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Foreword

The development of timber construction over the
past hundred years has been characterised by enor-
mous innovation. The elements made of timber and
timber materials as well as the joining technique
have undergone constant further development.
The timber, or more exactly the individual board,
represents the basis for glued-laminated timber,
board stack elements or cross-laminated timber.
At the first glance, the relatively "new" construction
material cross-laminated timber — its practical,
economically relevant use in the building sector
started about twenty years ago - is a simple con-
struction material. It consists of strength-graded
laminations, which are glued together crosswise
at 90° to an odd number of layer. Superficially,

a homogeneous wooden panel is formed. Upon
closer examination by the engineer, however,

the complexity of this structural element can be
noticed: it is an orthogonally layered, laminar
composite element made of wood with a complex
calculation basis.

“Everything should be made as simple as possible,
but not simpler.”
(Albert Einstein, 1879 -1955)

The present structural design manual is giving
designers, engineering consultants and performers
an understanding of the basic principles for techni-
cally proper planning and application of cross-lami-
nated timber. The main focus is on the structural
function of cross-laminated timber as a load-bearing
structural element and on the requirements associ-
ated therewith. For joining the cross-laminated
timber elements, design proposals were prepared.
The structural design guideline enables practition-
ers an easy and fast understanding of the con-
struction product cross-laminated timber, since the
verifications required in terms of structural engi-
neering are described with the associated engineer-
ing calculation models and explained on the basis
of practical examples. This structural design manu-
al was meticulously and thoroughly prepared by

DI Dr. Markus Wallner-Novak and his co-authors

DI Josef Koppelhuber and DI Kurt Pock. Here, the
engineer will find answers to the essential issues
when it comes to the structural design of cross-
laminated timber, so that this manual represents an
important contribution to practical dimensioning
of cross-laminated timber.

Wilhelm Luggin
Luggin - Ziviltechnikergesellschaft m.b.H.
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1 Definitions

Definitions - Lowercase letters

1.1 Lowercase letters

Distance from the centre of gravity of a layer to the overall centre of gravity;
Minimum distance of the fasteners;

Acceleration (earthquake)

Element width (in-plane element dimension normally transverse to the main
direction of load-bearing capacity); Room width

Spring rigidity

Element thickness (dimension transverse to element plane)

for fasteners: nominal diameter

Thickness of the individual layer i

Strength; Frequency

First natural frequency

Permanent loads

Dead weight of the load-bearing elements

Permanent superimposed loads

Element height (in-plane element dimension normally in the main direction of
load-bearing capacity)

Radius of inertia

Factor

Load duration

In direction of load-bearing capacity upon statement of the panel build-up
(longitudinal direction)

System length, span, buckling length

Moment per running metre of panel; Mass per unit of area

Live load; Axial force per running metre of panel; Number

Linear load, live load; Coefficient of ductility (earthquake)

Smallest radius of curvature

Snow load

Lateral force per running metre of panel;

Element of the flexibility matrix (extended Gamma method)

Existing value

Wind load/deflection

transverse to the direction of load-bearing capacity upon statement of the
panel build-up (width direction)

Ordinate of a layer in cross-section (Timoshenko-beam)

Admissible



Definitions - Uppercase letters and abbreviations

Do Lehr's damping factor (modal damping); Extensional stiffness of a plate;
Compressive force (shear wall)

DLorlL.......... Top layer longitudinal to the long element side

DQor Q............. Top layer transverse to the long element side

Eooreeeeeen, Modulus of elasticity, value of an impact

El v, Flexural stiffness

EQU...occouvvenn. Limit states of loss of equilibrium (equilibrium)

Foaeiiee Force

(€T Shear modulus

H oo, Horizontal force

Lo Moment of inertia

Koo, Stiffness (bending or axial force)

L CTR Longitudinal layer

Moo Moment; Mass concentrated in one point

MF e, Modal mass

N e Axial force

NKL .o, Utilisation class

Qe Punctiform live load

SR Value of resistance for verification of load-bearing capacity

S s Static moment; Stiffness (shear)

SLS e Serviceability limit states

T Shearing force in a joint; Duration of vibration (earthquake)

ULS..ooiiiine. Ultimate limit states

Ve Lateral force

Wi Section modulus

Zoeeeoiieiireeeireeenn, Tensile force (shear wall)

1.2.1 Greek letters

OlFE veenreereerennnens Coefficient for the shear stiffness of plates

[C SR Coefficient of imperfection; Charring rate

Yoot For earthquakes, coefficient of significance of the object

Vi ceeveeeeennennenene For calculation of effective cross-sectional values: reduction factor for layer i
according to the Gamma method

Y YGr YO eoveveens Partial safety factor

Nevorerrerreneennens Factor

() SRR Displacement

W Coefficient of combination

Kiverrreerireenreennens Shear increase factor (=1,20)

Kgeeeeenmnreeennnnneeenns Shear correction factor (<0,80)

Aot Slenderness

[V FOTRR Coefficient of friction

[0 TP Bulk density

(o JTURTR Normal stress

Terereeenreneeeenene Shearing stress



Definitions - Uppercase letters and abbreviations

1.2.2 Indices

In the direction of the top layer (main direction of span)

5 % fractile

Transverse to the top layer (ancillary direction of span)

Starting point (shear walls)

Axial (fasteners)

Gross cross-sectional value of the uniformly considered cross-section
Pressure; Buckling coefficient

Charring

Index for crack factor (crack)

Creeping

Tilting

Design value (afflicted with partial safety factors)

Coefficient for determination of creep deformation

End point (shear walls)

