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Foreword

My first encounter with cross-laminated timber was more
than 25 years ago. In the course of our civil engineering
studies at Graz University of Technology, we completed an
internship with the company Stingl in Trofaiach/AT. In the
factory workshop, we saw novel structural elements -
panels of crosswise glued lamellas. At that time, these
wooden elements did not have an official name in the
German-speaking region yet, at first, they were called
glued board stack elements.

“I love fools experiments. | am always making them.”
Charles Darwin, British natural scientist (1809 -1882)

An intensive research and development period concerning
the load-bearing and deformation behaviour of these
structural timber elements started, wherein it should be
noted here, that the research achievements in Austria
played an essential role for the development of the struc-
tural elements — now designated as cross-laminated timber.
Based on these experimental analyses, technical approvals,
guidelines and standards were compiled, on the basis of
which calculation and dimensioning of components made
of cross-laminated timber can be undertaken.

“The book of nature is written in the language of
mathematics.”

Galileo Galilei, Italian philosopher, mathematician, physicist
(1564-1642)

In 2013, the team of authors M. Wallner-Novak,

J. Koppelhuber and K. Pock compiled the structural design
guideline "Cross-Laminated Timber Structural Design —
Basic design and engineering principles according to
Eurocode” and made it available for practical application.
This book is very well received by engineering consultants
as well as during training and is appreciated as practice-
oriented support. It was translated into English and Italian.
The structural design guideline is now being continued
with the present second volume: “Cross-Laminated
Timber Structural Design — Applications” by the authors
M. Wallner-Novak, M. Augustin, J. Koppelhuber and

K. Pock. New subject areas and open questions for practical
dimensioning are described, basic principles explained,
and engineering models for calculation presented. The
numerous examples assist the engineer in applying and
implementing the calculation models.

Following the steps of comprehensive research and devel-
opment work and composing of the approvals, guidelines
and standards, the present book “Cross-Laminated Timber
Structural Design — Applications” represents a sensible
and necessary contribution to the third step - the practice-
oriented application of cross-laminated timber.

Wilhelm F. Luggin
LUGGIN — Ziviltechnikergesellschaft m.b.H.
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1 Introduction

Based on the basic structural design principles of cross-laminated timber elements
according to the model of the Eurocodes compiled in Volume 1, in the present volume,
important applications are discussed and processed as numerical examples. For that,
firstly, frequent questions of the cross-laminated timber industry were addressed.

The objective, on the one hand, is the application of the calculation model for cross-
laminated timber for the shear-flexible panel or the shear-flexible beam according to
Timoshenko, resp. The simpler, from an engineering point of view, and in Volume 1
predominantly applied extended gamma method according to Schelling is well suited
for uniaxially acting systems, for use as a spatial load-bearing structure or for a
slenderness, deviating from the standard, however, the model of the shear-flexible
beam, generally explained in the annex of Volume 1, is to be preferred.

For the elaboration of the examples it was necessary, on the one hand, to process the
basic structural mechanics principles and, on the other hand, to consider the
comprehensive research results of holz.bau forschung gmbh, Graz, in the basic principles
for cross-laminated timber.

In order to be able to use the high potential of cross-laminated timber as a load-bearing
plain, in some cases, the mathematically complex relations shall be processed such that
they are easy to apply by an engineer.

‘Designing’ means deciding'. For structural design, this means that the criteria for
decision-making by the architect or engineer are not to be impeded by unnecessarily
complicating things, but rather to be simplified by simple basic principles. The authors
pursued this objective in extensive discussions, hoping to suitably present the complex
material behaviour for everyday engineering work. In that, the requirements to
technical correctness of the models, appropriateness of the means and plausibility of
structural element verifications shall be unified.

' Lecture at ETH Zurich in Polonyi, 1987

Cross-Laminated Timber - Volume 2



Symbols - Uppercase letters

2 Symbols

2.1 Uppercase letters

A90
D
D,, = Gly =Ky,

E 0,mean
E 0.05

E 90,mean

GO,mean

GO.OS

Gr,mean
Ky = E I 90

K, = El,

Ky,
Mﬁ(‘
M,
Sy = GAsy,

Pressing area

Lehr's damping factor

Torsional stiffness

Mean modulus of elasticity in the direction of the top layer

5% percentile of the modulus of elasticity in the direction of
the top layer for stability analyses

Mean modulus of elasticity in the thickness direction

Mean shear modulus for shear stress in the longitudinal and
radial direction with regard to the position of the annual
rings

5% percentileof the shear modulus

Mean rolling shear modulus for shear stress in the tangential
direction with regard to the position of the annual rings

Bending stiffness for bending about one axis in parallel to
the top layer

Bending stiffness for bending about one axis transverse to
the top layer

Torsional stiffness
Modal (actively vibrating) mass
Design value of the bending moment

Shear stiffness as a plate

2.2 Lowercase letters

a

90,4

Dyims

b90,e f

bef ’ bM,ef ’ bV,ef
€x

fa

Mean board width

Design value of a compatibility force

Assessed acceleration value for verification of vibration
Effective width for compression perpendicular
effective width

Distance of the fasteners along the joint

First natural frequency

Cross-Laminated Timber - Volume 2



fmk
frox
f c,0,k
f ¢,90,k
fok
fork

f 0,5,k

f o,T k

f v,k

ks

nxy,d
le,d

v

1y

kc,90
kcs

kde f
kmud

kurtha

kSyS

nxy,d
le,d

v

Wstat

Xp

Symbols - Lowercase letters

Characteristic bending strength

Characteristic tension strength parallel to the grain of a lamination
Characteristic compression strength along the grain

Characteristic value of compression strength perpendicular to grain
Characteristic shear strength

Characteristic torsional shear strength

Characteristic shear strength of the plate - Mechanism 1: shear
strength of the individual boards

Characteristic shear strength of the plate - Mechanism 2: Torsional
shear strength of the glued joints

Characteristic value of shear strength of the plate - Mechanism 3:
Shear strength gross cross-section

Factor for shear stiffness

Span in the main load-bearing direction

Shear force of the joint, shear force of the plate (design value)
Design value of the axial force of the joint

Design value of the lateral force of the joint

Design value of live loads

Buckling coefficient

Lateral pressure coefficient for consideration of the type of action,
the risk of splintering and the degree of deformation under
pressure

Factor for consideration of the shear flexibility in case of buckling
deformation modification factor for service classes

strength modification factor for service classes and load-duration
classes

Orthotropy factor

Coefficient for system strength for consideration of the parallel
load distribution on laminations with an assumed reference width
of 150 mm

Design value of shear force of the joint
Design value of axial force of the joint
Design value of lateral force of the joint

Static deflection for verification of the stiffness criterion upon
vibration of CLT floors

Length of the pressure zone

Cross-Laminated Timber - Volume 2 9



Symbols

2.2.1 Greek letters

Load propagation angle,

¢ Factor for consideration of the frequency action by walking
Be Straightness factor

Vi Characteristic weight per unit of volume (density)

M Partial safety factor for building material properties

2 Or K Shear correction factor

A Slenderness

Pk Characteristic density

Pimean Mean density

2.3 Legend for the plan view of floors

Edge of a ceiling span
_— Edge with vertical support
= Edge with horizantal support
== Edge with vertical and horizontal support

Restrained edge

T - Joint (articulated)

Main direction of load-bearing capacity (x, 0°)

Ancillary direction of load-bearing capacity {y, 90°)

Local coordinate system

¥ x-axis in parallel to the top layer {main direction of load-bearing capacity]
D Opening
E Point support
Paint lead

10 Cross-Laminated Timber - Volume 2



3 Basic design principles

3.1 Characteristic building material values

The characteristic values system of Volume 1 was adjusted according to
ONORM B 1995-1-1:2015. Therefore, this volume is based on the characteristic values
for CLT according to these determinations stated in this chapter. Laminations of
strength class T14 or C24 are assumed as initial material.

All calculation models established in the present volume apply independently of the
material system. Therefore, adjustments of the characteristic values to manufacturer-
specific approvals or new determinations in the standards are possible anytime.

At the European level, the working group ‘CEN TC250 SC5 WG1’ is working on the
inclusion of cross-laminated timber into Eurocode 5 (EN 1995-1-1). Here, the
development points in the direction of a higher evaluation of the rolling shear
properties of the transverse layers, with respect to their strength as well as their
stiffness. From today's perspective, standard adjustments of further characteristic
values or verification models are not foreseeable in detail. Generally speaking, a slight
increase of individual strength values shall be assumed.

3.1.1 Weight ratios
Table 3-1 General characteristic building material values

Density (for load assumptions acc. to EN 1991-1-1) )« 550 kN/m?3

Characteristic minimum density Pk 385 kg/m3

Mean density Pmean 420 kg/m?

3.1.2 System strength

The characteristic strength values of cross-laminated timber may be calculated
increased by the coefficient for system strength k,,,, when, upon stressing, several
laminations are equally stressed in parallel. This applies to all bending, tensile and
compressive stresses in the direction of the board of CLT panels. The reason for that is
a statistic effect, since defects can be compensated over several parallel structural
elements. If CLT elements are stressed by upright bending, as is the case with a lintel,
then only few longitudinal layers act in parallel and the system coefficient k,,, shall not
be applied.

Common - and frequently anchored in technical approvals - is the determination of a

constant coefficient: k,, = 1.1.

In ONORM B 1995-1-1:2015, the general determination for the system strength from
Eurocode 5 is also taken over for cross-laminated timber. As the standard width for a
board, b = 15 cm is determined, and the system strength coefficient is upwardly limited
with kg, < 1.2. For narrow structural elements made of cross-laminated timber with a
width of less than 30 cm, according to this standard determination, the system strength

Cross-Laminated Timber - Volume 2
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Basic design principles - Characteristic building material values

coefficient is to be reduced to k,,; = 0.9, since the characteristic strength values were
determined with wider specimens.

1,20 - ;
g 1.10

£3

L

)

C

v

@

£ ) :

g Reduction (!) : Increase

2 1.00 T

« MEcm 75cm 120 cm Element width [cm]
0.90 4—-

Figure 3.1 Suggestion for the system strength of CLT according to ONORM

Figure 3.1 shows the determinations according to ONORM B 1995-1-1:2015 described
in the form of a diagram. It shows that for standard elements with more than 75 cm in

width, the coefficient k,, = 1.1 is on the safe side.

ksys =11 (3.1
For constructional reasons, For structural elements narrower than 60 cm - as for example wall columns - it is
wall columns should not be recommended to assume k,,, = 1.0 and not to execute these, for constructional reasons,
:;ecuted narrower than narrower than 30 cm.
cm.

For verifications on the basis of calculations with the finite element method, k,,, = 1.0 is

to be applied, if the distribution of the stresses onto parallel layers is not analysed in
greater detail.

3.1.3 Characteristic stiffness and strength values

Table 3-2 Characteristic stiffness values for cross-laminated timber

Modulus of elasticity (normal stresses) Egean 11550 N/mm?
Eg o5 9625 N/mm?2
Modulus of elasticity (in direction of thickness) Eog can 450 N/mm?
Shear modulus G mean 690 N/mm?
Goos 570 N/mm?
Rolling shear modulus G, nean 65 N/mm?

12 Cross-Laminated Timber - Volume 2



Basic design principles - Characteristic building material values

Table 3-3 Characteristic strength values for cross-laminated timber

Bending strength (panel) fur 2400 N/mm?
Tensile strength fror  14.00 N/mm?
Compressive strength parallel to grain feor  21.00 N/mm?
compressive strength perpendicular to grain feoox  3.00 N/mm?
Shear strength fox 250 N/mm2
Rolling shear strength fork 1.10 N/mm?
Shear strength torsion forx 250 N/mm?

Strength for shearing off of the individual boards

Y 500" N/mm?
(plate - mechanism 1) Fosi /

Torsional strength of the glued joints

" 250 N/mm?
(plate - mechanism 2) for /

Shear strength gross cross-section

1 fox 250 N/mm?2
(plate - mechanism 3) ’

3.1.4 Buckling coefficients

Deviating from the suggestion in ONORM B 1995-1-1:2015, Annex K, K.6.3, the following
determinations are made: the coefficient of imperfection for cross-laminated timber -
due to the production conditions comparable to glued-laminated timber - is assumed
as B. = 0.1. For that, the buckling analysis is undertaken considering the shear flexibility.
This results in verifications at an approximately equal safety level. This determination
of the coefficient of imperfection was confirmed by measurements in Augustin et
al., 4/2017.

" The thickness of individual layers or the sum of directly adjacent layers parallel in fibre must
not exceed 40 mm. If this thickness is exceeded, then f, s, = 3.5 N/mm? must be assumed.

Cross-Laminated Timber - Volume 2 13



Basic design principles - Characteristic building material values

Table 3-4 Buckling coefficients k, for cross-laminated timber

Slenderness Unit
A (1] 1 2 3 4 5 6 7 8 9
10 1.000 | 1.000 | 1.000 | 1.000 | 1.000 | 1.000 | 1.000 | 1.000 | 1.000 | 1.000
20 1.000 | 0.999 | 0.997 | 0.995 | 0.994 | 0.992 | 0.990 | 0.988 | 0.986 | 0.984
30 0.982 | 0.980 | 0.978 | 0.976 | 0.973 | 0.971 | 0.968 | 0.966 | 0.963 | 0.960
40 0.957 | 0.954 | 0.951 | 0.947 | 0.944 | 0.940 | 0.936 | 0.932 | 0.927 | 0.922
50 0.917 | 0.912 | 0.906 | 0.900 | 0.894 | 0.887 | 0.880 | 0.872 | 0.864 | 0.855
60 0.846 | 0.837 | 0.827 | 0.816 | 0.806 | 0.794 | 0.783 | 0.771 | 0.759 | 0.747
70 0.734|0.721 | 0.709 | 0.696 | 0.683 | 0.670 | 0.658 | 0.645 | 0.633 | 0.621
80 0.609 | 0.597 | 0.585 | 0.574 | 0.563 | 0.552 | 0.541 | 0.530 | 0.520 | 0.510
90 0.500 | 0.491 | 0.481 | 0.472 | 0.463 | 0.455 | 0.446 | 0.438 | 0.430 | 0.422
100 ] 0.414|0.407 | 0.399 | 0.392 | 0.385 | 0.379 | 0.372 | 0.366 | 0.359 | 0.353
110 ] 0.347|0.341 | 0.336 | 0.330 | 0.325 | 0.319 | 0.314 | 0.309 | 0.304 | 0.299
120 ] 0.295|0.290 | 0.285 | 0.281 | 0.277 | 0.272 | 0.268 | 0.264 | 0.260 | 0.257
130 ]| 0.253|0.249 | 0.245 | 0.242 | 0.238 | 0.235 | 0.232 | 0.228 | 0.225 | 0.222
140 |0.219|0.216|0.213 | 0.210 | 0.208 | 0.205 | 0.202 | 0.199 | 0.197 | 0.194
150 ] 0.192|0.189|0.187|0.185|0.182|0.180 | 0.178 | 0.175 | 0.173 | 0.171
160 ] 0.169|0.167|0.165|0.163 | 0.161 | 0.159 | 0.157 | 0.156 | 0.154 | 0.152
170 ] 0.150|0.149 | 0.147 | 0.145 | 0.144 | 0.142 | 0.140 | 0.139 | 0.137 | 0.136
180 | 0.134|0.133|0.132|0.130 | 0.129 | 0.127 | 0.126 | 0.125 | 0.123 | 0.122

Hundreds and tens

Based on the characteristic building material values:
Eomean = 11 550 N/mm?; Eq g5 = 9 620 N/mm?; f o, = 21 N/mm?; . = 0.1

3.1.5 Partial safety factor
ym = 1.25 according to ONORM B 1995-1-1:2015
3.1.6 Creep coefficient

The deformation coefficient k,, for calculation of the creep deformations of cross-
laminated timber is determined - as already in Volume 1 - with the following values:

Utilisation class (NKL) ‘ 1 ‘ 2

Deformation coefficient ‘ kger =0.8 ‘ kger = 1.0

Consequently, the creep deformation results from the quasi-permanent portions (gp) of
the initial deformation (inst) to

Wereep = kdef * Winst,qp (3.2)
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4 Floors

Cross-laminated timber as a large-format and panel-shaped timber-based material is
well suited as a floor element. The crosswise layup and the large format enable using
the load-bearing effect of panels in the main direction of load-bearing capacity as well
as in the ancillary direction of load-bearing capacity. While in the main direction of load-
bearing capacity, loads are distributed between the support axes, smaller spans in the
ancillary direction of span can be spanned without additional structural elements.
Likewise, openings floor do not need additional reinforcing elements and local loads
distributed to a larger effective panel width.

