelling as an equivalent single
layered shell element with adjusted material values. For
the discussion of further structural models of CLT
elements with openings, see [8]. For an overview of the
advantages and disadvantages of the investigated model
types (A) — (C), see [15].

(A) lamination-wise lattice girder
model

(B) multi-layered shell
model

g

(C) equivalent shell model

Figure 12: Overview of considered FE models [13]
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The investigation on hand was carried out using 4-noded
Bathe-Dvorkin shell elements, to avoid locking effects
[20], with adapted stiffness properties (type C in
Figure 12). Further information on locking effects can be
found in [21] and [22]. A regular mesh size of the finite
elements with a maximum width of 50 mm was chosen.
For a convergence study on the mesh size, see [15]. In the
applied models, the support conditions were fixed against
translation in the y- and z-directions on one side of the
span and against translations in x-, y- and z-directions on
the other side. Both support conditions did not fix
torsional deformations. A uniformly distributed load of
5 kN/m? was applied to the model for the evaluation of
parametrized deformations.

Due to ratio of the investigated total panel thickness ¢ to
the span L, it might be assumed that deformations due to
shear would not contribute considerably to the calculation
results and might be neglected according to Kirchhoff's
plate theory. According to Mestek [23], shear
deformations of the cross-laminated timber panels may be
neglected in the mechanical modelling for threshold ratios
t/L=1/20 ...1/30. Additionally, Mestek [23] recommends
to always consider shear deformation in serviceability
limit state verifications. For the investigation on hand,
shear deformations were considered throughout the
models. The examined cross-laminated timber panels did
not have edge bonding on the narrow edges of the
laminations. Therefore, the Poisson’s ratios were
generally set to zero. For the same reason, the modulus of
elasticity perpendicular to the grain in plane was set to
zero as well. The adjustment of the torsional stiffness Byy
was made according to the declarations specified by the
manufacturer [9]. For an in-deep view into the material
properties of cross laminated timber, see e.g. Brandner et
al. [24]. The applied stiffness values based on the test
results are shown in Table 4. For a deeper insight into the
evaluation of these stiffness values by calibration on the
test results according to Chapter 2, see [15]. For the
evaluation of the natural frequencies under dead load, the
method according to Lanczos [25] was used. For an in-
depth view into modelling of natural frequencies of CLT
and respective model uncertainties, see e.g. Labonnote
and Malo [26]. The numerical model was parameterized

in the geometries span of the element
Ly=3.000...7.000 mm, width of the opening
ly=0,10...0,80 - Ly and length of the opening

Ix=1.000...1.500 mm according to Figure 13.

Table 4: Material parameters for the model evaluated in [15]

BX By Bxy sz Syz
[kKNm/m] [kNm/m] [kNm/m] [kN/m] [kN/m]
792 208 338 7980  4.420

B,; By = bending stiffness
B,y = torsional stiffness
Syz; Sy, = shear stiffness

https://doi.org/10.52202/069179-0351
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Figure 13: Definition of geometries according to [15]

4 RESULTS

The results of the calibrated and parameterized FE
analysis were internal forces and deformations, each in
the respective element nodes, as well as natural
frequencies. The post-processing of the data was carried
out with SOFiSTiK, Microsoft Excel and a Python script.
Under the two concentrated loads, the CLT elements
deformed in both the longitudinal and transversal
direction, see Figure 14. The deformed shape of the CLT
panels with and without openings was similar under the
uniformly distributed load of 5 kN/m? The maximum
deflection occurred usually in the area of transducer w4
respectively w7, see Figure 2. The first eigenmode, each
with and without opening, reflected an expected semi-
sinusoidal shape, see Figure 15.

TTIy

L T T T TA

(A) without opening

(B) with opening 600 mm x
300 mm

Figure 14: Deformed shape of the CLT element with visualized
element height [15]

[

(A) without opening (B) with opening 600 mm x

300 mm

Figure 15: Semi-sinusoidal eigenmode of the CLT element

Figure 16 shows the non-normally distributed scatter of
the maximum deformation expressed as increase factor
kw, normalized on the deformation without opening for
centralized rectangular openings with a fixed opening
length of /x = 1.000 mm, see Figure 16 (A), and length of
Iy =1.500 mm, see Figure 16 (B), respectively, and a span
parametrized between Ly = 3.000...7.000 mm according
to equation (1). Table 5 lists the respective mean values.



X2

kx =22 (1)
with

X=w for the deformation 2)
X=fi for the first natural frequency 3)
where

kx = influence factor of the opening on an effect of action
named X;

Xi=value of the effect of action without opening;
Xo = value of the effect of action with opening.

It was noted that the relative influence of the opening
width /, on the deformation increases exponentially with
the increase of the same in the investigated set-up. As
expected with a uniaxial load-bearing system, increasing
the opening length / in span direction has positive effect
on the deformations in case of large opening widths, see
Figure 16. From the data obtained, it also appears that the
influence of the opening width /, increases as the span
increases. The observations on the deformation can be
transferred to the eigenvalues, see Figure 17. Here, too,
the influence increases more with increasing opening
width compared to increasing opening length. In addition
to the stiffness, the influence of the reduced self-weight
due to the opening on the natural frequency should not be
neglected.

Table 5: Mean values of influence factor kw according to [15]
and ky1 for a span in the range of Lx = 3.000...7.000 mm and for
an opening length I = 1.000 mm

I,/L, 0,10 025 050 067 0,80
Ko 1,02 1,15 154 2,12 3,04
knn 099 094 083 072 0,60

Iy = opening width
L, = element width

5 CONCLUSIONS AND OUTLOOK

Eurocode 5 provides SLS design verifications for
functionality, appearance and the user’s comfort in form
of deformation and vibration criteria [4]. According to the
current draft of the second generation of Eurocode 5 [27],
deformations have to be verified using the characteristic,
frequent, or quasi-permanent combination of actions
given in Eurocode 0 [28]. Based on the investigations of
e.g. [29-31], vibration verification according to
prEN 1995-1-1 [27] comprises frequency  criteria,
stiffness criteria, velocity and acceleration criteria which
are adapted to human perception. The investigations
presented showed that openings in CLT floors have a
decisive influence on the deformations and the natural
frequencies and hence influence the respective
verifications in SLS design. Simplified design rules for
the verification of deformations of CLT floors with
openings do not yet exist in the European design standard.
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Figure 16: Non-normally distributed scatter of the increase
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uniformly distributed load of 5 kN/m? according to [15]
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According to prEN 1995-1-1 [27], wunder certain
boundaries, openings in floors may be generally neglected
in the vibration verification provided that the plan area of
the opening area and that no individual opening
dimension is greater than 40 % of the respective floor
dimension.

Further introduction of simplified rules for SLS design of
CLT floors with openings would not only strengthen the
competitiveness of timber structures but could also
support the resource-efficient use of the material in
general. Subsequently, with further harmonisation of its
structural design, application of CLT will become more
and more user-friendly and attractive globally [32].
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