Effective cross-sectional value considering cross-section build-up and shear
flexibility (Gamma method)

Concerning fire dimensioning

End value (of deformation)

Concerning permanent impacts

Horizontal

Start value (of deformation)

Characteristic value (normally 5 % fractile without partial safety factors)
Buckling

Concerning the material (partial safety factor); Bending

Minimum

modification for consideration of load duration and wood moisture

Net cross-sectional value with consideration of the cross-section build-up, but
without consideration of shear flexibility of the transverse layers

Polar (moment of inertia)

Concerning variable impacts

In the quasi-permanent design situation
Root mean square

Rolling shear

Reference value

Relative

Concerning the centre of gravity

System coefficient

Tension

Torsion

Bottom

Panel bending (about the y-axis)
Upright bending (about the z-axis)



Product description - General

2 Product description
2.1 General

2.1.1 Definition

Cross-laminated timber is a two-dimensional, solid timber product for load-bearing applications. It
consists of at least three board layers, which are glued together over their entire surface area at
right angles to one another and generally result in a symmetrical cross-section. Up to three adjacent
layers may be arranged with their fibres running in parallel, as long as their joint thickness does not
exceed 90 mm.

o
Figure 2-1: Cross-laminated timber build-up (exploded view)

The softwood boards of the individual layers are sorted by strength, planed, and kiln-dried. Pre-
dominantly, spruce wood of strength class C24 is used. Up to 10 % of the boards may have the next
lower strength class. Common species of wood are also fir, pine, larch, and Douglas fir. Species of
hardwood, like birch, are perceivable and currently being tested, but not yet covered by current ap-
provals.

The boards are 40 to 300 mm wide and 6 to 45 mm thick, and they are normally connected into an
infinite laminate in the longitudinal direction by means of finger joints, and, in a first production
step, may be glued together at their narrow sides (flank-glued) to form a two-dimensional board
layer. Without gluing of adjacent boards, these may be arranged with joints of no more than 6 mm.
Relieving grooves in the boards may be up to 4 mm wide and 90 % of the board deep.

For curved cross-laminated timber, which is glued together in a suitable clamping device, the rela-
tion between the highest board thickness d, ., and the smallest bending radius r,

i,max min

must be com-

plied with':
Fin =250 -0, 10y (2.1)
'According to EN 16351:2013, the following applies exactly:
_r fm,j,dc,k . X .. . .
imax = S5p [’l +T] with the flexural strength fm,j,dc,k of the finger-joint connection in the boards. In manufacturer-

specific approvals, the bending radius is limited depending on the board thickness.



Product description - General

The use of timber-based materials is admissible up to a portion in thickness of 50 %, if these are ap-
proved for utilisation class 2 and/or 3. With timber-based materials, certain properties, like load-
bearing performance, acoustic behaviour, fire performance or appearance, can be influenced. The
load-bearing capacity of these layers may be considered for the entire load-bearing effect, wherein
joints of the timber-based materials must be observed.

In the present guideline, the individual parts of cross-laminated timber elements are designated ac-
cording to Figure 2-2. In the literature, the term lateral face is also used for surface and the term nar-
row side is also used for front face.

Area

Top layer
; e Middle layer
o7
=
5 Z Top layer
o
=
5

/‘.// -"/ ; .
- Front faces with end-grain and
long-grain timber of the board layers

-~
Element planes

Figure 2-2: Designation of parts and areas of cross-laminated timber
2.1.2 Dimensions

Cross-laminated timber is manufactured in lengths of up to 16 m and widths of up to 2,95 or 3,00 m,
respectively, and overall thicknesses for standard build-ups of up to about 300 mm, and at special
request up to 500 mm, as shown in Figure 2-3. According to certain approvals, these maximum di-
mensions are currently extended up to 30 m by 4,80 m.

= <300 mm

<16m

-
[ ] [ ]

<£2,95m

Figure 2-3: Dimensions of cross-laminated timber
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2.1.3 Approval as construction product

Cross-laminated timber has been produced since 1995, however, has not been included into stan-
dards so far. Therefore, its use under building law is regulated through national or European Tech-
nical Approvals (ETA). The approvals include minimum requirements to the product, its initial mate-
rials and its manufacture, details for verification procedures and, in case of the ETA regulations, for
CE marking.

The product standard EN 16351:2013 was submitted to the CEN members for voting and will result in
an EN standard. A group of experts within the Standards Committee CEN TC 250 is currently working
on the inclusion of cross-laminated timber into Eurocode 5 (EN 1995-1-1).

2.14 Use

Figure 2-4 gives an overview over the most important possible uses of cross-laminated timber as a
structural element.

Cross-laminated timber has been approved for utilisation classes 1 and 2. Utilisation class 2 corre-
sponds to an ambient climate of 20 °C, in which an air humidity of 85 % is exceeded for only a few
weeks each year. This normally corresponds to roofed-over structural components protected from
the elements. For this ambient climate, an equilibrium moisture content of the timber of no more
than 20 % results for softwood.

10



Product description - Load-bearing effect

Ceiling Roof

Wall Girder

Figure 2-4: Use of cross-laminated timber in the structure

2.1.5 Gluing

For gluing of the board layers, the two adhesive systems polyurethane (PUR) and melamine-
urethane-formaldehyde (MUF) are currently used. As a further adhesive system, solvent-free disper-
sion adhesives (EPI) may be used. The adhesives described have relatively short curing times and
result in transparent joints. Different adhesives may result in a different fire performance.