The interlocked layup of the floor elements results in a very favourable swelling and
shrinking behaviour without significant deformations in plane.

Due to the mostly very pronounced main direction of load-bearing capacity of the
panels , the preferred model for the static analysis of floors is the uniaxially stressed
beam of imaginary “one-metre strips” of the panel, as described in Volume 1 and shown
in Figure 4.1 a). The load-bearing capacity in the ancillary direction of load-bearing
capacity is completely neglected in this simple structural model.

For the calculation of deflections of CLT floors, the shear deformation shall be
considered in addition to the bending deformation. As suitable methods for beams, the
gamma method is applied in Volume 1 and the shear-flexible beam according to
Timoshenko is presented. While the simple, from an engineering point of view, gamma
method considers the shear portions by increasing the bending deformation, in the
shear-flexible beam according to Timoshenko, these are considered via the shear
stiffness of the cross-section and the shear deformation portions resulting therefrom.

Cross-Laminated Timber - Volume 2
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Floors - Characteristic building material values
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Beam strip Panel

Uniaxial load-bearing effect Biaxial load-bearing effect

a) Panel strip b) Compatibility forces withc) Bilateral projection
as single-span beam support on all sides

d) Load distribution e) Point support

Figure 4.1 Load-bearing effect of floors

The present chapter describes cases, which cannot be solved by the one-dimensional
examination of the one-metre strip alone and require examinations on the biaxial load
distribution.

First, the current state of the verification of vibration of floors is summarised, in which
the biaxial load-distributing effect is considered. Then, vertical forces occurring
transverse to the direction of span are being dealt with. These are, on the one hand,
reaction forces on lateral supporting walls and, on the other hand, lateral joint forces
(Figure 4.1 b). In most cases CLT floor members act as a diaphragm and additional forces
in plane shall be considered for the design of joints. Their determination is discussed in
the subsequent section and the load-bearing capacity of the two most frequent joint
designs analysed on the basis of examples.

Concludingly, the load-bearing performance with concentrated loads is examined, as
can be seen in Figure 4.1 d).

Applications exceeding the cases presented in this chapter can be examined with
models of finite elements and EDP-based calculations, as presented in Chapter 1 (Figure
4.1 cand e).
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Floors - Vibration of CLT floors

4.1 Vibration of CLT floors

The verification of the deflection and vibration is foreseen in the course of examinations
in the serviceability limit state design, for apartment floors and similarly utilised floors, in
EN 1995-1-1:2015 The basic principles on that were described in Chapter 6.3 of Volume
1. Originally, the verification procedure aimed at exceeding a minimum natural
frequency of 8 Hz. Every day use in residential buildings lead to excitation frequencies
in the range of about 4 Hz and resonance should be avoided. Further criteria for the
perception of floor vibrations are the quantity of deformation - the stiffness of the floor
is used as a measure for that - and the acceleration caused by the vibration. On the
basis of the publications of Hamm and Richter as well as further measurements,
associated verification criteria and limits were compiled in ONORM B 1995-1-1:2015. In
the following, these newer limit values are stated for the various floor classes (DKL -
Deckenklassen).

__.-*_'F_F__ __q_"“'“-m_‘_ mr TT T
!ﬁg"h.\_q—\_h_‘_ _;___F’_#"WEE'I—' AL 'RRLE
Figure 4.2 Vibration of a floor panel

=( 8 Hz for DKL1
fi> i6 Hz for DKL2 4.1)
- for DKL3

For verifications of vibration, the stiffness of the screed in both directions of load-
bearing capacity may be considered in addition to the bending stiffness of the CLT
panels, when it is ensured that the relevant standard provisions were complied with.

The influence of joists or other structural components susceptible to vibration was
described in Volume 1 in Section 6.3.2.

The limits of the stiffness criterion, i.e. the admissible deflections due to a point load of
1kN at the most unfavourable location, were regulated more strictly according to
Formula (4.2), compared to the limit values in Volume 1.

f 0.25mm for DKL1
Wegor <40.50 mm  for DKL2 (4.2)
- for DKL3

The acceleration criterion was adjusted with respect to the effective force.

04-a- F
Byps = TMO < @iy (4.3)

In that, theterm 0.4 -« - F, in the numerator represents the force effective for vibration.
The factor 0.4 originates from the fact that the action upon walking is variable in position
as well as limited in its duration.

The factor a considers the dependence of the force emitted upon walking from the step
frequency. In the literature, this dependence from the frequency is defined as constant
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Floors - Vibration of CLT floors

in certain areas, while in ONORM B 1995-1-1:2015 it was considered via a formula. F is

the weight force of a person: F, = 700 N.

a = 6_0'4'fl

The modal degree of damping, which is also designated as Lehr's damping factor, is in
ONORM B 1995-1-1:2015 designated with { instead of here with D.

(4.4)

The modal damping factor of Compared to the statement in Volume 1, the maximum damping factor of cross-
cross-laminated timber floors laminated timber floors was increased to 0.04, as stated in Table 4-1.
is 0.04.

Table 4-1 Benchmarks for the modal degree of damping according to

ONORM B 1995-1-1:2015, NA.7.2-E5

Type of floor structure

Modal degree of

floor structure

damping D

Floor structures without or with, resp., light floor structure 0.01
Floor structures with floating screed 0.02
Cross-laminated timber floors without or with, resp., light floor 0.025
structure '
Timber beam floors and mechanically connected board stack 0.03
floors with floating screed '
Cross-laminated timber floors with floating screed and heavy 0.04

The limit accelerations for floors, in which the demanded limit frequency is undercut,
remain unchanged and, upon compliance with the demanded minimum frequency of

fimin =45 Hz, are

0.05 m/s?> for DKL1
s <40.10 l’l’l/S2 for DKL2
- for DKL3

(4.5)
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Floors - Vibration of CLT floors

Example 4.1 Verification of vibration of an apartment floor

Apartment floor across one span with heavy floor structure.

The span of the apartment floor is L. = 4.6 m. The floor element is a CLT 150-L5s (30I-
30w-301-30w-30l). The characteristic building material values correspond to the
determinations in Chapter 1. The width of the floor span is bp = 5.0 m.

The verification of vibration for the apartment floor shall be undertaken according to
ONORM B 1995-1-1:2015. In that, the two variants of bilateral support and support on
all sides are analysed.

Actions
e Dead weight of the CLT panel: 81x = 0.15-5.5 = 0.825 kN/m?

e Permanent loads - floor structure: g,; = 2.0 kN/m?

e Live load of category B: g = 3.0 kN/m?

g,, = 0.825 kN/m?
g, = 2.0 kN/m?

q, = 3.0 kN/m?
AHHHHHHHHHHH%
4L L=46m T
T Supported on 2 sides
e l l
Ceiling's direction of span g Supported on 4 sides

Cross-Laminated Timber - Volume 2 19



Floors - Vibration of CLT floors

20

| 1000 mm |

150
m

Assumptions for vibration calculation
e Vibration requirement: Floor class |

e Damping factor: D = { = 4.0 % according to Table 4-1

e Concrete screed (E = 25,000 N/mm?); thickness: 50 mm

Bending stiffness of the CLT panel in the floor's direction of span

1.0-0.03%

B +0.03-1.0-0.06% + 0.03 - 1.0 - (—0.06)?

EICLT,O = 11,550 . 106 . (3

Elcirg = 2.57 - 106 Nm2/m

Bending stiffness of the CLT panel at right angles to the floor's direction of
span
) 1.0-0.03°

EI =11,550-10°- |2
CLT,90 B

+0.03-1.0-0.03> + 0.03- 1.0 - (—0.03)2)

EICLT,90 =6.76 - 105 Nmz/m

Extract from ONORM B 1995-1-1:2015;

The bending stiffness of screeds may, generally without statement of the compound effect, be
considered in the calculation, when these correspond to the applicable standards with
respect to properties and requirements as well as the manufacture of screeds (according to
ONORM EN 13813 and ONORM B 2232).

Overall bending stiffness in the floor's direction of span

1.0-0.05°
(ED); = Elcir + Elsoeeg = 257 -10° +25,000 - 10° - = — = 2.57 - 10° +2.60 - 10°

(EI), = 2.83 - 105 Nm?/m

Overall bending stiffness transverse to the floor's direction of span
. s 1.0-0.05° . 5
(EDy = Elcirp + Elsgees = 676 -10° 425,000 - 10° - ———— = 6.76 - 10° + 2.60 - 10

(EI), = 9.36 - 10° Nm?/m

Cross-Laminated Timber - Volume 2



Floors - Vibration of CLT floors

Verification

Frequency criterion

Natural frequency upon support on 2 sides (without transverse distribution effect)
n  [E) = [ 2.83-106

h=57"V, _2.4,62'74825+2000:
981

7.36 Hz

fl 736HZ<fgr]—800HZ

The demanded limit frequency for DKL1 is not being complied with. Consequently, in
addition to the verification of deflection as a consequence of a point load at the most
unfavourable position, the verification of acceleration is required. Prerequisite for the
acceleration criterion is compliance with a minimum frequency of f; ,,;, = 4.5 Hz.

Natural frequency upon support on 4 sides (with transverse distribution effect)

(ED), \/ (EI)b
fi=7 12 Nm b (EI),
2.83-10° 4
1
fi=s—1—- |825+2000 \/ 9:36-10° _ 736111
2:4.6" N—ga1 12.83-106

f1=819Hz > f,,, =8.00 Hz

The demanded limit frequency for DKL1 is being complied with. But additionally, the
stiffness criterion (deflection as a consequence of a point load) has to be fulfilled.

Stiffness criterion
Effective width b,

Due to the load-distributing effect of cross-laminated timber floorfloos, the actions of
concentrated loads may be applied to larger widths. The origin of this effective load
distribution width is described in Section 4.5.2 and is accordingly applied for the
deflection calculation as a consequence of a unit load.

The load distribution width b; applies to the internal area of simply supported floor
spans and is to be considered conservative for floor spans supported on four sides. For
floors with free and non-reinforced edges, the effective load distribution width should
be reduced according to the statements on free edges in Section 4.5.2.

In the present example, the vibration within the floor span is analysed and the free edge
is not being considered. Then, the effective load distribution width for both support
cases is:

I 4fED), _46 +[0.36-10°
by = — 2 —317m
11 \(ED, 11 V2.83-10

Deflection as a consequence of a vertically acting static point load F = 1kN

Cross-Laminated Timber - Volume 2 21



Floors - Vibration of CLT floors
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F-£8 1.0-10° - 4.6° 226104 023 <
= = Z. . m = U. mm w
48 - (EI), - by  48-2.83-106-3.17

w(1kN) = X

,1 =025 mm

The stiffness criterion for DKL1 is being complied with.

Acceleration criterion

If the frequency criterion cannot be fulfilled, then a floor is present, the natural
frequency of which is closer to the excitation frequency. In these cases, for the
verification of vibration, the verification of acceleration shall be additionally fulfilled, as
long as the minimum frequency is being complied with.

Minimum frequency

f1=736Hz > f,;, =45Hz

The minimum frequency is being complied with.

Modal mass

! (825 +2000) 4.6
f=me—bp=— . .317=2100k
M=m-3-br 9.81 73 00 kg

Vibration acceleration for the bilaterally supported case
Fourier coefficient

a = e 04f1 = 04736 — () 053

Effective value of acceleration

04-a-F, 0.4-0.053-700

a = =
™S 2.D - M 2-0.04-2100
The acceleration criterion for the bilaterally supported floor is not fulfilled.

= 0.09 m/s* > a,,; = 0.05 m/s?

Summary of results
Bilateral support

Frequency criterion f1=7.36Hz < f,,; = 8.00 Hz

Stiffness criterion w(1kN) = 0.23 mm < wg,; = 0.25 mm

f1=736Hz> f,;, =45Hz

Acceleration criterion

XIS SN X

s = 0.09m/52 > a,

Verification not fulfilled X

.1 = 0.05m/s?

Upon bilateral support, especially the frequency criterion cannot be fulfilled. Since the
limit acceleration in the acceleration criterion cannot be complied with, the verification
of vibration as a whole is not fulfilled.
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Support on all sides

Frequency criterion

f1=819Hz > f,,; =8.00 Hz Y

Stiffness criterion

w(1kN) = 0.23 mm < wg,; = 0.25 mm v

Acceleration criterion

Not required, since frequency criterion fulfilled.

Verification fulfilled v/

With the transverse load-bearing effect upon support on all sides, the frequency
criterion as well as the stiffness criterion can be complied with. Thus, the verification of

vibration is fulfilled.

Cross-Laminated Timber - Volume 2
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Floors - Openings in floors

4.2 Openings in floors

Openings with their largest dimension below ten percent of the span are considered
small openings and normally can be executed without verification.

Systems with larger openings should be analysed using a general grillage model or a
suitable finite element model. In practical analyses of a number of floors with an
opening inside the floor elements - i.e. without cut edges - a simple grillage of individual
substitute beams along the edges of the rectangular opening proved to be expedient.

In that, the grillage of transverse and longitudinal beams is selected from cross-sections
with a strip width of b, = b, = £,/10. The residual cross-sections of the panel remaining
beside the opening should, according to this assumption, provide at least ten percent
of the span.

Example 4.2 Panel with opening

24

Given:

Roofing panel with an opening for a light dome according to Figure 4.3. Cross-section
layup of the panel: CLT 150 L5s (301-30w-30I-30w-30l).

The load from the load combination of permanent loads and snow loads is given as a
design value of action. The calculation is undertaken under the conservative
assumption, that loads due to the light dome are distributed exclusively in the x-
direction.

Design value of action:

g, = 4 kN/m?
The associated k,,,; value is
kmod =09
. 3.0
p
{a) = — == N
- : 0'5
AN
1.5
\\
1.0 1.0 1.0~ £x=5.0
QD
R Ty
,-’-\x
= T y

Figure 4.3 Panel with opening
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Sought:

Internal forces and required verifications of the load-bearing capacity

Estimation by a grillage model

Comparative calculations showed that a substitute model of suspended beams can be
applied for the manual calculation according to Figure 4.4. In that, it is assumed that at
the panel edges, strips with the width of at least one tenth of the span remain. If the
remaining width of the edge strip is larger, then a maximum of one beam with the width
£/10 next to the opening should be applied.

General calculations with panel models (e.g. with the finite element method), as
presented in Chapter 1, naturally result in more exact results.

- o == = -3 _— <m
EE]"N : T3 : _>°{]
o . .
S . I .
S . 5 &l - 5|6
2 . .
) . .
=5 . .
. . <
- - 8 <
£ . .
2 : 2 ;
: |0°
Lq e =ﬂ.—=“=—.|.= U-':]
-..EX
~10

Figure 4.4 Simple grillage as substitute system
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Applied beam widths:

¢ 500 cm

E— 10 =50 cm

Substitute beam 1

Cantilever g =025m
Span {1 =025m
Beamwidth b;=1m
Load:

At the cantilever tip from the surface load on half the opening

1.5m

Fia=44" -1m=4kN/m2-0.75 m? = 3.0 kN

from the surface load
J14 =4 kN/m

reaction force for load transfer to beam 3

2
g1, c 1 +c
ﬂl,d=%d'(51+71+2'61)+1:1,d' 151 !
4 0.25 +0'252+2 0.25]1+ 3.0 0.25 +025 8 kN
a = — - . - U. vV —=
) 0.25 0.25

Substitute beam 2

Cantilever ¢ =025m
Span ,=275m
Beamwidth b,=1m

Load: at the cantilever tip from half the opening
F,;=075-4=3.0kN

from the surface load

Jo4 =4 kN/m

reaction force for load transfer to beam 4

2
qa, c Zy+c
a4 Z%d( 12 +722+2'C2)+F2,d' 2/2 2N
4 2.75 +O'252+2 0.25| + 3.0 275+0.25 9.82 kN
a = —- . - U. vy —=9Y.
24 =9 2.75 2.75
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Substitute beam 3
Span {3 =150 m

Beam width by =—=05m

Load from beam 1:
14 = 8 kN/m
Bending moment of the beam

ay 2 8015

M, = =2.25kNm
’ 8 8
Design moment of panel strip 3
M 2.25
m3,y,d = b—z/d = ﬁ =450 kNm/m

Reaction force for load transfer to beams 5 and 6

x43 = 0.25 m from the edge of beam 5 or 6, resp.

Lateral design force of panel strip 3

Ay 6.00
Vs = b—id =55 = 1200 kN/m

Substitute beam 4
Span {3 =1.50m

Beam width by = 1% =05m

Load from beam 2:
a4 =9.82 kN/m

Bending moment of the beam

My, = - '8' =276 KNm

Design moment of panel strip 4 for the
Verification of the bending load-bearing resistance in the ancillary direction of
load-bearing capacity:

My, 276

-T2 55 kN
Mayd =7, =05 m/m

Reaction force for the load transfer at beams 5 and 6
a -C 98215
2 2
x44 =225 m from the edge of beam 5 or 6, resp.

Agg= =737 kN

Lateral design force of panel strip 4 for the
Verification of the shear load-bearing resistance in sections transverse to the
ancillary direction of load-bearing capacity:
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28

Agg 736
0. =——=—=1473 kN/m
Ty 05
Calculation of the substitute beams 5 or 6, resp.

Span Z5=5.00m
Beam widthbs = % =05m

Load from beams 3 and 4:

x43 = 0.25 m from the edge of beam 5 or 6, resp. (upper edge)

a - 9.82-15
2 2

xa4 = 2.25m from the edge of beam 5 or 6, resp. (upper edge)

Ay = =74kN

Reaction force on the side of the opening

s (55 - XA,3) (55 - xA,4)
Asg=0q - bs =+ A3y ———+ Ay ——
54 = 4a" 05" > 3d 2 4,4 2
5.00 5.00-0.25 5.00-2.25
A5rd=4-0.5~7+6.00-¥ 4-¥:14.75kN

+7.
5.00 5.00
Bending moment of the beam at position x, 4

2
Gabs-xu4

= A (x44—x43) =16.13kN

MS,mux,d = A5,d : xA,4 -

Design moment of panel strip 5 for the
Verification of the bending load-bearing resistance in the main direction of load-
bearing capacity:

Ms g 16.13

= ——— =32.25kN
M5 x4 bs 05 32.25 kNm/m

Lateral design force of panel strip 5 for the
Verification of the shear load-bearing resistance in sections transverse to the
main direction of load-bearing capacity:

As; 1475
Usxd = b—z = W =295 kN/m

Dimensioning in the ultimate limit states is undertaken by comparison of the design
values of the internal forces from the actions with the design values of the load-
bearing capacity. For the given element CLT 150 L5s, the following characteristic values
of load-bearing capacity (R) result according to Section 7.3, pages 113 cont.

Mg, x = 78.4 kKNm/m
Uk = 136.1 kN/m
Mgy = 34.3 KNm/m
Upyk = 71.5 kN/m
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Thus, the verifications of the load-bearing capacity are as follows:

Bending load-bearing capacity in the main direction of load-bearing capacity x

m 784
Mg = 32.26 KNM/M < 11g g = ko - —2% = 0.9 - 55 = 565 KN/m
)/m .

Verification fulfilled (57 %) v/

Lateral force load-bearing capacity in the main direction of load-bearing capacity x

136.1
Vs.q =295 KN/M < 0g g = ko % = 0.9 2= = 98 KN/m

Verification fulfilled (n = 30 %) v/

Bending load-bearing capacity transverse to the main direction of load-bearing
capacity y

m 34.3
m4/%d =5.52 kNm/m < mR,y,d = kmod : M =09- E =247 kN/m

m

Verification fulfilled (22 %) v/

Lateral force load-bearing capacity transverse to the main direction of load-bearing

capacity y
Ayy  7.36 URyk 71.5
=——=—=1473kN/m < = kg - —— = 0.9 - —— = 51.5 kN,
Uy,d b4 05 /m OURyd mod Vi 125 /m

Verification fulfilled (n = 29 %) v/

Deflections

The entire deflection can be determined and verified by addition of the deflections of
beams 4 and 5 at the level of the characteristic actions. The deformations can be
determined with beam formulas and the bending stiffnesses EI, or EI,, resp. The
influence of the shear stiffnesses can be estimated in a simplified fashion by
increasing these deformations by about 20 %.
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Floors - Vertical forces transverse to the direction of span

Compatibility forces are
reaction forces of walls in
parallel to the direction of
span of floors.

30

4.3 Vertical forces transverse to the direction of span

For rectangular floors simply supported on all four sides and outer layers in the
direction of the short span, loads are predominantly transferred in x-direction and only
low stresses in y-direction. In cross-laminated timber, this effect is enhanced due to its
orthotropy - i.e. the differences in stiffness of main and ancillary direction of span.
Consequently, a conservative static calculation can be undertaken as a uniaxially
stressed panel strip. The vertical forces
in sections parallel to the y-axis shown
in Figure 4.5 are of interest for the
verification of the lateral walls and
joints.

For dimensioning of the lateral walls,
the reaction forces from the floor
panel's transverse to the main direction
of load-bearing capacity aq, are of /
interest. These are also designated as ; i
compatibility forces and can be
determined from the floor load via an
influencing effective width b,.

The design of butt joints longitudinal to
the x-axis follows ONORM B 1995-1-1:2015
and takes place with a standard screw
connection with crossed, self-tapping
partially threaded screws (TGS -
Teilgewindeschrauben) or fully threaded geaction farces a
screws (VGS - Vollgewindeschrauben)
@8 mm every 50 cm as usual for CLT

Compatibscy forces a
. G0c

Figure 4.5 Lateral joint forces and
constructions. compatibility forces

For more accurate analyses and in case of high live loads, the more exact knowledge of
the lateral force in the joints is of interest for dimensioning of the connection. The lateral
joint forces can likewise be determined from the live load via effective widths.

As a model for simple calculation of the compatibility forces and lateral joint forces, an
analogy of the orthotropic panel strip to the embedded beam can be used, as shown in
Figure 4.6. Due to the pronounced load distribution in the direction of span, the type of
butt joint design has no significant effect on the size of the compatibility forces.
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dyd

Figure 4.6 Compatibility forces and lateral joint forces of floor spans

4.3.1 Compatibility forces
The reaction forces agy ; per running metre in walls in parallel to the direction of span
for two-dimensional loads g, are:

ago,q = by - G4 (4.6)
with g4 as the design value of the entire floor load

For the orthotropic panel strip supported on three sides, the influence width b, results
with consideration of the stiffness ratios in a simplified fashion as follows':

by = Koo - 0.2855 - € 4.7)

4|E]
k.o = \/_y 4.8
ortho EIX ( )

with ¢ as the span in the main direction of load-bearing capacity

The relation of the influence width b, with regard to the span ¢ and the ratio of
longitudinal to transverse stiffness is shown in Figure 4.7.

" For derivation via the model of an embedded beam, see Winter, 2008 p. 48 cont.
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For pre-designs, compatibility
forces can be determined
with one metre of influence
width
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Figure 4.7 Determination of the influence width for compatibility forces

CLT panels normally have stiffness ratios EI, /EI, in the range from 1:10 to 1:25. For floor
spans up to about ¢ = 6 m, influence widths of a maximum of b, = 1 m are obtained.

Consequently, the assumption of one metre of load influence width for compatibility
forces according to Figure 4.8 represents a sensible assumption for the estimation of
compatibility forces. The actual distribution of the compatibility forces corresponds to

the shape of the bending curve, which would occur with a free edge and is
approximately parabolic.

s
A -
:/, Estimate for compatibility forces %904

Figure 4.8 Estimation of the compatibility forces

4.3.2 Lateral joint forces

Longitudinal joints shall be designed such that edges of floor elements touching one
another have the same deformation. Thus, lateral joint forces occur by compensation
of possible relative displacements of the edges in case of different loads or different
support of the adjacent floor elements. Their distribution corresponds to the shape of
the bending curve and is approximately parabolic.

The most unfavourable load situation results from live loads alternating from span to
span n,. Snow loads on roofs are considered stationary and, in principle, don’t have to
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be applied as unfavourable. Applying ONORM EN 1990', as the most unfavourable load
position, snow loads can be alternately applied full and at 85 %. Independent of the
snow load, for flat roofs with up to 15° pitch it is recommended to apply the live load
from repair work on roofs (Category H) of g, = 1 kN/m2.

Joint forces from differently supported adjacent floor elements, as for example an
element supported on three sides next to its neighbour supported on two sides, can be
considered via the difference of deformation Aw at the centre of the joint. Therefrom,
the lateral forces to be transferred in the joint can be determined.

"In ONORM EN 1991-1-3:2003, Paragraph 2.1, snow loads are defined as fixed variable actions.
According to ONORM EN 1990:2013, Section 1.5.3.8, fixed actions are action that has a fixed
distribution and position over the structure or structural member such that the magnitude and direction
of the action are determined unambiguously for the whole structure or structural member if this
magnitude and direction are determined at one point on the structure or structural member.

ONORM EN 1990:2003, Paragraph 3.5.7 further describes that load cases should be selected,
identifying compatible load arrangements, sets of deformations and imperfections that should be
considered simultaneously with fixed variable actions and permanent actions.

Thus, according to Eurocodes, with respect to their arrangement, snow loads are equated with
permanent loads. Consequently, snow loads are not to be treated as free variable impacts and
generally not to be applied unfavourably in a span by span fashion. According to ONORM EN 1991-
1-3 and ONORM B 1991-1-3, however, snow loads must be considered for the non-drifted and the
drifted case. In that, however, drifts refer to roof shapes with luv and lee roofages (e.g. shed roofs)
or obstacles (as layups at the roof) and are not described for smooth roof surfaces.

For the determination of internal forces from an unfavourable load position of snow loads, the
following approach is suggested for further considerations. According to EN 1990:2013, Table
A.1.2(A), for equilibrium considerations, permanent loads with an unfavourable effect must be
multiplied with the factor s, =1.35 and permanent loads with a favourable effect with the
factor y¢,i,r = 1.15. If the stationary snow loads are treated like that for verifications of the load-
bearing capacity, like permanent loads for verifications against the loss of equilibrium, then a
span-wise alternating load position of 100 % and 85 % of the snow load on the roof results
therefrom.

Shading or drifts can result in higher differences of the snow load in adjacent spans and must be
applied respectively.
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Figure 4.9 Unfavourable load position with symmetrical and antisymmetrical
portion

The lateral joint forces are determined analogous to the compatibility forces. The most
unfavourable load image is split into a symmetrical and an antisymmetrical portion. As
shown by the deformation image in Figure 4.9, only the antisymmetrical portion g,
results in lateral joint forces. Therefore, only half of the live loads n; are applied, and
snow loads s, are only applied with half of the load differences between the spans. For
the selected approach for snow loads, this results in a portion of (100 % — 85 %)/2 =
7.5 %. As for the compatibility forces, the load influence width b, can be applied for this
antisymmetrical load portion. The second portion of lateral joint forces according to the
Formula (4.9) results from a possible differential deformation at the centre of the
floorAw. For floor elements supported at three edges, this portion amounts to 20 % to
50 % of the first term in Equation (4.9) originating from the load, depending on the ratio
of longitudinal to transverse stiffness. Thus, the simplified Equation (4.10) can be
applied for a practice-oriented estimation of the lateral joint forces of floor spans.

- EI,
Uya = by “Gasd + Aw - kortho ’ 215—53 (4.9)
Uy = by - a5+ 1.50 (4.10)
n
Josd = ?d for live loads n,
Swmax,d ~ Smin,d (41 1 )
Qusd = f =0.075s; for snow loads s,

The model stated considers the ratios of bending stiffnesses, while the influence of
shear and torsional stiffnesses of the cross-laminated timber elements is neglected. For
practical construction ratios and common dimensions, the formulas stated are to be
considered sufficiently accurate.
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For simple estimation of the lateral joint forces in usual buildings, for live loads, a load
influence of 0.75 m can be assumed for the entire live load and for snow loads of only
0.12 m for the entire snow load.

Estimate of lateral joint forces from live loads

Vya = 075 - 1y (4.12)

Estimate of lateral joint forces from snow loads

00~ 0.12 - 5 (4.13)
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Example 4.3 Floor with vertical loads

Determination of compatibility forces and lateral joint forces
Details:

A rectangular floor spans over £ =5m and is b = 9.6 m wide.

i . 3 F 3
b
5.-': z
[’“ | 5.C
Y S S S N
7 24
4 96 <

Figure 4.10 Floor span

The CLT floor elements have the layup
CLT 220 - L7s2 (30 - 30! — 30w — 40! — 30w - 30! — 30I)

The characteristic values of action are:

Permanent loads, total: Qr = 3.5 kN/m2,
Live load (Category A): 1, = 2.5 kKN/m2
Sought:

The compatibility forces and the lateral joint forces are to be determined.

Stiffness ratios
6° ) 43 .
L =2~(100-E+1OO-6-8 )+100-E=80933cm

33
Iy=2-(1OO«E+100~3~3.52):7800cm4

EL, 80933

EL,~ 7800

=10.38
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Compatibility force on the walls in parallel to the outer layers (axes 1 and
5)
Qd =G ‘gk + 7/Q Ny = 1.35-35+150-25=848 %85 kN/mZ

A {/E_Iy_ +[7800 0557
ortho = NEI,~ \80933
b, = 0.557-0.2855 - € = 0.159 -5 = 0.795 ~ 0.8 m

The compatibility force on the wall in parallel to the main direction of load-bearing
capacity is: Formulas (4.6) and (4.7)

Agoq = by g, =0.8-85=6.8kN/m

Lateral force in the butt joints (axes 2 and 4)

g =yo- e =15-25= 375~ 3.8 KN/m? Formula (4.10)

The largest lateral force in the butt joint is:
n 3.8
Uy = by - 7”’ 150 =0.8-—>--1.50 = 2.28 ~ 2.3 kN/m
The lateral joint force in axis 3 is lower by about the factor 1.5.
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4.4 Joint forces from plate effect

In floor, wall or roof diaphragms, used for bracing of the structure, axial joint forces and
longitudinal shearing forces of the joint occur beside the lateral joint forces from vertical
actions, as shown in Figure 4.11.

Shearing force of the joint
nn=|:=nrr-d‘ll

X Lateral force of the joint

Figure 4.11 Designation of the internal joint forces

Depending on the load level, butt joint with milled-in cover strips, rebated joint or butt
joint with crossed fully threaded screws are possible as connections, as shown in Figure

4.12.
I_T__!_l ] ot X

Figure 4.12 Frequently executed joint designs (a) butt joint with milled-in cover
strips, b) rebated joint, c) butt joint with fully threaded screws)

Horizontally acting wind or earthquake loads shall be transferred from the diaphragm
into the bracing walls or cores, as shown in Figure 4.13.
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a) Shear along the joints

b) Flange forces at the plate edge ) Stress on the plate as a
horizontal girder

vl [M]

s Wy

Figure 4.13 diaphragms and types of stresses

In that, the diaphragm can be modelled as a substitute beam in the horizontal plane
between the bracing walls, as shown, in principle, in Figure 4.14. Offset joints in at least
one direction are recommended in the arrangement of CLT panels for better load
distribution. The lateral force V, in a section of the substitute beam is equal to the
resultant of the joint's shear forces n,, , and the bending moment M, of the substitute
beam corresponds to the resultant of the joint’s axial forces n, 4 in this section.
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Figure 4.14 Diaphragm with internal forces in the joints and substitute beam

For dimensioning of the fasteners in the joints it is assumed that the shear flow along
the joint is constant and axial forces are linear distributed. Possible connections at the
longitudinal edges a and b are considered non-effective and frictionless joints are
assumed.