2.2 Load-bearing effect

The interlocked build-up of cross-laminated timber results in an improved swelling and shrinking
behaviour. Horizontally, the elements as panels are predominantly stressed in one direction (uniaxi-
ally) (Figure 2-5). In some cases - as with point-supported panels or with bilateral roof overhang -
load distribution takes place in two directions.

Used as a vertical plate, the comparatively high shear stiffness and, due to the interlocked layers,
also an improved shear capacity can be used.



Product description - Load-bearing effect

Figure 2-5: Cross-laminated timber - uniaxial load distribution

The main direction of load-bearing capacity (0°) is the one with higher stiffness, and the ancillary di-
rection of load-bearing capacity (90°) is the one with lower stiffness. The main direction of load-
bearing capacity normally corresponds to the direction of the top layers.

"'0. ef !90, ef
' 90°
ANCILLARY DIRECTION OF
LOAD-BEARING CAPACITY 90
E o
0° =
- O m,90,d
MAIN DIRECTION OF LOAD-BEARING CAPACITY 0 EO, mean
E o
= Om,o0,d
EO. mean

Figure 2-6: Cross-laminated timber element with main and ancillary direction of load-bearing capacity

For determination of the load-bearing performance upon panel bending in one direction, only those
board layers are included in the calculation, which run in this direction of load-bearing capacity. The
cross-sectional values belonging to this net cross-section are provided with the index “n” and used
for verifications in the ultimate limit states. The transverse board layers are not assigned longitudi-
nal stresses - here, the modulus of elasticity transverse to the fibre is assumed with £,,=0.

Thus, the transverse layers are considered as pure spacers and are only subject to shear. This shear
stress of the transverse layers must be observed with respect to load-bearing capacity and deforma-
tion of the cross-laminated timber. If shear failure occurs, then normally a break tangential to the
annual ring areas of the transverse layers can be observed. This break is called rolling shear failure

12



Product description - Load-bearing effect

and it is induced by exceeding the rolling shear strength f,., . It only amounts to about half to one

third of the shear strength in the direction with the fibres running in parallel f,, .

The shear deformation of the transverse layers must be considered as part of the overall deforma-
tion.

..__
L. ;‘|£ U
—F
- -—

VM S

load bearing Capacity
1

-

— Rolling
= = v shear Jrk
T strength
shear deformation
i
d * shear G R_______-.--Rolling shear modulus
N 4&” stiffness d —Layer thickness

Figure 2-7: Shear behaviour of the transverse layers

For the load-bearing performance described, different calculation models may be applied. A simple
model is that of the dowelled beam. The longitudinal layers are considered as parts of the beam'’s
cross-section and the transverse layers as laminar doweling of the cross-section parts, as shown in
Figure 2-8.

Cross-laminated timber as beam

£ ;;;;;I
Analogy: doweled beam
L4 ;;;;;I

Figure 2-8: Model comparison with dowelled beam

The overall deformation consists of a bending portion as a consequence of torsion of the cross-
section and a shear portion as a consequence of deformation of the transverse layers. The portion
of shear deformations depends on the cross-section build-up, the element’s slenderness and the
load pattern and typically lies below 30 % of the bending deformations, as shown schematically in
Figure 2-9.
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R T Bending deformation
w
v g M cLTursion

Shear deformation

gl y n:ij Sliding o —1

Figure 2-9: Deformation portions of a cross-laminated timber beam from bending and shear

For calculation of flexibly connected flexural members, the Gamma method has been described and
included into the general design standards. Beside the Gamma method, the Timoshenko beam, the
shear analogy method, the laminate theory and the calculation according to the finite element
method are suited as well.

The Gamma method forms the basis for the deformation calculation in the present guideline. It is
anchored in Eurocode 5 and most of the approvals for cross-laminated timber, has proven itself in
building practice and represents a simple and engineering-based approach to the comprehension of
shear deformations. The longitudinal layers are respectively reduced by a factor y, in order to allow
for the shear flexibility of the adjacent transverse layers. The associated effective moment of inertia is
designated with the index “ef” and used for the verifications in the serviceability limit states. Conse-
guently, the shear flexibility is considered via a reduced, effective flexural stiffness.

One advantage of the Gamma method is the fact that deformations can be calculated, as usual,
through pure bending deformation. In manual calculation, no separate terms for shear deforma-
tions must be determined, and framework programmes don't have to consider the shear flexibility
of members. Disadvantageous is the fact that the effective moment of inertia /, depends on the

span ¢ and thus is a system-dependent value. With shorter spans, the effective moment of inertia
decreases more or less quadratically to the bending slenderness (¢/h). The formulae for the
Gamma values were obtained from the approach of a sinusoidal bending line.

Calculation of the cross-sectional values according to the Gamma method is described in Section 4.2

Upon application of the Gamma method in framework programmes, it proves practical to define
cross-laminated timber as a uniform cross-section with the actual element height and effective
width, as shown in Figure 2-10. The substitute cross-section then has the same height and flexural
stiffness as the cross-laminated timber element; determination of stresses from the internal forces
calculated this way, however, must be undertaken separately.

—p. o 2.2)

14



Product description - Joining technique

Gross cross-section

Net cross-section

In

with shear flexibility (gamma method) effective cross-section

|ef h Ief

Figure 2-10: Model cross-sections and stiffness ratios

As an alternative calculation method, the shear-flexible Timoshenko beam is described in Annex A.2.
Using this method, a shear correction factor may be stated for each cross-section build-up. Shear
deformations may then be determined from lateral force distribution in addition to bending defor-
mation.