4.4.1 Shearing forces of the joint
With a continuous connection of the elements using screws, the shearing force over the
entire joint length can be assumed as uniformly distributed.
The longitudinal shearing force of the joint constant over the entire joint per running
metre of joint then is
Vi
Mayd = 5 (4.14)

X
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The force per fastener consequently is

Vi
ny,i,d = nxy,d cly = 7 6y (41 5)

with

V,; Lateral force of the substitute beam at the position of the joint
considered

e, Distance of the fasteners along the joint

¢, Span in the main direction of load-bearing capacity

4.4.2 Normal forces of the joint

Normal forces of the joint in the respectively considered section can be determined
from the associated internal moment M, of the substitute beam.

For simpler calculation, a linear distribution of the joint's normal stresses per unit of
length of the joint is assumed, without mapping the exact positions of the individual
screws, since normally continuous screw connections of the joint with constant distance
are undertaken. From the load-bearing capacity of a fastener, the statically required
minimum distance of the fasteners can ultimately be calculated from the stress on the
joint.

In case of a relatively low load level, the compression as well as the tension zone will
respectively extend over half the joint length. With an increase in load, the compression
zone will considerably decrease due to the higher stiffness parallel to grain, while the
tension zone increases due to the ductile screws connection and extends over almost
the entire joint length, as shown in Figure 4.14. Upon reaching the load capacity - with
sufficient screw connections - the timber strength in the pressure zone is reached.

With this assumption, the maximum compression force with an initially still unknown

length of the pressure zone xp is:

:fC,O,d'Zd%'xD (4.16)
2

By establishing the equilibrium of forces from tensile and compressive forces and the

equilibrium of moments with the internal moment of the substitute beam M,, the

following results

D,

Zy =Dy (4.17)
2 Xp 2(€X—xD)) 2
=Dy |—+———=|=D;-=¢ 4.18
Ma=Dq ( E a3 “-18)
Therefrom, the following is obtained for the length of the compression zone x;,.

3 M,

Xp=FT"a 4.19
v fc,O,d . 2‘190 : Zx ( )

The length xp is small compared to the length ¢, and can, in good approximation, be
assumed with xp = 0. With this assumption, the expansion baseline of the joint moves
right up to the compressed edge and the compression zone becomes a compressive
force.
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With the simplification of a tension wedge and a compressive force, the following results
for the axial force of the joint at the tension edge:

_3M,
maxn,; = 5% (4.20)

with

M, Design value of the moment of the substitute beam
in the section considered

The triangular course of the joint's tensile forces has to be covered by fasteners, as
initially described. This can be undertaken by continuous screw connections or by
individual fasteners allocated to this task, as for example fully nailed perforated plates
arranged in the proximity of the floor edges.

Upon assumption of a constant fastener distance e,, the following results for the
fastener force F,;; at position x;

X; 3 Md ey X;
F,;q = max ”y,d{Tex = - (4.21)
X X
and for the most highly stressed fastener at the edge
3 Md (2%
maxF,;; = maxn, -e, = 5—5 (4.22)

From the load-bearing capacity of a fastener Fr,, the statically required fastener
distance can be determined:

reqe, = (4.23)

with

F, rq Design value of the resistance of a fastener
M, Moment of the substitute beam in the section considered
¢, Span in the main direction of load-bearing capacity

If only a connection with punctiform effect, like an perforated plate, is arranged, then
this should absorb the entire tensile force Z,,.

M, 3M,

a=—_= 20, (4.24)

with

z  Internal lever arm between tension and pressure resultant.
Conservatively, a triangular course with z = 2 - £, can be assumed.

Example 4.4 Diaphragm with horizontally and vertically acting loads

Determination of the joint forces in a diaphragm
Details:
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Rectangular Floor with the dimensions 6 x 14.4 m consisting of 6 elements CLT 150 —
L5s (301 — 30w — 30! — 30w — 30l) with a width of b = 2.4 m each.

S S

Ck 5 > Z

Y
i
A
S
Lad

e 24 s
Vs s
14.4 ’
Figure 4.15 Layout of the diaphragm
As loads act

a horizontal wind action: w, = + 3 kN/m (load duration short-term/ instantaneous) and
the live load on the floor: n; = 2.0 kN/m?2 (load duration medium-term).

The design of the joint is undertaken with crossed fully threaded screw pairs in the
vertical plane.

Sought:

Dimensioning and verification of the joint connection (crossed screws).
The load-bearing capacity of a screw VGS 8 x 200 mm, £,; = 100 mm is:
F..x = 6.7 kN for axial stress (tension and compressive forces)

F,; =43 kN for shear stress

Determination of the lateral joint forces by live loads on the diaphragm
I, = 22275 cm*

I, = 5850 cm*
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Load influence width

Formulas (4.7) and (4.10) +[EI, 4[5850

Kostho = \|—~ = +/—— = 0.716
orthe = \Fr ~ V22275

by = Koo + 0.2855 - £ =0.716-0.2855-6 =1.227m ~ 12m

Design value of the live load
Ng =Yg M= 15-20=30 kN/m2

Lateral joint force in joint 2 (y = 2.4 m) and in an approximate fashion in the same size
in the further joints

3.0
0,4 = bog - % 150 = 125150 = 27 KN/m

Determination of the joint forces from plate effect
Internal forces at the substitute beam

Design value of the wind load
wy =yowp=15-3=45kN/m

Reaction force at the substitute beam

wy €, 45-144
Ay=—5 =

Internal forces in joint 2 (y = 2.4 m)
Vyg=Aj—wyy=324-45-24=21.6 kN

=324 kN

2 45.2.47
My =Agy- wdzy =324-24 - ——"— =648~ 65KNm
Internal forces in joint 4 in the centre of the diaphragm (y =
7.2 m)
V4,d = O

_wgly 451442

e’ = 117 kN
44778 8 m

Design values of resistances

Force diagram
Founa
F.'Hd
qu"_d

Figure 4.16 Resistances of the crossed screws upon vertical load
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Resistance of a screw upon axial stress (tension and pressure, load duration brief/very
brief)
F 6.70
Frorag=kpot =22 =1.0-——=515kN
o YMm 1.3
Resistance of the crossed screws upon vertical or horizontal load, resp. (load duration
medium-term) according to Figure 4.16:

F
Fora = Fyra = V2 Fuora = Kipoa V2 —25 = 0.8 v2-5.15 = 5.83 kN
M

Resistance of the crossed screws upon shear out of the screw plane (load duration
short-term):

2F, 2.43
RE_10- —5 = 6.62kN

F v,Rd = kmod
M

Verification for joint 4 in the centre of the plate (y = 7.2m)
e e e e

W
ey ek

Figure 4.17 Forces at the crossed screws

Pre-design of the screw distance for the joint's tensile force (k,,,; = 1.0)

Fora' i N2-515-62 72962

= - =0.74m
3 My, 3117 3117

reqe, =

selected: e, = 50 cm
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Tensile force of the joint in the outermost set of crossed screws

3M,ge, 3-117-05

- o = 488kN
X

maxFy ;4=

Lateral joint force per set of crossed screws:

On the safe side, the maximum lateral joint force F,, d between first and second floor
span is also applied in the joint in the centre of the plate. The load-bearing capacity of
possibly existing floating screed is not considered.

F.y=0y,4-€,=27-05=135kN

Verification upon combined effect of tensile joint force and lateral joint force:

Fpa+F.y 486+135 621

= =——=085<1
\2 Fora 7.29 7.29
Verification fulfilled
34
I
P T I
5

Force diagram

/ ' Fy’d Fz,c

Figure 4.18 Effect of the joint forces on screws S; and S,

Verification for joint 2 (y = 2.4 m)
Joint 2 is stressed by tensile joint forces, lateral joint forces and shearing joint forces
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Shearing joint force per set of crossed screws

Vog 216

nyrd = TX ey = TOS =1.80 kN

Tensile joint force in the outermost set of crossed screws

3M,se, 3-65-05

- o =271kN
X

maxF, ;=

Lateral joint force per set of crossed screws
F,;=135kN

Verification (load duration short-term)

2
(ny,d)z o (Foat Fea) _ (1.80)2 (2.71 +1.35
\V2 Fupa) 662 7.29

Verification fulfilled.

2
) =0.074+031=039<1
Fv,R,d

Verification for lateral force from live load alone (load duration medium-term)

F., 271
A 2 —046<1
F.rs 583

Verification fulfilled.

Verification for the support joint (y = 0m)

The vertical compatibility forces are transferred to the wall via support pressure. The
shearing forces of the joint shall be applied into the bracing shear wall with the length
fw = 3 m.
Shearing force of the joint for connection of the floor with the wall

A; 324
Mg =5 = —— = 10.8 KN/m

lw 3

Shearing force of the joint per set of crossed screws

Frpi =Tyy1a-€ =10.8-05=54kN
Verification

F, 5.4

_wd 27 _082<1

Fora 662

vVerification fulfilled (1 = 82 %).

4.4.3 Joints with joint cover strip

Beside the joint design with crossed fully threaded screws stated above, designs with
rebated joint and designs with butt joint with milled-in cover strips - i.e. recessed top
layers of wood-based panels - are common. In the following, static models for the
transfer of the joint’s internal forces with a recessed top layer are presented, in order
to explore the limits of their load-bearing capacity.

Due to lateral joint forces v, ; the screws in the joint cover strip are subject to withdrawal
stress, while they are predominantly subject to shear stress by axial joint forces n, ; and
joint shear force n,, ;. For the proper transfer of higher lateral joint forces, rebated joints
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are to be preferred; in case of higher axial forces, designs with crossed screw pairs or
nailed sheets are more effective.

Figure 4.19 Static model for the transfer of lateral joint forces

7 =

_ | |
i
- — Bz =

yad yd

Figure 4.20 Static model for the transfer of tensile joint forces

According to the static models from Figure 4.19 and Figure 4.20, the screw forces result
as follows:

Tensile force per screw from lateral joint forces

z D

=7, e, -
d yd " Ex ep — ey (425)
Withdrawal force per screw from tensile joint forces and shearing joint
forces
Fog = 12+ 1, e (4.26)
with

e, Distance of the screw in the joint's longitudinal direction
e; Distance of the screw from the panel edge
ep Distance of the resulting compressive force from the panel edge

The required screw distance in the direction of the joint for an impacting lateral joint
force and a given tensile load-bearing capacity of the screw F,,,d can be determined as
follows:
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4
reqeé, = Foxg R = kmod (4.27)

Example 4.5 Screw connection for a joint with recessed top layer

Determination of the required screw connection distances
Details:

The joint is executed with a rabbet dimension of 27 x 80 mm. The top layer is a three-
layered solid wood panel with a thickness t = 27 mm and a width b = 160 mm.

Screw connections are to be undertaken with partially threaded screws (TGS -
Teilgewindeschrauben) with countersunk head. The outer thread diameter is d = 8 mm,
the screw length Ig = 120 mm. The head's resistance against pulling trough, and thus the
maximum tensile force of the screw, is F,, , = 2.25 kN.

The distance of the screw or the pressure resultant, resp. is e; =40mm or
ep =40+ § -40 = 67 mm, resp., from the edge of the panel.

As an action, a lateral joint force v, ; = 2.0 kN/m is given.

Sought

Determination of the required screw connection distance e,

Design value of the head's resistance against pulling through

F 2.5
k08227 = 1.38 kN

Foog = kypoy ——
ax,d mod Von 13

Required distance

ep—e 1 67-40
reqe, = Fog P_Z2_-138 —-

=1.38-0.5-0.403 = 0.278 m
Vyd " €D 20 67

Selected distance
sel.e, =0.25m =25 cm

Screw connection of the butt joints: TGS 8x120mm every 25 cm per panel edge

kL ¥y ! 1 ! ! - 1 !
_ _ v, = 20kNm

TGS BEx120mm every 25 cm

Figure 4.21 Selected screw connections
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Q, according to
ONORM EN 1991-1-1,
Table 6.2

50

4.5 Concentrated loads

Concentrated loads, and likewise punctiform supports, result in local stress
concentrations in CLT elements. Beside the direct local stress from compression
perpendicular to grain, which is being dealt with in Section 6.2, the stresses from
bending moments and lateral forces as a consequence of concentrated loads occurring
in CLT panels are of interest.

Concentrated loads can originate from local live loads or supports and other rod-
shaped structural elements. For calculation, these shall be related to the centre plane
of the load-bearing panels, as described in 4.5.1.

Due to the biaxial load-bearing performance of CLT panels, stresses from local loads
can also be related to a larger load distribution width for panels supported on two sides,
due to the transverse load-bearing effect. This results in considerable reductions of the
stress compared to the uniaxial consideration as a beam strip.

4.5.1 Load distribution

Local loads are related to a load distribution width ¢, at the centre plane of the CLT
panel. Load propagation takes place, on the one hand, through possibly existing
screeds, and on the other hand, in the CLT panel itself.

As possible actions, concentrated live loads for multi-storey buildings normally occur in
the quantity of Q; = 2 to 4 kN. Their contact area is assumed with a square of 5 x 5 cm.
Supports and other rod-shaped elements normally act directly on the CLT panel.

b

=

!
!
!
]
|

7'l ) 35°>‘. s KN

l [ | | | I | I | I [ |

e
e

Figure 4.22 Load distribution of live loads and supports

The load-distributing effect up to the centre plane of the CLT panel can be determined
by application of propagation angles for each of the layers of the floor structure up to
the centre plane. The load width at the height of the centre plane then is ¢,. In
accordance with Figure 4.22, typical load propagation angles for floating screeds are
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45°, for CLT simplified 35° (45° for longitudinal layers and 15° for transverse layers), for
fills about 15° and for insulations 0°. In the main direction of load-bearing capacity,
concentrated loads can likewise be related to the centre plane in the described manner.
The respective load length is then designated with ¢, and is shown in Figure 4.23.

4.5.2 Load-bearing effect of panels

The load distribution by the load-bearing effect of panels was not considered in Section
11.2.3 of Volume 1 as a conservative assumption.

Due to the biaxial load-bearing effect of panels of CLT floors, as a consequence of
concentrated loads Q, or linear loads g, acting along the main direction of load-bearing
capacity, the plate’s bending moment m, , is lower than the internal moment M, of a
panel strip exclusively acting in one direction. By introducing a calculated load
distribution width by ¢ the internal moment of the panel can be recalculated from that
of the panel strip.

*Qd 94
Hddediiiyid

(F=—=—=—= ‘I?',-,— ===
E & f
Md,BaIken Md,BaIken
bM — mx,d,PIntte
1 1 “ M'LB“”‘?" I I
1 ( 1 ! U
1 I 1 U
| H My d,Platte}, : H My, d,Plattel;
: I I I I
| ( 1 U
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1 (] 1 1
! N I | :
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Figure 4.23 Distribution of the bending moments upon a) concentrated and b)
linear load
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The determination of the calculated load distribution width takes place on the basis of
Booklet 240 (DAfStb, 7988) with the model of isotropic panels under additional
consideration of the influence of orthotropy according to Girkmann, 1968 and an
analytical solution for the infinitely long orthotropic panel strip. In order to cover all floor
dimensions common in practical construction, the factors in the theoretically
determined formulas were adjusted.

If a uniaxially stressed panel is limited by free edges at a distance ¢,, then numerical
comparative calculations show, that the load distribution width is to be limited with
0.65 - ¢,. For loads close to free edges, the calculated load distribution width has to be
limited by the actually existing geometrical width, as shown in Figure 4.24.

The influence of butt joints, i.e. linear joints in parallel to the direction of span, was not
analysed in detail. Therefore, conservatively - also with on the whole wider floors - not
more than the width of one floor element b, should be considered for the load
propagation.

tx
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L, — T = T

[ 1

b, | _ ' R
y v _ —N | bMmef

[ I

K- - - EIY

Figure 4.24 Reduced load distribution width for loads close to free edges
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For the maximum bending moment from centred load (x = 1,/2)
bM,ef = (Cy +0.5- fx) 'kortho < bM,max (4.28)
For a general layer x of the load application surface

X
bM,ef = [Cy +20-x- (1 - ?)] ' ko‘/tho < bM,max (429)

with the largest width to be applied

. (0.65-¢,
b max = mm{ b (4.30)
y
The orthotropy factor is
o 1=
Kortho = \/ o (4.31)

x,net

with ¢, the width of the contact area,

¢, the span between the supports,
¢, the width of the floor (transverse to the direction of span)

and b, the width of a CLT panel.

The influence of the stiffness ratios on the load distribution is considered with the
orthotropy factor k,,4,. It can be found analogously in the assumptions for the lateral
distribution of concentrated loads in the verification of vibration according to
ONORM B 1995-1-1:2015.

Effective width for bending stress

For linear loads, as they are applied by walls in parallel to the direction of span, the
calculated load distribution width for bending is:

0.85-¢,

b;\/[,ef =y~ kopno < min{ b (4.32)
y

with

l, Width of the floor transverse to the main direction of load-bearing

capacity

b, Width of a CLT panel
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The maximum bending moment with centred load application at the
substitute beam then is:

2. g‘( —Cx Qd : gx
M, ;=Q; ———= 4.33
m,d Qd 8 4 ( )
The bending moment upon load application at position x is
(4 —x)
M,q = Qa 7 (4.34)
The bending moment of the panel is calculated as
M
My = 32 (4.35)
M,ef
The bending stress is calculated from
m M,,
24 - 4 (4.36)

Omd = -
Wx,net bM,ef . Wx,net

Effective width for shear stress

Lateral forces V,; are normally only decisive for loads close to the support. Thus, the
shear stress as a consequence of a live load Q, close to the support can be determined
as follows.

With the effective width for the lateral force

by =c,-1.25 (4.37)
the rolling shear stress is calculated as
SR,x
TRa = Qa - T b (4.38)
xnet " YV ef

For linear loads, as they are applied by walls in parallel to the direction of span, the
calculated load distribution width is

bl =025+ ¢ (4.39)

For the detailed verification of the shear capacity in the force application area, on the
one hand, a determination of the internal forces can be undertaken using computer
calculation (FEM), or on the other hand, the force can be assigned to the available
interfaces in a circular section around the support. If the lateral forces are present from
an exact determination of the internal forces, these can be directly used for the
verification of the rolling shear or shear stresses, resp.

If the concentrated load is distributed onto sections in a critical circular section, then
this circular section is determined with a load propagation angle of 35° from the edge
of the load application area up to the central plane of the CLT panel.

First, the concentrated load action F, is split into two portions of the two directions of
load-bearing capacity of the panel': into one portion in sections transverse to the main

" According to Mestek, 2011, page 63, the number of layers is considered via the formula 0.67 -
n~01, Depending on the number of layers, this results in the following load portions in the main
direction of load-bearing capacity (x-axis): 0.6 for 3 layers, 0.57 for 5 layers, 0.55 for 7 layers and
0.54 for 9 layers.
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direction of load-bearing capacity (x-axis) F,; = 0.6-F; and one portion in sections
transverse to the ancillary direction of load-bearing capacity (y-axis) F,; = 0.4-F;.
Subsequently, these two portions are divided to the number of available sections. This
depends on the position of the concentrated load on the panel. In the internal area, two

sections are available for both directions of load-bearing capacity, and the decisive
lateral forces are V, ; = % andV,; = FZ"{. At the edge, only one section is available for
one of the two directions, and the decisive lateral force then is, for example, V, ; = F, ;.
The corner area has to be dealt with accordingly.

With these lateral forces and the previously determined width of the sections, the shear
verifications can be undertaken.

Deflections

The calculated load distribution width for bending stress determined above can also be
used for the conservative calculation of deflection.

Floor joints

As described above, the calculated load distribution width is limited with the element
width b, - i.e. the distance of the floor joints. With this assumption, it is guaranteed that
the equilibrium is maintained by load distribution in the main direction of span alone.
Lateral joint forces are then not required for maintenance of the equilibrium. The
actually occurring lateral joint forces depend on the joint design and the joint stiffness
resulting therefrom and can only be determined using suitable numerical models (FEM
or grillage).

The higher the number of layers, the more uniformly the lateral forces are consequently
distributed in the two directions of load-bearing capacity. Naturally, the actual distributions
strongly depend on the static system.
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Example 4.6 Panel strip with concentrated load

Determination of the design moment as a consequence of a concentratedload

Details:
e 40m )

N |

~ AN
0.25m
s
2.4m . 0.25m bes 1.56m

., .

|

Figure 4.25 Floor with concentrated load

CLT floor panel 150-L5s (30l - 30w - 30l - 30w - 30l)
BSP 150 LSs

Bilaterally supported with a span of £, = 4.0 m. The width of the floor is £, =2.4m. A
concentratedload Q, = 4 kN acts as a load in the centre of the panel. The contact area
isc, =¢,=025m.

Sought:

Bending moment, bending stress in the main direction of load-bearing capacity,
deflection
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Cross-sectional values

b-d} 100 - 33
21+z-b.d1-z§ =3-

+2-100-3-6% = 22,275 cm

Ix,nef = IO,nef = Lintrinsic + Lsteiner = 3 *

3
el =L 4L =2 DM o g2 2 10T
ynet — 290,net — Lintrinsic steiner — 12 1 1 -

$[EL, .. +[E-5850
Koptho = \| e = =0.716
El.,. VE-22,275
Ix,net _ 22/275

Wi et = =——=2970cm?
T L 75 o

+2-100-3-3%=5,850 cm*

Effective panel width

Dater = (¢y + 05+ £y)  Kopgho = (0.25+0.5-4)-0.7159 = 1.61m
Maximum value:

buies = 1.61m <065+ £, =0.65-2.4 =156 m

byer = 1.56 m

Bending moment at the single-span beam
Qd :‘)/Q'Qk =150-4 =6 kN

2:6,-c, _, 2:40-025

= 5.82 kN
8 8 m

Mm,d = Qd :

Design moment as internal panel force

Mg _ 582 400 )
m = = ——=0. m/m
U b 156

Bending stress (here without verification of strength)

M.y 373 -100
=l -10 = 1.26 N/mm?
Tmd = T 2970 fmm

Deflection
1 Q-8 1 4.43
PSR S S -1,000 = 0.641 - 2.073
Caint S I E Ly 156 49 1550 22075 mm

710 1002

Wo inst = 1.33 mm

A comparison with a FEM calculation as an orthotropic panel, as described in Chapter 1,
results in the following
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My = Vg My = 1.5-2.2 = 3.3 kNm/m

i.e. for the present example, a lower value from the FEM calculation with a deviation of

11 % compared to the manual calculation.

For deflection, the FEM calculation results in

WQ inst = 1.2 Mm

i.e. for this example, a lower value with a deviation of 9 % compared to the manual

calculation.

T

Figure 4.27 Isolines of deflection u;,,
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4.5.3 Compression perpendicular to grain

Concentrated or linear loads transverse to the floor plane result in compression
stresses perpendicular to grain. Upon stressing perpendicular to grain, timber shows
an elasto-plastic load-deformation performance, since upon load increase above the
elasticity limit, the cells of the timber structure are compressed and plastically
deformed. The compression strength perpendicular to grain corresponds to that stress,
which is measured in a compression test with a cuboid’ and results after relief in a
permanent deformation of 1 % of the height of the specimen and occurs at about 3 %
to 4 % of the total deformation. Upon exceeding this strength value, failure does not yet
occur in the compressed element, but the deformation increase progressively and the
stiffness decreases. As long as the deformation do not result in design-relevant load
redistributions in statically undetermined structures or even result in a loss of
equilibrium, the verification of lateral pressure stresses shall be allocated to the
verifications of serviceability?. For rod-shaped elements, increase factors k.4 were
derived therefrom and the respective actual contact length on each side increased by
3 cm into an effective contact length?.

For the dimensioning of the contact areas of load-applying structural elements on CLT
floors an analogous approach is recommended. The ultimate limit state of compression
perpendicular to grain without increase factors has to be analysed for those cases,
where deformations can affect the load-bearing capacity of the structure. In the
predominant other cases, the serviceability limit state has to be considered for
compression perpendicular to grain. In that, the verification may be lowered to the
characteristic load level, in order to keep the deformation at the level according to
standard. If higher deformation is permitted upon dimensioning of the structural
elements, then the structure shall be adjusted to these higher deformations (e.g. for
multi-storey buildings).

In cross-laminated timber stressed by compression perpendicular to grain, the cross
layers have a favourable effect due to limited horizontal deformations. The transverse
strain of the timber is impeded by the higher extensional stiffness of the transverse
layers. Thereby, the deformations as well as the tensile stresses perpendicular to grain
are reduced, as shown, in principle, in Figure 4.28.

a) b)
l e ST |
% i, ]
i 1 } “,.- "5.,
i : : .
I : 1 "'. ,-"'-
S ‘ s /
ey _—

Figure 4.28 Interlocking effect a) cross layers (cross-laminated timber, plywood),
b) unidirectional layup (solid wood, glued-laminated timber)

' Test description in EN 408. Also see Leijten et al., 2012
2 See BlaB3, 2004
3 EN 1995-1-1:2015, Section 6.1.5
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With locally limited load introduction, the load propagates into a larger area. This
likewise has a favourable effect on the compressive resistance perpendicular to grain
of cross-laminated timber. Measurements of Halili 2008 show, in principle, the
improvements by the deformation limiting effect at a cube, on the one hand, and the
load propagation in a panel of cross-laminated timber only centrally loaded, on the
other hand, as shown in Figure 4.29. The increase values stated have to be considered
as exemplary test results and do not apply in the general case.

GLT cube CLT cube CLT panel

} !

Ay A ==

Interlocking effect Load propagation
Increase e.g. 1.41 Increase e.g. 1.77

Figure 4.29 Lateral compressive strength of cross-laminated timber with
examples for increase factors compared to GLT

The deformation limiting effect allows for an increase of the lateral compressive
strength of f.g0x = 2.5 N/mm? for glued-laminated timber to the 1.2-fold value f g =
3.0 N/mm?2 for cross-laminated timber’.

Via the factor k.o, the real situation in the building is considered. Therefore, the
verification of stress is as follows:

0c90d = j_:o <keo feoa (4.40)
with

Fy Design compressive load perpendicular to the grain

Agg Contact area for supports and similar structural elements, and

for walls the area including the outermost upright layers, as
described in Section 6.3.

k.0 Factor taking into account the load configuration, the
possibility of splitting and the degree of compressive
deformation

feoqa  design compressive strength perpendicular to the grain;

T ONORM B 1995-1-1:2015, Table NA.K.3
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In the scientific evaluation of the subject of lateral pressure', models for the derivation
of the increase factor k.49 0N the basis of structural mechanics can be found, for rod-
shaped as well as for two-dimensional structural elements. Since at the time of
publication of the present volume, lively discussions about the models to be applied are
still underway, the determinations from ONORM B 1995-1-1:2015, Section K.6.1.5 are
taken over until detailed clarification.

For information purposes, formulas for the calculation of the elastic deformations are
derived in Section 9.2 and summarised in this section, in order to be able to estimate
their influence on the entire structure. With respect to the deformation behaviour,
cross-laminated timber has a modulus of elasticity transverse to the fibre of Egg 00, =
450 N/mm? - the 1.50-fold value of glued-laminated timber with Egg ;,0,, = 300 N/mm?.

Table 4-2 Factor k g, for load propagation in CLT floors

Walls Supports
Inside Inside
(centred) Edge e Edge Corner
1.80 1.50 1.80 1.50 1.30

Initial local deformations

The lateral pressure deformation of floors with concentrated or linear loads can be
adjusted to the respective cases from the formulas 9.3 and 9.7 of Section 9.2 with the
dimensions of Figure 4.30 and Figure 4.31. The deformation values are to be understood
as benchmarks for the initial elastic deformation and can be considered as a decision-
making aid for the execution of structural measures. As an example for such measures,
exterior aperture plates for the transmission of tensile forces from an upper to a lower
wall are to be stated.

Pischl, 2007 suggests considering displacements as a consequence of unavoidable
inaccuracies in manufacture via a slack deformation w,,; = 1.0 mm. Tests show that the
final deformations as a consequence of lateral pressure depend more strongly on the
wood moisture content than with other stresses. Therefore, higher k;; values than with
other stresses shall be assumed. As an assumption in an approximate fashion, the
values of the respectively higher utilisation class can be used (e.g. ks = 1.0 for NKL 1
and kger =2.0 for NKL 2) until detailed clarification.

TVan der Put, 2008
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Initial local deformations upon load passage of supports

a e
al
Eﬂm:_- Ingide
Corner
PLBQ.I: Pi.‘?-i.‘-‘.k
| | |
e
_ 1 | : 1
P-:.?:l.: P.—_u:l.
e a 4 e
S /. :
a+0.35d a+0.7d

Figure 4.30 Assumed lateral pressure distribution for supports
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Deformation with concentrated loads for load passages of supports in
the interior (i.e. at least at the distance of the floor thickness away
from the edge).

Assumption of even load propagation in both directions.

Pc,90,k -d . 1
Eoomean @ -(a+0.70 - d)

Winst = Welack T We = 1mm + (441)

Deformation with concentrated loads for load passages of supports at
the edge.
Assumption of uneven load propagation in both directions.
In (a +0.70 - d)
Peoox-d " \a+035-4d
Eo0 mean 035-a-d

(4.42)

Winst = Welack + Wep = 1mm +

Deformation with concentrated loads for load passages of supports in
the corner.
Assumption of even load propagation in both directions.

Peoox-d 1
E90,mean a- ({l +0.35- d)

Winst = Wejaek + W = 1 MM + (4.43)

with
d Floor thickness
a Cross-sectional dimension of the square support

P.oox  Characteristic value of the compressive load to be passed
through

Egomean Mean modulus of elasticity perpendicular to grain

The end deformation is respectively calculated as follows

Win = Wi+ (1 + Kaep) (4.44)
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Local deformations upon load passage of walls

a a
Edge Insice
IJ:_‘?I:I_I pr‘\'-ll:i_:
| L _
ik a
= 1
p.:_gn,k pc,90,|<
s S
s s
a+0.35d a+07d’

Figure 4.31 Assumed propagation of compression load for walls
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Deformation with load passages of walls in the interior

L n (a +0.70 - d)
Peoox "t a

Winst = Welpek + We = 1 mm + [ 0704 (4.45)
Deformation with load passages of walls in the edge area
, In (u +0.35 - d)

Winst = Wygex + Wy = 1 mm + PEQ‘;Ok — (4.46)
with
d Floor thickness
a Thickness of the wall
deoox  Characteristic value of compressive load per running metre of

wall
Egomean Mean modulus of elasticity perpendicular to grain
The end deformation is respectively calculated as follows
Wiy = Wit - (1 + Kep) (4.47)
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Given:
Floor CLT 150 L5s (301-30w-301-30w-30l)
Sought:

Verification of the lateral compressive stresses for the passage of loads of supports with
a cross-section of 14/14 cm and the characteristic value of axial force in the lower
support N, = 35 kN or the design value of N; = 49 kN, resp., with k,,,; = 0.9.

Estimation of deformation.

It is assumed in a simplified fashion, that at the top of the floor panel, the same force N
acts as at the bottom. Naturally, the force acting from the top is lower by a portion from
loads transmitted from the floor to the lower support. In good approximation, for the
deformation calculation, the quantity of the lower force may also be applied for the
upper load. With this assumption, no separation between portions from load passage
from support to support and load application from floor to support is required.

Load passage from support to support

For the contact area of the support applies

a=14cm

A =% = 14? = 196 cm?

The characteristic compressive strength parallel to grain is
feox = 3.0 N/mm?

] 3
f Ok _ 0.9 - —— = 2.16 N/mm?2
Y 1.25

fc,O,d = kmod :

Verification

d
Oc90d = A <keoo feoud
90

For supports in the interior applies k_q, = 1.80

= 49 10 <1.80-2.16
0¢90d = 19 = L .
2.5 N/mm? < 3.89 N/mm?
v Verification fulfilled (n = 64 %)
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For supports at the edge applies k.q, = 1.50
Oco0q = 2.5 N/mm?2 < 1.50 - 2.16

2.5 N/mm? < 3.24 N/mm?

v Verification fulfilled (n = 77 %)

For supports in the corner applies k. = 1.30
Oc00,4 = 2.5 N/mm? < 1.30-2.16

2.5 N/mm? < 2.81 N/mm?

v Verification fulfilled (n = 89 %)

Initial deformations to be expected
Eoo,mean = 450 N/mm?