2.3 Joining technique

Due to the interlocked build-up, cross-laminated timber is well suited for contact joining, since the
loads can be applied via end pressing of the layers oriented in the direction of force. Pin-shaped fas-
teners can be arranged in the surface as well as in the front faces and axially stressed and/or sub-
jected to shear. Upon use in the surface, the interlocked build-up of cross-laminated timber has a
favourable effect on the transmissible forces and the minimum distances of the fasteners. The
minimum distances may be determined independent of the orientation of the top layers.

Load application problems are discussed in more detail in Section 9.1, pin-shaped fasteners in Secti-
on 9.3.

2.4 Further notes

In Ebner (2003), building structures are described; building physics key figures can be found, among
others, in HFA (2003). Teibinger und Matzinger (2013) wrote an article on building with cross-
laminated timber in multi-storey construction. Green (2012) wrote a feasibility study on high-rise
buildings.
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2.5 Marking and designation of standard build-ups

C€

ETA-xx/yyyy o
zzzz-CPD-tttt @

Manufacturer, year of attachment

Element build-up, type of wood, adhesive

@ Approval number

@ Number of the certificate of conformity

Figure 2-11: CE marking according to European Technical Approval (ETA)

Fulfilment of a European Technical Approval or the product standard is documented via the CE mark
at the product and in the accompanying documents, as shown by way of example in Figure 2-11.

For designation of cross-laminated timber elements, normally the manufacturer's product designa-
tion, the element thickness and the element build-up are used, as shown in Figure 2-12 and used in
the present guideline.

BSP 150 L5s  (301—30w—30l—30w—30l)

Manufacturer Element build-up Thickness and orientation of
Element thickness Number of board layers the individual layers

Orientation of the top layers
Figure 2-12: Designation scheme for the build-up of cross-laminated timber elements

As shown in Figure 2-13, in the present guideline, elements with a top layer longitudinal to the long
element side are designated with L; common is also the designation DL. Elements with this orienta-
tion are normally used as roof and ceiling elements or upright as girders. Elements with a top layer
transverse to the long element side are designated with Q (also DQ) and are used, for example, as
wall elements.

Figure 2-13: Orientation of the top layers conditional on manufacturing
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For a manufacturer-neutral formulation in tender documents, the thicknesses of the individual
board layers should be stated - in addition to the overall thickness. For that, in the product stan-
dard’, the designation was determined with the respective layer thickness and the letters “/” for lon-

gitudinal layers (longitudinal direction) and “w” for transverse layers (width direction).

Figure 2-14 shows examples for element build-ups with their designation.

CLT150L5s

CLT210L7s

Figure 2-14: Cross-section variants

' EN 16351:2013.

CLT240L7s-2
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3 Basic principles of calculation

As the basis for structural design, the European safety concept is represented here with its basic
principles and in a condensed form. As an estimate, secured data are given in order to enable
checks and manual approximate dimensioning.

3.1 Design concept

The Eurocodes are issued with uniform contents across Europe. National annexes (NAD) serve mak-
ing country-specific determinations for specific paragraphs, characteristic values and factors and
respective amending of the contents. For dimensioning and design of timber structures, the Euro-
pean standard ONORM EN 1995-1-1, and additionally the national annex (for Austria, for example,
ONORM B 1995-1-1) must be applied. For clear reference to a particular issue of a standard docu-
ment, it's year of issue is added - for example ONORM EN 1995-1-1:2008.

The objective of any structural design is the verification against the occurrence of undesired limit
states. These are loss of static equilibrium (e.g. lift-off), exceeding of the load-bearing capacity or
serviceability. Safety factors for impacts as well as resistances are determined against the occur-
rence of these limit states.

3.1.1 Characteristic values of impacts

Cross-laminated timber has been generally approved for static and quasi-static impacts. All impacts,
as, for example, dead loads, live loads, snow loads or wind loads, are stated as characteristic values
in the respective parts of Eurocode 1. Characteristic values of impact are obtained from measure-
ments and load models and, within a reference period (normally 50 years), are exceeded in only 5 %
of all cases (95 % fractiles).

Characteristic value of impact: E,

3.1.2 Design values of stress

In the verifications, the stress on the structural elements has to be analysed, wherein effects and
impacts are observed. Each limit state is allocated a design situation with associated combination
rules. The characteristic values of impacts are provided with partial safety factors and combination
coefficients and added up for unfavourable conditions.

The partial safety factors are y, for permanent impacts and y,, for variable impacts. The coefficients

) to be applied for the various limit states are listed in Table 3-1. Using them, variable impacts may
be reduced, for example, if they act in an accompanying fashion together with a leading variable im-
pact. The coefficients depend on the respective load type, are determined in EN 1990 and stated
here in Section 3.3.

The combined sums of impacts, afflicted with safety factors, in predetermined design situations re-
sultin the

Design value of impact: E,
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Table 3-1 Design situations and combination coefficients

Coefficients
q’o tl)1 l|)2
Limit states
Loss of static equilibrium Rare or témpgraw ExFraor'dina'ry
(EQU), design situation design situation
Load-bearing capacity Verification of the load-bearing capacity Verification of the load-bearing capacity
(ULs) in the event of fire or earthquake
Characteristic Frequent Quasi-permanent

Serviceability (SLS) design situation design situation design situation

Avoidance of damage - Appearance

3.1.3 Characteristic values of strength

The resistance of cross-laminated timber elements depends on their build-up and the material
strength. The characteristic values of strength f, are obtained from standardised materials testing

or derived from known relations between various material strengths, and normally are those values,
which are undercut by 5 % of the samples only.