Supports in the interior

winst = wsltzck + wel =1 mm + Pc,90,k . d ) 1
E9O,meﬂn a- (11 +0.70 - d)
35-1000 - 150 1
Winst = Welgek + Wep = 1 mm + .
450 140 - (140 + 0.70 - 150)

Winst = Wapgek + W = 1 mm + 0.34 mm = 1.34 mm

This corresponds to an elastic compression of
1.34

en =55 =089 %

Supports at the edge

. (a +0.70 - d)
Pegox-d " \a+035-d
E9O,metln 035 ‘a- d

| (140 +0.70 - 150)
.\ 35-1000- 150 "\120 + 0.35- 150

Winst = Welgek + Wep = 1 mm +

Winst = Welgck T Wep = 1mm

450 0.35 - 140 - 150
e 1 . 331000150 0.241
inst = Pslack T el = 450 0.35 - 140 - 150

Winst = Wapaek + W = 1 mm + 0.38 mm = 1.38 mm

This corresponds to a compression of

1.38
ey = —=0.92%
4= 150
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Supports in the corner

winst = wslﬂck + w()l =1 mm + Pc,90,k . d ) 1
E9O,mmn a- (a +0.35- d)
35-1000 - 150 1
Winst = Welgek + Wep = 1 mm + .
450 140 - (140 + 0.35 - 150)

Winst = Walgek + We = 1 mm + 0.43 mm = 1.43 mm

This corresponds to a compression of

1.43
Eg = ﬁ =0.95%
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5 Ribbed plate

When using ribbed plates, an increase in stiffness of roofs and floors is possible with
low material consumption and consequently an increase of the spans. The CLT panels
are arranged with their outer layers in parallel to the direction of span. The ribs normally
consist of glued-laminated timber and are rigidly connected with the CLT panel at the
factory under controlled conditions in presses or by screw-press gluing. Thereby, from
a static point of view, each of the ribs forms a T-cross-section with its associated effective
part of the CLT panel. Upon standard application with ribs at the bottom of the CLT
plate, compressive stresses become effective in the plate, while the ribs are
predominantly subjected to tension and therefore expediently consist of glued-
laminated timber with a combined layup.

Between the ribs, installations can be inserted or acoustic panels arranged. Mounting
of the ribbed plates is undertaken either by direct positioning of the ribs on a transverse
beam or on a wall cut out in the form of the ribbed cross-section, by mounting on
transverse end beams or by mounting of the sufficiently dimensioned plate with
notched ribs. If the ribs are notched, then detachment of the ribs from the panel shall
be avoided by mandatory reinforcement with vertically arranged screws as close to the
rib end as possible. The screws shall be dimensioned for end reaction forces in an
approximate fashion.

Failure of the pressure zone from cross-laminated timber is normally not decisive, since
the panels are sufficiently compact.

The assumptions stated accordingly apply to box elements with upper and lower panels.
In the hollow spaces of box elements, the spreading of fire shall be prevented and
undesired amounts of water from emergency drainage shall be avoided. The
disadvantages of hollow spaces, which cannot be inspected or only with increased
effort, should be considered and, for example, inspection openings arranged.

5.1 Pre-design

With respect to the economic spans, there shall be a differentiation between roofs and
floors, since normally higher loads act on floors and, in addition to the deflection
requirements, vibration requirements shall also be fulfilled.
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Ribbed plate - Pre-design

Ribbed CLT panels

1051

sl . L7
— B e
5 -
g . 1 L/25
2 B0 - P o = -
g i ,-. I ‘.é-_" i ﬁ.ﬁ e
< - g _—
T o -
(] i = -
Ee = = -
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1 ‘] T ] | 1 ] 5 16
Span L [m]

5.1.1 Recommendations for roofs

The element joint of ribbed plates for roofs is frequently executed between the ribs, as
shown in Figure 5.1.

Element width = 2.40 - 3.0 m

 — — | :I'Ir I
e e
b=240-30m CLT ceiling
IJ J- = 1 -I-I. -I- .I-I.- -I-'-I- .J -I.j
|_| u GLT ribs U
@

Figure 5.1 Ribbed plates with narrow and wide rib distances for roofs with joint
of the CLT elements

70 Cross-Laminated Timber - Volume 2



Economic and structurally sensible areas for ribbed panels as roof elements are:

Economic spans: L=70t0150m
Overall height: L L
h = — to —
25017

Centre distance of the ribs: ¢ =60 to 120 cm

Panel thickness: I( to

hf = max to

—_
PN o|m
WIS ule

i
|
{

\%

9 cm

The joint design is determined by profitability considerations with respect to assembly
and structural requirements. In case of ribbed plates for roofs, joints can be executed
as for plates without ribs and depending on the static structural requirements according
to one of the variants in Figure 5.2.

T I

Figure 5.2 Design proposals for the joint of the CLT elements

5.1.2 Recommendations for floors
Ribbed plates for floors are frequently executed with divided ribs, as shown in Figure
5.3.

b= 240 - 3.0m

Ehy |

e  Edge ribs

Figure 5.3 Ribbed plates for floors with joint in the edge ribs
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Ribbed plate - Effective widths

Economic and structurally sensible areas for ribbed plates as floors are:

Economic spans: L=60t09.0m
Overall height: L L
h=—to—
18 '° 14
Centre distance of the ribs: e =60 to 80 cm
Plate thickness: [
I 10 °5
h h
hy=max{ " ("
f 1 to 3
|
(>9em

Figure 5.4 shows possible designs for floors. For the connecting joints between the edge
ribs, a design is recommended, which enables possible cupping of the plate in the
construction phase without constraints.

Figure 5.4 Design proposals for the design of the joint
a) for transmission of lateral joint forces
b) for transmission of tensile and lateral joint forces

5.2 Effective widths

max
upper edge stress
’ b
= ef
curved — ™ straight

stress curve L - stress curve

-
=
\-‘
ikraipht <
2ern e

(a) (b)

Figure 5.5 Effective width with (a) the actual stress distribution and (b) the linear
stress distribution and effective width
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Figure 5.5 shows the non-linear distribution of the bending stresses in a plate with a rib
on the basis of Leonhardt, 1973. In order to attribute the problem to the beam theory
with the assumption of a linear distribution of stresses, the effective width b,; of the
panel is determined such that the maximum edge stress in the panel ¢,,,, is equal to the
non-linear case.

gl el TTTITT
| |
Ber
bl."" h-ri'.i'
I
| |-ll
|
h
P
/ S/ s s
bw bf bW
4 e

Figure 5.6 Distribution of compressive stresses in the pressure panel
and effective width

In general, the effective width is calculated as the sum of the rib width and the plate
portions to the left and right of the rib.

by = Z Beg + by (5.1)

5.2.1 Bending
Uniformly distributed loads:

The effective plate portions to the left and right of the rib considered can be determined
for the verification of bending stresses in the span and the verification of serviceability
of single-span beams and multi-span beams under predominantly uniform load
according to Formula 5.2. On the basis of concrete construction, the formula was made
dependent on the span and the clear rib distance. In order to take the orthotropy into
consideration, the ratio of extensional stiffness and shear stiffness of the plate is
furthermore included. The exponents result from the adjustment via variants of ribbed
plates relevant in building practice. The background is summarised in Augustin et
al., 3/2017.

( 0.90 0.45Y

H b EA i

bu; = bg- {05 0.35 (—f) N i) I (5.2)
’ { ¢ Sy )
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Depending on the ratios of geometry and stiffness, a fluctuation range results for the
effective width with the effect of uniformly distributed loads

beg; = by - {0.11 to 0.45) (5.3)

Concentrated loads:

For the effective plate portions to the left and right of the rib considered, the following
applies for the verification of bending stresses in the span and the verification of
serviceability of single-span and multi-span beams and the verification of bending stress
in the support area of multi-span beam under concentrated loads:

( h ( b 0.15 LA 0A10\I
lhe>—2: b-{05-040-(=] =] !
| 2 ¢ S
begs = y
efi — ( 0.30 0.30} (5.4)
hw 1 bf EAO 1
he<=: b-405-0275-(=) - 3
2 ( ¢ Syl )

with
EA, Extensional stiffness of the CLT element in the longitudinal direction
Siy Shear stiffness of the plate of the CLT element according to
ONORM B 1995-1-1:2015, Formula (NA.K.1) or in Formula (7.3), resp.
¢ Span of the single-span beam or reference length between the zero-
crossings of moments, resp.
For verifications in the span of multi-span beams ¢ = 0.8 - £,,,,,,
for verifications over central supports £ = 0.4 - £,
for cantilevers £ =2 - €,,,;.
by Clear distance between the ribs
h, Height of the ribs
hy  Height of the CLT plate

5.2.2 Shear

Due to the local effect from the load application problem in the CLT panel, higher
shearing stresses occur locally in the support area than those resulting according to the
technical bending theory. Therefore, for the determination of the maximum rolling
shear stress, a small effective width is applied for the panel.
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Figure 5.7 Effective width for the verification of shear over supports

For the effective width, as shown in Figure 5.7, the rib width plus the thickness of the
outer layer of the CLT panel are assumed; the distribution angle for the bottommost
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layer is approximately 45°. This assumption was verified using FE simulations and,
compared to more exact models, results in acceptable deviations on the safe side.

bef =2 tl + bw (55)

5.3 Modelling

Calculation of the ribbed plates is normally undertaken as a beam with T-cross-section,
consisting of a rib and the panel in the effective panel width. As calculation models, the
two methods described in the following are expedient. Alternative methods, as FEM
models or the shear analogy method, may likewise be applied.

5.3.1 Rib cross-section as shear-flexible beam

Modelling as a shear-flexible beam is suitable for rib cross-sections with a rigid, i.e. glued
joint. In the ultimate limit state (ULS), the cross-sectional values for the rigid compound
are used. The stress verifications are undertaken with the net cross-sectional values. In
the serviceability limit state of (SLS), the portion of shear deformation shall be
considered via the shear stiffness and the shear correction factor.

The shear correction factor for ribbed plates can be generally calculated with the
method described in Annex A.2 of Volume 1. As a good estimate, the formula for the
shear correction factor resulting from comprehensive comparative calculations may be
applied:

1 b (5.6)
=—-025. 2w
12 K03
with

by Effective width
b, Width of the rib

k., Proportion factor
h

krib ==

hy

5.3.2 Rib cross-section as flexibly connected beam

Modelling as flexibly connected cross-section elements can be used for rigid, i.e. glued
joints and for flexibly designed joints with mechanical fasteners.

The calculation is undertaken with the general gamma method according to Schelling,
as described in Annex A.1 of Volume 1.

The verifications in the ultimate limit states (ULS) as well as the verifications in the
serviceability limit states (SLS) are undertaken with the effective cross-sectional values.
Upon execution with mechanical fasteners, their arrangement shall be according to
ONORM EN 1995-1-1:2015, Annex B for flexibly connected flexural beam.

5.4 Screw-press gluing

In gluing, the biaxial panel stiffness of cross-laminated timber has a favourable effect
on the load distribution from the screw head into the glue line. Screw-press gluing can
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Ribbed plate - Screw-press gluing

[AT] Press adhesion
according to

ONORM B 1995-1-1:2015
Annex H
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be undertaken on the basis of ONORM B 1995-1-1:2015, Annex H. Deviating from the
standard specification, panels with a larger thickness can be used, since the distribution
of pressing becomes more favourable with increasing thickness or stiffness, resp., if
parallel and planar contact surfaces can be assured.

With admissible glue line thicknesses of no more than 0.3 mm, use of an adhesive
according to ONORM EN 15425, ONORM EN 301 or ONORM EN 302, Type | is possible.

The surfaces to be glued shall be sanded or planed and free from dust and other
contaminations. The requirements of the adhesive manufacturer shall be observed. The
difference in moisture content of the parts to be glued together shall be max. 5 % and
the wood moisture content of the parts to be glued together shall be coordinated with
the adhesive used. The screw-press gluing shall be performed by qualified personnel
and requires, as any bonding operation, particular diligence and documentation.

The screw connection should be undertaken with partially threaded screws TGS with a
minimum diameter d = 6 mm and an embedded depth of the screw tip of at least 7 d or
at least the thickness of the part to be glued on, resp. As screws, washer head screws or
screws with respective washers shall be used. The head diameter should have the
following proportion to the outer thread diameter: dj,.,; > 2.4 - 4.
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Figure 5.8 Screw-press gluing

The length of the screws shall be determined considering the force propagation angles
from the screw head or from the centre of the thread, resp. As propagation angle of the
screw's tensile forces from the head and the centre of gravity of the thread in the glue
line, an angle of 35° can be assumed for CLT. In glued-laminated timber, 45° in the
direction of fibre and 15° transverse to the fibre is assumed, as shown in Figure 5.8.

Ongoing tests show that the load distribution of the relatively stiff CLT panels is
favourable. Pending reliable research results, according to the standard, at least one
screw per 150 cm? of glued surface shall be arranged at a distance of max. 15 cm to the
next screw. According to the standard, the edge distance of the screws to the unloaded
end shall be limited witha <10 - 4.

Element tolerances may result in the fact that the element surfaces to be bonded are
not located in one plane, as indicated in Figure 5.9. Comparative calculations resulted
in the fact that element curvatures of the adherends with common dimensions
tolerated by standards (see e.g. EN 14081) can be compensated by partially threaded
screws (TGS d=8 mm) according to the specification above.
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Fanel

Hib

Figure 5.9 Compensation of tolerances by the screws

5.5 Local loads

Transverse to the direction of span of the ribbed plates, it's the task of the CLT plate,
among other things, to distribute concentrated live loads onto the ribs. The static
system is a plate strip with orthotropic properties. Upon compliance with the rib
distances according to Section 5.1, the load-bearing capacity as well as sufficient
stiffness of the plate are normally given for these concentrated loads.

More exact calculations of such panel strips under concentrated loads may be
undertaken according to Section 9.2.
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Example 5.1
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Ribbed plate

The ribbed plate of the following calculation example consists of a GLT beam with the
dimensions 160 x 320 mm and a 5-layer CLT panel with a constant layer thickness of
30 mm (tcr = 150 mm; 30-30-30-30-30 mm). The centre distance of the GLT ribs is s =
0.660 m. The static system is a single-span beam with the length L=8.10m. As
construction materials, GL32c according to EN 14080:2013 is used for the GLT beam,
and the characteristic material values according to Section 3.1 for the CLT plate. The
ribbed plate is loaded by the dead weight g , the permanent load g, « = 4.58 kN/m? and
a live load of Category C with g, = 5.00 kN/m?2,

660 |

150

470

320

L

160

Figure 5.10 Cross-section of the ribbed plate (dimensions in mm)

Characteristic plate values
Material parameters for the CLT plate:

Eo jay,mean = 11,550 N/mm?