Characteristic value of strength: R,

3.1.4 Design values of resistance

On the materials side, the partial safety factor y,, is used. In addition, for timber strengths, the in-

fluence of load duration and timber moisture is considered with the modification coefficient .,

Design value of resistance: R,

3.1.5 Verification

The demanded structural safety is achieved, when it can be demonstrated within the scope of verifi-
cations, that the respective design value of stress is smaller than or equal to the respective design
value of resistance.

Verification: £, <R,

The exemplary quantity value of an impact is shown in the bar chart in Figure 3-1 on the left, and the
resistance value on the right. The characteristic values are respectively shown on the outside, and
the design values used for verification on the inside.

In the German-speaking area, the safety factor from characteristic value to design value for impacts
as well as for resistances lies below the value of 1,50. The entire safety distance between the charac-
teristic values lies at about 2,25 to 2,50. This corresponds to the safety level of the old deterministic
safety concept, as shown in the second chart on the right. This comparison of the safety concepts
with coarse standard values and simplifications serves understanding and limitation and is not in-
tended for general static verifications.
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0y~ Concept

New safety concept
i f
A o
<150 ig?J:derlstlc s
+~2.50
~2,25 fd
o4 -
*~1,50 g Design value
Design value
Ozl
1 Ok Ovorh Y
characteristic
value
of imqact of resistance
Verification:
Oy < fy Ovorh < Oyl
. <fk & *
(YG ' YQ }Uk = kmod k

Ym

Figure 3-1: Characteristic values and design values with rounded partial safety factors

3.1.6 Design value of impact (load-bearing capacity)

Ey= ZVG EoiktVq Eqix* Z% Yo Eqik B0
Estimate:
E,=~15-E,
3.1.7 Design value of resistance (load-bearing capacity)
R
Ry =Koy —- (3.2)
d d Vim
Estimate:
~ R
715

In the present guideline, the resistances for cross-laminated timber are stated as design values
(v, =1,25) at a medium load duration (k.4 =0,8 in utilisation classes 1 and 2). For deviating load du-

rations, the factors according to Table 3-7 on page 24 must be applied. Deviating national determi-

nations must be observed.
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3.2 Characteristic building material values

Cross-laminated timber has been accepted as a construction product on the basis of technical ap-
provals and is not standardised. The characteristic building material values from the technical ap-
provals lie within certain ranges of variation, as stated in the following tables. In the present guide-
line, secured values were determined and are shown underlined. For static verification of a building,
the exact values from the respective approvals are decisive.

3.2.1 General characteristic building material values

Table 3-2 General characteristic building material values

Suggested
design values

Density 5
(for load assumptions) y 550 kN/m
Characteristic minimum

3
value of bulk density Pi 400 kg/m
Mean bulk density Prmean 450 kg/m3

3.2.2 Characteristic building material values for panels

Table 3-3 Coefficients of stiffness for cross-laminated timber upon use as a panel

Suggested
design values

Modulus of elasticity E ,
(normal stresses) O.mean 11.000 N/mm

Eo,os 9.160 N/mm?2
Modulus of elasticity

. E9O,mean 370 N/mm?2

(transverse to fibre)
Shear modulus Go, mean 690 N/mm?2

Goos 570 N/mm2
Rolling shear modulus G mean 50 N/mm?

! in EN 338:20009.

pmean

2 ONORM B 4010.

* EN 338:2009. The bulk density is normally stated for solid wood without consideration of the homogenisation

effects of cross-laminated timber.

4 BlaR und Uibel (2007)
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Table 3-4 Coefficients of strength for cross-laminated timber upon use as a panel

Suggested
design values fy

for kyyoq = 0,80 and yp,, = 1,25

Flexural strength’ Jia 15,30 N/mm?
Tensile strength ft,O,d 9,00 N/mm2
Compressive strength fog 1340 N/mm?

in direction of fibre

2:::;;3 mpressive fsoa 1,60 N/mme
Shear strength fv,d 1,60 N/mm?2
Rolling shear strength? fv,R,d 0,70 N/mm?
Torsional strength fo,r,d 1,60 N/mm?2

For deviating values of k,,,4 see Table 3-7. For deviating values of y,,, see Table 3-9.

3.2.3 Characteristic building material values for upright plates and
girders

The following characteristic material values apply to upright plates and girders made of cross-
laminated timber, in which the layers under stress consist of continuously finger-jointed board lay-
ers, as is normally demanded in the product approvals.

Table 3-5 Coefficients of stiffness for cross-laminated timber upon use as a plate

Suggested

design values
normatsressan | Fomen 1000 N
Eoos 9.160 N/mm?2
Shear modulus Go, mean 690 N/mm?
60'05 570 N/mm?2

For universally finger-jointed cross-laminated timber elements, the flexural strength for stress upon use as a

panel stress must be reduced by 25 %.

® The characteristic compressive strength transverse to the fibre is stated in EN 16351:2013, Section 5.1.5 with

feo0k =3 N/mm2 for all types of wood, if no test results are present.

* Attention! Shape and processing of the board layers decisively influence the rolling shear strength. Therefore,
here, in particular, reference is made to the product approval.