E90,lay,mean =0

GO,lay,mean =690 N/ mmz

Gr,lay,mean = 65 N/ mm2

Extensional stiffness in longitudinal direction:

D, =3-0.03-11,550 - 10° = 1.04 - 10° kN/m

Extensional stiffness in transverse direction:

Dy =2-0.03-11,550 - 10%® = 6.93 - 10°kN/m

Shear stiffness of the plate according to ONORM B 1995-1-1:2015:
690 -10°-0.15

Siy = 0_03)1421 =757 -10* kN/m
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Effective width
Ratio of span to rib distance:

L 810
s 0.660

Ration of span to overall height:

L 810
e
h 0470

Clear rib distance:
be = 0.660 — 0.160 = 0.500 m
Ratio of rib height to panel thickness:

h, 032

w2013
he 015

For the uniformly distributed load or the span area, resp.:

b 0.160 +2-0.25-{1.0 - 0.70 (0'500)090 10410\ 0.567
=0. -0.25-¢1.0-0.70 - . = 0.567 m
et F 8.10 7.57-10%

For the concentrated load or the support area, resp.:

0.500\*15  (1.04 - 106\*"°
begs2 = 0.160 +2-0.25-{1.0 - 0.80 - ( ) : =0318m

8.10 7.57 - 104
( 0.30 6\ 030}
{ 0.500 1.04-10 |
begg3-5 =0.160 +2-0.25-{1.0-0.55 - ( ) . =0.398
£53-5 l 8.10 (7.57 : 104) I o

Linear interpolation for ’;—W between 2 and 3:
f

0.398 - 0.318

bus = 0.318 + 20 0008
efS " 300-200

-(2.13 - 2.00) = 0.328 m
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Ribbed plate - Local loads

Cross-sectional values in the span area
660

b, =567 mm

150

470

320

160

Figure 5.11 Cross-section of a rib in the span area (dimensions in mm)

Calculation of the position of the centre of gravity:
160 -320-160 - 13,500 + 567 - 3 - 30 - (320 + 75) - 11,550

= 160 - 320 - 13,500 + 567 - 3 - 30 - 11,550 =268 mm
320 150
e= > + - = 235 mm
320

e, = 268~~~ =108 mm

150
e = 320 +T_268 =127 mm

Bending stiffness:

160 - 3203

(ED)es = 13,500 - [ +160-320 - 1082] +

+11,550 -

3567 - 303 30 2
[7+567-30- (150—E+320—268) +

30 2 30 2
+567.3o.(150—?—60+320—268) +567.3o.(?+320—268) =

=13,500-1.03-10° + 11,550 - 9.49 - 10% = 2.49 - 10'®* Nmm?2

Shear correction factor (approximation formula):

(567)0'7
. 267
e = ——0.25. 160

12 21305 0418

80 Cross-Laminated Timber - Volume 2



Ribbed plate - Local loads

Shear stiffness:

(GA)e = 0.418 - (3-690 - 567 - 30 + 2 - 65 - 567 - 30 + 650 - 160 - 320) = 2.96 - 107 N
=2958-10* kN

Cross-sectional values in the support area

The transition from the GLT rib to the CLT plate is a local load application problem. Here,
higher shearing stresses occur locally in the CLT plate than would result according to
the technical bending theory. Therefore, for the determination of the maximum rolling
shear stress, it is suggested to use an effective width in the size of the GLT beam width
plus a distribution width of the bottommost outer layer of the CLT panel oriented in
parallel to the GLT axis. In that, the load distribution angle is assumed with 45°. The
suggested method of calculation is verified using a FE calculation and resulted in
acceptable deviations.

/

45°
30 30

Figure 5.12 Effective width for the determination of the shear or rolling shear
stresses, resp. (dimensions in mm)

| 660 |
b,=220mm
S I 0 s I I
o
_ [ T iy
o
~
<
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160

Figure 5.13 Cross-section of a rib in the support area
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Calculation of the position of the centre of gravity:
_160-320-160 - 13,500 + 220 - 3 - 30 - (320 + 75) - 11,550

= 160 - 320 - 13,500 + 220 -3 - 30 - 11,550
=218 mm
320 150
e = T + 7 =235 mm
320

eW=218—T=58mm

150
e; =320 +7—218 =177 mm

Bending stiffness:

160 - 320°
(EI)¢ = 13,500 - [7 +160 - 320 - 582] +
3-220-30° 30 2
+11,550 - [7 +220-30 - (150 - 2+320- 218) +

30 2 30 2
+220-30 - (150—7—60+320—218) +220-30- (7+320—218) =

=13,500-6.09 - 10® + 11,550 - 6.69 - 108 = 1.59 - 10'> Nmm?

Load

g,=10,1kN/m
Alllllllllllllllllllllllg
4\ L=8,10m T

Figure 5.14 System and loads

The dead weight of the ribbed plate is gix=(0.660-0.150 + 0.160 - 0.320) - 5.50 =
0.826 kN/m. The characteristic value of the permanent load results in g, = 4.58 kN/m?
(build-up). This and the live load g, = 5.00 kN/m? have an impact over the entire width
s. Thus, g5+ s =3.02 kN/m and qgx- s = 3.30 kN/m results as the line load of the ribbed
plate.

Thus, the load of the ribbed plate is g4 = 1.35 - (0.826 + 3.02) + 1.50 - 3.30 = 10.1 kN/m.

Verifications in the ultimate limit state (ULS)
Bending stress verification
Maximum bending moment in the centre of span:

10.1 - 8.10?
M =— - 82.8 kNm

y,max
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Bending edge stresses:

_ 528100 (268 — 470) - 11,550 = —7.76 N/mm?
=020 U 068 — 470) - -7
omax = 5491013 ’

82.8-10°

=—— _.268-13,500 = 12.0N 2
Gumax = 57491013 fmm

-7,76 N/mm?
\

(-

-2,00 N/mm?
-2,33 N/mm?

12,0 N/mm?

Figure 5.15 Progression of the normal stresses

Verification of normal bending stresses in the GLT beam:

0.9-32.0
12.0 N/mmz < W =23.0 N/mm2 (T] =522 (70)

Verification of normal bending stresses in the CLT plate:

09-24.0
7.76 N/mm? < 1.09 - —o5 - 18.8 N/mm? (17 = 41.3 %)

Shear stress verification
Maximum lateral force at the support:

10.1-8.10

V. =—=409kN
z,max 2

Shear stresses 1,,:

Static moment at the level of the centre of gravity:

218
Sy(zs) = 160 - 218 - - = 3.80 - 10° mm?

Static moment at the level of the bond line GLT/CLT:
Sy(z = -102) = 160 - 320 - 58 = 2.97 - 10° mm>

Static moment at the level of the decisive transverse layer in the CLT plate:

Sy(z = -132) =220 - 60 - (470 - 218 - 30 — 15) = 2.73 - 10® mm?
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Maximum shear stress (z = 0):

409 102 - 3.80 - 10° - 13,500

= =0.825N 2
Tmax 1.59- 103 - 160 /mm

Shear stress in the bondline of GLT/CLT:

40.9 -10%-2.97 - 10° - 13,500
1.59-10% - 160

Maximum rolling shear stress (z =-132 mm):

(z = -102) = = 0.645 N/mm?

40.9-10°-2.73-10°- 11,550

= =0.369 N 2
Tomax = 795071013 - (160 + 2 - 30) fmm
[ [
| | —| 10,369 N/mm?
- 0,645 N/mm?
—_——— === v 0,825 N/mm?
!

Figure 5.16 Progression of the shear stress

Verification of the maximum shear stress in the GLT beam:

09-35
<
1.25

0.825 N/mm? =2.52 N/mm? (n = 32.7 %)

Verification of the rolling shear stress in the CLT plate (assumption b/t > 4):

0.9-1.10
0.369 N/mm? < o 0.792 N/mm? (1 = 46.6 %)

Verifications in the serviceability limit state

For the verifications in the serviceability limit state, the calculation is undertaken with
the effective width for the uniformly distributed load in an approximate fashion.
Verification of deflection

Deflection due to a “uniformly distributed unit load”

5.1.0 - 8100* . 1.0 - 81002
wn n =
LOKN/m" = 384.2.49.108 ' 8.2.96 - 107

= 2.25 + 0.277 = 2.53 mm/(kN/m)

Note:
The consideration of the deflection portion due to the shear flexibility of the CLT plate
is around 11 % and should therefore also be considered.
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Ribbed plate - Local loads

Deflection due to the characteristic combination of loads

L
W o (§2x S + G 5) = 253+ (3.02 + 3.30) = 16.0 mm < 300

L 8,100

16.0 mm < 27.0 mm (n = 59.3 %)

Deflection due to the quasi-permanent combination of loads

W10 kN/m * (81,k + 8ok 5+ P i 5) (1 + kger) —we =

L
2.53-(0.826 +3.02 +0.6-3.30) - (1 + 0.69) — 0 = 24.9 mm < 250

L 8,100

249 mm < 324 mm (n = 76.9 %)

Note:

According to EN 1995-1-1:2009, Section 2.3.2.2, the coefficient of deformation kger = 0.69
results from the geometric mean of the values for CLT with Kgefcir = 0.80 and for GLT
with kdef'GLT =0.60.

Verification of vibration

Assumptions:
- Floor class Il according to ONORM B 1995-1-1:2015-06
- Width of the floor span: b, =12.0 m
- Concrete screed (E = 25,000 N/mm?2); thickness: d = 65 mm

Natural frequency

Effective bending stiffness (incl. bending stiffness of the screed) in longitudinal direction
in relation to a rib of the ribbed plate:

0.660 - 0.065°
(ED)jef = 2.49 - 107 +2.50 - 1010 - —0 - 2.49 107 +3.78 - 10° = 2.53 - 107 Nm?
Blurred bending stiffness in longitudinal direction in relation to 1 m:
2.53-107
EI =————=3.83-10" Nm?
( )l,ef,lm 0.660 m /m
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Effective bending stiffness (incl. bending stiffness of the screed) in transverse direction
in relationto 1 m:

o [, 1.00-0.03° , 0
(ED)pegim = 1:155 - 100 - |2 "= +2-1.00 - 0.03 - 0032 | + 250 10
1.00 - 0.065°
= 676-10° +572-10° = 1.25- 10° Nm?/m
. |
n 253107 \/ 8.10\* 1.25-106
= : A1+ (—) S _614-1.003 = 6.16 H
fr=55a0 \/(83 +302) 120/ '383-107 z

fl =6.16 Hz > fII,limit =6.00 Hz

Stiffness criterion

, 810 125108
FET1 N3ssr o™
1.0-10° - 8.10° 1.0-10°-8.10

w(1kN) = + =
48-383-107-3.13  4-2.96-107-3.13
=9.20-10°+220-10° = 1.141-10*# m = 0.11 mm < Wy e = 0.50 mm
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6 Walls

Walls of cross-laminated timber serve as a spatial enclosure with requirements to noise,
humidity, thermal and fire protection and as structural walls as part of the load bearing
structure. Load-bearing walls serve the absorption of vertical loads (from dead weight,
live loads on the floors and snow load of the roof), horizontal loads transverse to the
wall plane (from wind or for fall protection) and horizontal loads in the wall plane (for
bracing of the building). Due to their relatively large statically usable height, load-
bearing shear walls can be effectively used to suspend floor loads higher up or to realise
building cantilevers.

The load-bearing capacity of walls is mostly determined by the risk of buckling, the fire
performance and the load transfer at the base of the wall. The application of local loads
may normally take place by compression on end grain sections. The propagation of
vertical local loads in the wall plane becomes even more favourable with a higher
portion of horizontal board layers.

6.1 Buckling of walls

The buckling behaviour of walls of cross-laminated timber depends, among other
things, on the distribution of the compressive forces in the wall considered. For
verification of the load-bearing capacity, it is normally assumed that the entire wall
deforms in a cylindrical shape. This shape occurs, if walls are only held at the top and at
the bottom and are uniformly stressed by a vertical superimposed load and/or a
horizontal load. The verification may then be undertaken as a buckling member.

If vertical edges are supported or if there are local load effects from zones of high
compressive stress adjacent to zones of low compressive stress, then this has a
beneficial effect on the load-bearing performance. The increase of the load-bearing
capacity in these situations is associated with a more exact analysis of the spatial
bulging behaviour, which is why this is analysed in special cases only, especially as fire
resistance and sill compression likewise shall be verified.

6.1.1 Cross-laminated timber as shear-flexible buckling beam

Beside the buckling length, the buckling behaviour of members is determined by the
ratio of cross-sectional area to stiffness against deformation of the member. The
stiffness against deformation is composed of a portion of bending stiffness and a
portion of shear stiffness, which for cross-laminated timber cannot always be neglected.
With the portion of shear stiffness, the critical buckling load is reduced”.

In the buckling analysis, the influence of the shear flexibility can be considered via a
factor k., using which the slenderness of the buckling member is increased. This
enables a direct comparison of the two models - the extended gamma method from
Volume 1 and the shear-flexible beam according to Timoshenko presented here.

"For calculation of the critical buckling load for general shear-flexible beams, see Petersen, 1992,
Section 1.2.12.1
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Gamma method Shear-flexible beam
szdﬁj (6.1) kw=J1+§£§% (6.2)
with
ke Factor for consideration of shear flexibility for buckling
Ely et Bending stiffness (net cross-section)
GA, Effective shear stiffness GA, = »» GA
I Buckling length

The slenderness of the shear-flexible beam then results in
L

ZO,nct

A=—E k

s (6.3)

The straightness factor for cross-laminated timber as a shear-flexible beam member is
determined as follows:!

B =0.1 (6.4)

The further calculation and the verification against bending buckling may be undertaken
according to EN 1995-1-1:2015.

A foox
A = = feox (6.5)
7 YEogs
k=05 [1+p. (4 —03) + A2,] (6.6)
1

ko= — 7
k+ k2= A2, 6.7

Verification of buckling stress

Oc0d Omd
= ~<1 6.8
kc fc,O,d fm,d ( )

' Deviating from the suggestion in ONORM B 1995-1-1:2015, Annex K, K.6.3, the following
determinations are made: The coefficient of imperfection for cross-laminated timber is - due to
the production conditions comparable to glued-laminated timber - assumed with 8, = 0.1. For
that, the buckling analysis is undertaken under consideration of shear flexibility. This results in
verifications at approximately the same safety level.
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Walls - Buckling of walls

Example 6.1 Wall as shear-flexible beam

For a wall of CLT 90-3s (301-30w-30I), the verification against buckling shall be
undertaken.

The buckling length is ¢, =2.95m

From the wind load, the design values of internal forces are given:
N, =57 kN
M, =131 kNm

Characteristic building material values

5
Egnean = 11550 N/mim? ;- Eq5 = = Eq g = 9 625 N/mm?
5
GO,mean =690 N/mmz; GO.OS = EGO,me[m =575 N/mm2

5
GR,meun = 65 N/mm?; GR,OS = GR,mean = 54 N/mm?

6
Strength values
Characteristic values Strength values according to
Section 3.1
feox = 21.00 N/mm?
fox = 24.00 N/mm?
k,.0a = 1.0 (short-term/instantaneous, with wind as lateral load)
Design values
feok 21.00
=Ko - ——=1.0- ——=16.80 N, 2
fc,O,d mod Vit 1.25 /mm
Fonk 24.00
=kpot — =10-——=19.20NN 2
fm,d mod Y 1.25 /mm
Cross-sectional values
Shear stiffness
690 65
GA= Ecmm-bi-d,- -2 (—~100~3)+—.100~3 — 43350 kN
10 10
5 5
GAgs =2+ GA =2-43350 = 36 125 kKN
with the shear correction factor
2 =0.196 The shear correction factor
GAggs. = - GAgys = 0.196 - 36 125 = 7 081 kN according to Table 5-1is
’ used in an approximate
fashion.
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Extensional and bending stiffness
Agpet =2 100 -3 = 600 cm?

b;-d 100 - 33
El, = E Ei e (TJ +b-d- a,Z) = 115502 ( +100-3- 32) 105 = 676 KNm?2
5 5
Ely 5 et = A El = . 676 = 563 kNm?
Section modulus
I e = 5850 cm?
I, 5850
Wo o = 2 = 2222 = 1 300 cm3
’ Zmax 4‘5

Buckling analysis
Slenderness

us EIO.OS net n2 - 563
ke = \[1 4+ 20— 12— 1,044
GAggss - L2 7 081 - 2.952

) o et 5 850
= = [——=23.122
Pyt \/Ao,m \ 600 on

" ~2.95-100
o 3.122

A= -1.044 =94.5-1.044 = 98.65

Relative slenderness ratio

A ’ 98.66 | 21
Arel =— fC,O,k = -\ |——= = 1.467
TC E0_05 TC 9625

k=05[1+8. (4,,—0.3) + A2,] = 0.5 [1 + 0.1 (1.467 - 0.3) + 1.4672] = 1.634
rel
1 1

Ck+R2— 22, 1.634 + V1.6342 — 1.4672

= 0.425

ke

Verification of buckling stress
N, M,
o, O Ao e Wo e
oot ot Kituor s
57 131-100 .

=2 .10 s oY
__600 1300 _ _ -
STy, 0.133+0.053 = 0.186 < 1

v Fulfilled (19 %)

Note: The effect of shear flexibility on the relative slenderness ratio is higher with
compact members than with slender members. In the range of slenderness relevant in
building practice between 60 and 150, the load of the shear-flexible member is about
3% to 10 % lower than that of the shear-rigid member.
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6.1.2 Influence of openings

The previous example refers to Example 11.5.1 in Volume 1. In that, the distribution of
the axial forces in shear walls with an opening was very roughly assumed as constantin
the net cross-section of the remaining wall segment.