If the boards are edge-glued or if, with missing edge gluing, a minimum width to thickness ratio of 4:1 is com-
plied with, then, according to EN 16351:2013, Section 5.1.5, a characteristic rolling shear strength of 1,170 N/mm?

may be applied, otherwise 0,70 N/mma2.
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Table 3-6 Coefficients of strength for cross-laminated timber upon use as a plate

Suggested
design values fy

for k04 = 0,80 and y,,, = 1,25

Flexural strength fm,d 15,3 N/mm?2
Tensile strength’ froa 9,0 N/mm2
Compressive strength froa 134 N/mm?

in direction of fibre

Lateral compressive

1,6 N/ 2
strength fc,90,d mm

Shear strength of the

plate fv,s,d 3,2 N/mm?
(Mechanism 1)

Torsional strength of the

glued joints fv,r,d 1,6 N/mm?
(Mechanism 2)

Shear strength .
(Mechanism 3) Foa 1,6 N/mm
Rolling shear strength® fura 07 N/mm2

For deviating values of k,,,4 see Table 3-7. For deviating values of y,,, see Table 3-9.

3.2.4 Conversion by load duration

Table 3-7 Factors for design values by load duration in utilisation classes 1 and 2

Load duration | KLED permanent long medium brief

Factor un 0,75 0,88 1,00 1,13

3.2.5 System coefficient

very brief

1,38

By gluing, several boards of one layer are linked up in parallel. Load distribution takes place via sev-
eral structural elements simultaneously, which is why the element resistance may be increased with

For universally finger-jointed cross-laminated timber elements, the flexural and tensile strengths for stress

upon use as a plate must be reduced by 30 %.

2 Attention! Shape and processing of the board layers decisively influence the rolling shear strength. Therefore,

here, in particular, reference is made to the product approval.

If the boards are edge-glued or if, with missing edge gluing, a minimum width to thickness ratio of 4:1 is com-

plied with, then, according to EN 16351:2013, Section 5.1.5., a characteristic rolling shear strength of 1,10 N/mm?

may be applied, otherwise a rolling shear strength of 0,70 N/mma2.
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the system coefficient k,,, due to static effects compared to the board strength.” With application of

sys

a high average board width of 25 cm, for elements with a width from 100 cm, k,, =1,08 results, and

from 200 cm, k

sys

=1,20. The increase in strengths with k.. only applies with parallel stressing of

sys

several boards, like with normal and bending stresses, however, not if only one board is subject to

sys

rolling shear.

For narrow elements with a width of less than 25 cm, a reduction by k., =0,90 is recommended.

sys

ksys
1,20 1-=
1,10
1,08 |-
1.00 - - - - - - ~ Number of boards subject to stress
1 2 3 4 5 6 7 8 9 10
(b=1m) (b=2m) (element width)

Figure 3-2: Relation between number of boards subject to stress and Ky

' EN 1995-1-1, Section 6.6.
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3.3 Coefficients for impacts

In Table 3-8, all coefficients required for structural design are stated for various load categories. The
partial safety factors y apply to the ultimate limit states. The modification coefficients for load dura-
tion kmoa, Which in the verification equation are on the materials side, correspond to the values for
plywood according to EN 1995-1-1:2009. The combination coefficients are taken from Tables A.1.1.
and A.1.2. of EN 1990:2003. The respective class of the load duration KLED was taken over from
DIN 1052:2004, Table 4.

Table 3-8 Load categories and associated coefficients

Load Kimod
ab- NKL
Group Category bre- | Youp | Vins | KLED | 1,2 o | s | Y,
via-
tion
Permanent loads G |1,35|1,00 | permanent| 0,60 -
Live loads in A: Living areas NA medium
S . 0,80 0,50 |0,30
building construction | g: Office areas NB medium
0,70
C: Accumulations of people NC brief 0,90
0,70 {0,60
D: Sales areas ND medium | 0,80
E: Storage and industrial utilisation NE |1,50| 0,00 long 0,7011,00| 0,90 | 0,80
F: Traffic and parking areas (light) NF medium 0,70 | 0,60
0,8010,70
G: Traffic and parking areas (medium) NG medium 0,50 10,30
H: Roofs NH brief 0,00} 0,00 |0,00
0,90
Balconies, accesses, etc. N1 brief 0,70} 0,50 | 0,30
Snow loads in Locations above 1.000 m above sea level | S1 medium |0,80/0,70! 0,50 | 0,20
buildi ) 1,50 0,00
uilding construction Locations below 1.000 m above sea level | S2 brief 0,900,50| 0,20 | 0,00
Wind loads in ]
w 1,50 0,00 brief 0,90/0,60| 0,20 | 0,00

building construction

! Except for this value, the table in DIN 1055-100:2001 is identical. There, {4 = 0,50.
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3.4 Partial safety factors on the resistance side

The partial safety factors on the resistance side may be determined nationally and must be ob-
served in any case. Table 3-9 states the partial safety factors for some countries in an exemplary
fashion.

Table 3-9 Partial safety factors

Building material or Ym
structural element, resp.

Solid wood
EN 1995 1,30
AT, DE, GB 1,30
IT 1,50

Glued-laminated timber

EN 1995 1,25
AT, GB, FR, ES 1,25
DE 1,30
T 1,45

Cross-laminated timber

EN 1995 -
AT, GB 1,25
DE, FR, ES 1,30
IT 1,50
Connections 1,30

3.5 Deformation coefficients

The creep deformation depends on the utilisation class and can be determined with k,, according
to Table 3-10 by multiplication of the initial deformation in the quasi-permanent design situation

Winst,qp :
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Table 3-10 kg for solid wood, glued-laminated timber and cross-laminated timber

kqes for utilisation class
Building material
1 2 3
Solid wood
0,60 0,80 2,00

Glued-laminated timber

) ) 1 not
Cross-laminated timber 0,80 1,00

approved

Wcreep = kdef 'Winst,qp (3.3)

' This determination is based on analyses of TU Graz (Graz University of Technology). See Jébstl und Schick-

hofer (2007).

Determinations made in other documents are:

Building material kqes for utilisation class

1 2 3
Plywood according to EN 1995-1-1:2009 0,80 1,00 2,50
laminated timber according to DIN 1052:2008 0,60 0,80 -
laminated timber TU Graz 3 to 7 layers 0,80 1,00 -
laminated timber TU Graz more than 7 layers 0,85 1,00 -
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4 Cross-sectional values

The calculation of cross-sectional values as a basis for limit state verifications is discussed in the fol-
lowing chapter.

If there is a dominating direction of load distribution, cross-laminated timber elements may be
treated as panel strips. For that, the cross-sectional values for a uniaxially stressed (normally one
metre wide) beam are determined. The verifications in the ultimate limit states may be analysed
with net cross-sectional values without considering shear flexibility, while for the serviceability limit
states, shear flexibility must be considered via effective cross-sectional values (for example accord-
ing to the Gamma method).

In cases deviating from uniaxial load distribution - as for example point support, angular support,
openings, local subarea loads and the like - the biaxial load-bearing effect of the panel must be con-
sidered. For that, the two most common models grillage and orthotropic panel are discussed.

Concludingly, the cross-sectional values for cross-laminated timber as a plate are stated.

The general determination applies, that the modulus of elasticity of the boards transverse to the
fibre is assumed with £4,=0.

4.1 Beams - Net cross-sectional values

In the following, the determination of the cross-sectional values for the main direction of span 0 is
demonstrated. If needed, the cross-sectional values for the ancillary direction of span 90 are deter-
mined analogously. Then, the transverse outer layers are not considered.

a T
1 t
1,2 a, Z,
—_——— ¢ ____._._,\.VT“_ _____ ._—__
23 0'3 Zu

Figure 4-1: Symmetrical cross-section: designation of layers and dimensions
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4.1.1 Centre of gravity

For structural design in the cold state, for symmetrical element build-ups, the position of the centre
of gravity is determined with the axis of symmetry. For unsymmetrical cross-sections, as resulting
due to different strength classes, glued-on timber-based materials, reductions in cross-section or
following charring, the position of the centre of gravity shown in Figure 4-2 must be determined as
follows:

1. For cross-sections from layers with different moduli of elasticity: choose reference modulus

E..
2. Determine the position of the centre of gravity o, of the individual layers from the element’s

upper edge.

3. Calculate the overall centre of gravity:

(4.1)

4. Determine the distance of the centre of gravity a; of the individual layers from the overall
centre of gravity S:

0;=0;—Z (4.2)

Q
—

%2 |2 s __ ] R N
T+
2 C x
o z
3 23 a; !
3

Figure 4-2: Unsymmetrical cross-section: Designation of the cross-sectional dimensions and basic repre-
sentation of the stress curves

N Number of longitudinal layers
4.1.2 Area
n EI
Ao et = ;E_' A Area (net) (4.3)

C

4.1.3 Section Modulus

I 0,net

— et Section modulus (net) (4.4)
max{|z, ||z, |

WO,net =

With the net moment of inertia

n E. b d3 n
lolnet= EI 2 +z Eip. d-a? (4.5)

2y = Zg oottt Distance of the top edge fibre to the overall centre of gravity
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2, =d =|zg| oo Distance of the bottom edge fibre to the overall centre of gravity

The following applies to the determination of stresses:

.M
- E/ . yd (46)

O' =
m,d
Ec WO,net

4.1.4 Static moment

The shear capacity is generally determined by the rolling shear strength of the transverse layers.

The associated static moment is

my
Sko.net = Z%bd e PN Static moment (rolling shear) (4.7)

My e Index of that longitudinal layer closest to the position of the centre of gravity -
as seen from the top edge of the cross-section.

For reasons of equilibrium, the shear stress in the transverse layers is constant, as shown in
Figure 4-2.

Note: For elements with cross-section build-ups stacked in a special fashion or with different
strength classes, the shear failure can be determined from the shear strength of the longitudinal
layer closest to the centre of gravity and not from the rolling shear strength of the transverse layer
closest to the centre of gravity. The associated static moment must be determined as follows.

If the centre of gravity is located in the affected longitudinal layer:

d. Y
L, 2 %
Sonet =ZE—'~b-d,~a,+b~T ..... Static moment (shear) (4.8)
i=1~c
O veeveerreeneenens Distance of the centre of gravity in the layer including the centre of gravity
2 TR Thickness of the layer including the centre of gravity

If the centre of gravity is not located in the affected longitudinal layer:
kg
Sonet = Z%ba’, “O; s Static moment (shear) (4.9
i=1 "¢
K| oo Index of the longitudinal layer closest to the centre of gravity as seen from the

top edge of the cross-section

4.1.5 Radius of inertia

For structural elements with a risk of buckling, the influence of shear flexibility must be considered
for the verification against buckling from the element plane. This can be considered with the effec-
tive moment of inertia /,, according to 4.2. (Gamma method). Then, the buckling length ¢,, must be

assumed as the reference length ¢, .
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/
i = fo—ef .......................... Effective radius of inertia (4.10)
' AO,net

Buckling about the z-axis must only be considered for very narrow wall columns with a column
width h<3,50-i,,, .

4.1.6 Torsional resistance

The torsional resistance of cross-laminated timber depends on the cross-section build-up and the
element width and was discussed by Silly (2010).

The moment of torsional resistance of homogeneous rectangular cross-sections is

2
w, =4 9dh @.11)
G 3

with the factors

5
c =1—o,63.1+o,052- d (4.12)
! h h

3
oss (4]
CG=l-—-—=— (4.13)

2 3
d
’] -

(h)

Upon using cross-laminated timber as an upright girder, with a risk of tilting, the torsional moment
of inertia of the gross cross-section, which is considered homogeneous, can be approximately used
with reduction of the torsional stiffness according to silly (2010).