In view of the utilisation of the load-bearing capacity of the wall below 20 %, this is
acceptable. More exact results are obtained from calculations using the finite element
method or framework models. A good estimate is obtained by considering the wall area
located above the openings as a beam with a constant cross-section. For lintels over
cut-outs as part of a monolithic wall, the beam is modelled with constrained ends.. For
inserted lintels interrupted by joints a simple supported beam is appropriate. The
support of the beam is undertaken with translation springs, which are respectively
located at the centre of strips, which result by segmenting the load bearing wall in wall
pillars. For the width of the wall pillars, a dimension of b = 30 cm is recommended. Wall
pillars with less than 60 cm in width shall be divided into two strips by cutting them in
half.
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Figure 6.1 Exemplary comparison of the distributions of normal forces as a
consequence of a vertical unit load at the top of the wall
a) Model as substitute beam on individual translation springs and
b) FEM model
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For the substitute beam, its cross-section height hy can be assumed from the wall
dimension in the lintel area. The width b; results from the sum of the layer thicknesses
located in the y-direction.

br=b- Y4, (6.9)

The spring rigidity of the respective wall column can be determined from

EA E-b-Yd,
C=—= —m8

. p (6.10)

For a 3 m high wall of CLT 120 3s (40I-40w-40l), for a strip with a width of b =30 cm, a
spring rigidity c results in:
 _E-b-%d, _1155KNjem?-30cm -8 cm
a h B 300 cm

=924 kN/cm = 92 400 kN/cm (6.11)

Alternatively to the support by springs, the calculation may also be undertaken with
rigid supports. In that, all supports subjected to tension shall be removed after the first
calculation step.
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6.2 Application of local loads

In Volume 1, it was suggested to distribute concentrated loads with a load propagation
angle of 30° to the vertical up to a quarter, at most, of the wall height to an effective
pillar width w; ., and to undertake the buckling analysis with this wall pillar.

The load distributions in general orthotropic plates were derived and analysed by
Bogensperger et al., 2014. In that, the roughly estimated assumption of Volume 1 could
be confirmed by and large. The analyses, however, show that neither the influence of
the wall's cross-sectional layup nor the width of the loaded area should be neglected.

With a three-layer wall of equally thick layers with two vertical and one horizontal layer
results a propagation angle of about @; = 25°. For an ever increasing portion of the
vertical layers, the angle tends towards «; = 15° and for an ever increasing portion of
horizontal layers towards a; = 45°.

With larger load application lengths, as they commonly occur by partial line loads, the
load propagation angle decreases and with ever increasing load application lengths
tends towards «; = 0°. This means, that with a wall uniformly loaded over its entire
length, no load propagation occurs anymore.

a) W b) W

F F

ke 1" e

. : h/4

a
Wi,ef Wr,eff
...... h
nvert

WPiJF—‘f _ _ Wpr,ef

Figure 6.2 Effective column width for a) interior load application and
b) load application at the edge
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With low wall heights, the calculated load propagation angle «; decreases, since the load
propagation actually is non-linear and initially runs in a slightly more acute angle.

An elastic support of the wall by sills or on CLT floor elements results in an increase in
the load propagation angle. This effect, however, is neglected in most cases.

The effect from local loads normally has to be superimposed with that from uniform
loads.

The verification of the wall against buckling with the stated effective pillar width has to
be considered as conservative. Beneficial effects, like retentions by transverse walls or
adjacent areas with lower compressive stresses, are not considered as a conservative
assumption. More exact results can be achieved with numerical models applying the 2
order theory and the verification against panel bulging.

Cross-Laminated Timber - Volume 2



Walls - Application of local loads

6.2.1 Practical estimate for concentrated loads

For wall layups frequently used in building practice under concentrated loads, the
propagation angle a; can be estimated with good approximation as a mixed value of
45° for the portion of horizontal layers d,,, and 15° for the portion of vertical layers d,,,.
From the load application length w, the load is distributed to an effective pillar width
w;.r UP to a quarter of the wall height. The buckling analysis then shall be undertaken
with the wall pillar of width w; .

Boundary conditions

The assumptions apply to wall layups with thickness ratios in the range of:
1 < % < §

5 dvert 1

The calculated load application length is limited with w < 20 cm (e.g. load application by
a joist with b = 20 cm) and the wall height should be at least 1 > 2.75 m.

Load application in the wall's interior
For the load propagation angle of concentrated loads inside the wall

= dhor -45° + dvert - 15°
l dhor + dvert

(6.12)

Thus, according to Figure 6.2, the following results for the effective pillar width of the wall
h

Wiep =W+2- 1 tan(a;) (6.13)

Pressing at the base of the wall can be estimated with the effective pressing widthw,,; .

Wyier = 1.2 W;,f (6.14)

Load application at the edge

For concentrated loads applied at the edge of the wall, the effective pillar width shall be
reduced compared to that from the undisturbed interior of the wall:

W,o = 045 - W, (6.15)

Pressing at the base of the wall with concentrated loads at the edge of the wall can be
estimated with the effective pressing widthw

pref*
Wyref = 1.2 W, 0f (6.16)
with
Aoor Sum of the thicknesses of vertical layers
Aor Sum of the thicknesses of horizontal layers
w Load application width
h Wall height
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6.2.2 Practical estimate for partial line loads and low wall heights

If the force is applied on larger support width w > 20 cm (e.g. steel beam with a width
b =30 cm) or if the wall height is lower than I < 2.75m, then load propagation angles
deviating from Section 6.2.1 result. In this case, the layup of the wall's cross-section and
the ratio from load application width w and wall height  are considered more generally
than in Section 6.2.1 by the coefficients k,,,,, and k,. The coefficients are obtained by
simplifications of the theoretical derivation.

Load application in the wall's interior
The load propagation angle for loads in the interior - i.e. at a distance of at least 2 - w; .
from the end of the wall - applies to the propagation angle:

a; = kortho : kw -30° (61 7)

with the coefficient for consideration of the element layup

4 EAh 4 dh
Koo = 1.1 - T =1.1- s 6.18
orthe \jE Avert Jdvert ( )

and the coefficient for consideration of the load application width w
w
kw=1—1.5?20 (6.19)
Thus, according to Figure 6.2, the following results for the effective pillar width
h
w,"ef =w+2- Z . tan(ai) (620)

Pressing at the base of the wall can be estimated with the effective pressing width w,,; s

w w\?
wp,-,ef = (13 - 09% +05 (z) ) . w,-,gf > w,-,ef (621)

Load application at the edge

For cases with load application at the end of the wall (case b in Figure 6.2), the following
value shall be used for the effective wall width:

Wy = 0.9 i/% Wi (6.22)

For pressing at the base of the wall as a consequence of load application at the edge
results:

w w\?
wpmf = (05 + 0857 -0.45 (ﬁ) ) . wilef > w,lef

(6.23)
with

d,.» SUmM of the thicknesses of vertical layers

d,,, Sum of the thicknesses of horizontal layers

w Load application width

h Wall height
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Example 6.2 Application of local loads into a wall
Given: CLT 90 Q3s (30I-30w-30I)

Sought: Verification for the wall with local loads at the centre of the wall, on the one
hand, and at the end of the wall, on the other hand.

Wall height h = 3 m, load application width w = 20 cm. Action: F; = 100 kN, k,,,,; = 0.8

Load propagation angle

Thickness ratios, wall height and load application width correspond to the boundary
conditions for concentrated loads of Section 6.2.1.

The load propagation angle accordingly results in

 dyoy - 45° + dyy; - 15°  30-45° + 60 - 15°

= 25°
dhor + dvert 920

i

Load application in the wall's interior
Effective pillar width

h 300
Wief =W+2-Ztana =20+2'T~tan25°=89.86cm=0.899m

Axial force per 1 m strip of the wall for buckling analysis at the 1 m strip
_Fy_ 100

= —— = 112kN
M by T 0.899 fm

Load application at the wall end (edge)
W, ¢ = 0.45 - w,;,; = 0.45 - 89.86 = 40.47 cm = 0.405 m
Axial force per 1 m strip of the wall for buckling analysis at the 1 m strip

F, 100
= o 2 47N
M by T 0405 fm

The buckling analysis shall be undertaken with the axial force of the edge load.

Buckling analysis

The characteristic strength values and the buckling coefficient are taken over from
Example 6.1 and adjusted to the given modification factor k,,,,; = 0.8.

Ny
O‘c,O,d — AO,net <1
kc fc,O,d kc fc,[),d
k. =0.425
21 ,
fepa=08- 125 = 13.44 N/mm’
Ny 247
AO,net _ 600 -10

- =072<1
ko feoq 0.425-13.44 =

v Verification fulfilled (1 = 72 %)
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For the verification of sill pressing, for the case of load application at the edge, an
effective pressing length of

Wyop = 1.2-W,0p = 1.2 40.47 = 4856 cm
wpr,ef =0.486 m

can be assumed.
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6.3 Sill pressing

On the basis of tests on sill pressing, an effective width is expediently applied for sill
pressing due to the transverse expansion restraint of the sill. This approach has not
been anchored in standards and cannot be found in all technical approvals yet.
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Figure 6.3 Effective widths for sill compressing

According to Figure 6.3, for the effective width for determination of the pressing area
for the verification of compression perpendicular to grain of the embedded sills under
CLT walls, the entire element width, including the outermost upright layers by, is
applied. Therefore, for compression perpendicular to grain, the entire gross width is
considered, only exterior transverse layers are not considered in that.

The application of this effective width for sill compression perpendicular to grain shall
be justified by the responsible engineer of the static verification and discussed, if
necessary, with the test authorities.
Example 6.3 Sill pressing

The wall is supported on a sill C24. The axial force from Example 6.1 shall be applied to
this sill. The associated value for the modification factor is determined with k,,,; = 0.8.

f ¢,90,k

d
0c90,d = A < f c90,d = Konod -
90,ef

57 25
0c90,d = % -10 < fc,90,d =08- ﬁ =1.53 N/mm2

0904 = 0.63 < 1.53 N/mm?
v Verification fulfilled (n = 41 %)
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7 Finite element modelling

For static calculations, the two-dimensional cross-laminated timber elements are
normally theoretically cut into “strips” and considered as uniaxially stressed members.
With this conservative assumption, floors can be calculated as simple supported beams
and walls as columns.

In some cases, however, the load-bearing behaviour has to be considered as a two-
dimensional element and the load distribution to be analysed as a diaphragm or as a
plate, in order to use the full potential of the two-dimensional structural elements.
Associated models are grillages, i.e. planar grids of members in both lamella directions,
or finite element models, i.e. faces combined from discrete elements.

This chapter describes the basic principles for modelling as a two-dimensional structure
using the finite element method and shows their applications. The calculation as grillage
has been described in Volume 1.

7.1 Calculation sequence

Calculation and verification of cross-laminated timber members using the finite element
method follow the scheme in Figure 7.1. For calculation, as described in the following
section, suitable finite elements shall be used. In some software solutions, pre-
processors are available: programme parts automatically calculating the model
behaviour from the layup and the characteristic building material properties of the
layers. For static calculations, however, the use of pre-processors is not required. The
individual stiffness values for the static model may also be determined “by hand” and
directly entered as characteristic values of the stiffness matrix. The stiffness matrix is
identical in both cases. Manual calculation is generally required for the correct
determination of torsional stiffness.

The geometry of the static system is described by the central plane of the cross-
laminated timber members. According to that, the support conditions are determined
with point and linear supports and the mostly articulated coupling of the elements with
linear joints. After definition of the actions and their combinations, as a result of the
static calculation, the deformations can be determined, and therefrom the internal
forces.

The structural element verifications may ultimately be performed in an automated
fashion via a post-processor at the level of the stresses in the layers or determined by
direct comparison of the internal forces with the respectively associated cross-sectional
load-bearing capacity by manual calculation, as described in Volume 1, Sections 4.3.3
and 4.4.3.

In the following examples, the calculation of stiffnesses and cross-sectional load-bearing
capacities is performed by hand, in order to be able to perform a calculation according
to the finite element method without pre- and post-processors.
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Geometry and support of
the diaphragm and plate
structure

N Pre-processor for panel

Stiffness matrix for layups (laminates)

orthotropic 2D elements

\

N/ Direct determination of
stiffnesses from cross-
Actions sectional values

\‘_/

Static calculation

]

Internal forces

Post-processor for stress
verifications (laminates)

\ Direct verification of internal

design forces from cross-
sectional values

Figure 7.1: Flowchart of the static calculation of cross-laminated timber
elements

7.2 Finite element models
7.2.1 Shell elements for diaphragm and plate effect

Due to its composition of layers arranged at right angles to one another, the material
behaviour of cross-laminated timber is orthotropic. That means, that the force-
deformation behaviour along the two main directions of load-bearing capacity is
different. Mutual influencing of longitudinal and transverse stressing does not have to
be applied for cross-laminated timber. The influence of shear deformations in the panel,
however, shall be considered.

Therefore, orthotropic Mindlin-Reissner elements are best suited as finite elements for
cross-laminated timber. Mindlin-Reissner elements can be considered a two-
dimensional equivalent of the Timoshenko beam, while finite elements according to the
Kirchhoff theory shall be considered analogous to the classic Bernoulli beam, i.e. do not
map shear deformations of the panel. Mindlin-Reissner elements are also designated
as thick plates and Kirchhoff elements as thin plates.
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The deformations of the Kirchhoff elements without shear portions are, depending on
slenderness and panel layup, by about 20 to 30 % above those of the Mindlin-Reissner
elements. The stress results, too, can deviate in this order of magnitude.

In the general case, via the finite shell elements, the load-bearing effect as a diaphragm
as well as that as a plate is mapped.

Via the stiffnesses of the shell elements, the relation between the strains of the element Orthotropic Mindlin-Reissner
and the internal forces is established. These are stated for a Mindlin-Reissner element elements as shear-flexible,
for cross-laminated timber in Figure 7.2 in the form of a matrix. From the stiffness tgié;ii::f%g‘aongﬂgiénce of
matrix results, that there is no relation between normal stresses in the one direction

and normal expansions in the other direction, i.e. that the transverse expansion for

cross-laminated timber is generally neglected. This can be justified by the relatively low

coefficient of transverse expansion of timber, the panel layup of individual lamellas and

the formation of butt joints transverse to the main direction of load-bearing capacity.

The behaviour of cross-laminated timber upon torsional stresses is complex. The

torsional stiffness is low and results in internal forces, which normally are not relevant

for dimensioning. The assumption of complete torsional flexibility results in slightly

higher deflections and bending moments in the panel and is conservative. The load-

bearing performance of panels without torsional stiffness largely corresponds to that

of a grillage of shear-flexible Timoshenko beams. Due to the missing transverse strain

impediment and the high directional dependence of CLT panels, the use of the tables

for panels (e.g. Czerny tables) known from concrete construction is not possible.

Diaphragma - Bending Diaphragma - Shear Plate
m, rEl, O 0 0 0 0 0 0 1 ny
i) 0 E Iy 0 0 0 0 0 0 P
myy, 0 0 kpGl; 0 0 0 0 0 Hyy
VUyz 0 0 0 Ky GA, 0 0 0 0 Yxz
Uy, |0 0 0 0 Ky GAy 0 0 0 Vyz
Ny 0 0 0 0 0 EA, 0 0 &x
ny 0 0 0 0 0 0 E Ay 0 &y
My |0 0 0 0 0 0 0  ksGAgrossl Vo

Figure 7.2 Stiffness matrix of a cross-laminated timber element as an
orthotropic diaphragm and plate element

7.2.2 Internal forces

For diaphragms and plates, the internal forces convention originating from concrete
construction is normally used, as can be retrieved from Figure 7.3. The internal forces
are related to a panel strip with one metre in width and therefore designated with the
lowercase letters m for moments, v for lateral forces and n for diaphragm or normal
forces, resp. In the first index, the internal forces are designated with the axis, which is
normal to the sectional plane. The second index stands for the direction, in which the
stresses act as a consequence of the internal force. If first and second index match one
another, then the second index is omitted. For cross-laminated timber, this means that,
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for example, those lamellas are stressed by m,, which run in the x-direction of the panel
element. It is urgently recommended to determine the x-direction as the direction of
the outer layers for all elements.

a) Convention for internal forces of shell elements

Xy I