3
Ireir = 0,651 =0,65-¢ d_h (4.14)
5
G =1—O,63-%+0,052-(%j (4.15)

4.1.7 Polar moment of inertia of glued surfaces

For design with shear stress in the element plane (plate), different failure mechanisms according to
Section 5.8 are considered. An associated cross-sectional value is the polar moment of resistance of
the glued surfaces.
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Polar moment of inertia

The polar moment of inertia applies to linear stress distribution of the torsional shearing stresses
from the centre of the rectangular glued surface up to the outer edge. The polar moment of inertia
I, is slightly larger than the torsional moment of inertia I, since upon torsion of members, the

shearing stresses are not linear.

a,-a3 a-a
| =p 4+, =019 00 416
PO 12 (4.16)

a,

M

For square intersection areas

4
a

=L 4.17
c (4.17)

p

o TTTOT SRR Assumed board width. Normally, a mean width of a = 80 mm is assumed (also
see Section 5.8).

Polar moment of resistance

For determination of the torsional shearing stresses in the glued intersection areas, the polar mo-
ment of resistance is required.

In general,

w, =2 (4.18)

For square intersection areas results

W= (4.19)

4.2 Beams - Effective cross-sectional values

As described in the introduction, the influence of shear deformations on the overall deformation
must be considered. In the present guideline, the Gamma method is used for that, and the shear
deformation is considered in a simplified manner via an increased bending deformation. Thus, con-
trary to the pure flexural stiffness of the net cross-section £/, , an effective moment of inertia /,, is

used for calculation.
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The Gamma method according to Eurocode 5

The formulas for the Gamma method were edited in Eurocode 5' such that they can be applied un-
changed for cases with two as well as three longitudinal layers. Theoretically, in both cases, the sec-
ond longitudinal layer from the top is retained, as shown in Figure 4-3 with a thicker edge. The adja-
cent layers are flexibly linked to it and their respective Steiner portion reduced by a Gamma value
depending on the span. For cross-sections with two longitudinal layers, the associated formulas re-
sult in unsymmetrical intermediate results.

1 \ d, 1 d,
1,2 a, dq; 1,2 a; dq,

2) ——— —— + d; ——H2———— T ———— + d,
25 2 aj d, -

3 ds

1 1
"= ) ; (4.20)
1+7T 'EI'AI. d1,2
mez b'GR,12
1
e [
Y3 = L {%} (4.21)
,|+TT2~E3-A3. da3
ﬂ,,efz b.GR,23
Y1 Ep d, [ﬁ*'du"'%j_y_%‘% b-d (d**'dzs*'ﬁj
S — (4.22)
Zylilb dr
i=1 C
o = [%ﬂfm +%j_az (4.23)
o= [% 4 %} ra, (4.24)
LE bd} & E
0,ef P EC 12 +;yl EL- i al ( )

' EN1995-1-1, Annex B: Flexibly connected flexural members.
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Assumption of the reference lengths:

Single-span girders: ¢, = ¢

min = 0'S'Qmin

Continuous girders: ¢ ., =%€

Cantilevers: Lop =24
Buckling members: ¢, =¢,;

The modified Gamma method

For cross-sections with more than three longitudinal layers, i.e. seven- or nine-layer build-ups, the
modified Gamma method must be applied, as stated in Annex A.1.

Alternatively, shear deformations can be considered via a shear-flexible, layered beam according to
Timoshenko, as described in Annex A.2.

4.3 Biaxial load-bearing effect of panels

As mentioned in the introduction, upon deviation from the outline conditions for uniaxial load dis-
tribution, the biaxial load-bearing effect of panels must be considered. In the following, suitable
models with respective stiffness values to be applied are described in order to determine internal
panel forces from the impacts. Since the determination of stresses considering the individual layers
is not included in the models described, it is recommended to perform the verifications in the ulti-
mate limit states at internal force level.

4.3.1 Orthotropic panels with effective thicknesses

The effective moments of inertia in both directions /.. =/, and I, =ly . are determined and re-

vef =
calculated into effective panel thicknesses d, ., and d, ;.

Orthotropic panel - Thickness

dx

dy.l

Figure 4-4: Substitute thicknesses for orthotropic panels
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Cross-sectional values - Biaxial load-bearing effect of panels

12-1
=3 Z o
d,er 100 (4.26)
121y,
I T (4.27)
Toef =1y ef weeemeemememnennenne Moment of inertia about an axis transverse to the main direction of load-

bearing capacity [cm“]
Iog,ef = lyef weesemeeneeeunenne Moment of inertia about an axis transverse to the ancillary direction of load-

bearing capacity [cm“]

In most EDP programmes, the torsional stiffness of the panel is recalculated from the flexural stiff-
nesses as follows:

Elo,ef 'E/90,ef
Ky, s (4.28)
Therewith, the torsional stiffness for cross-laminated timber is estimated too high. From a scientifi-

cally safe point of view, reduction of this torsional stiffness recalculated from flexural stiffnesses to
about 50 % for three and to 25 % for five layers is recommended.

kachining of the orthotropic surface @

At surface Mo,

Orthotropic suface
[1

Tywpe of Definition

= Yiathickness © Rigid

o Viastifness © Cougling
rmatrix

Parameter

Direction of

orthotropie B[ 9000 [

1.00

Here f=0°

Thickn ]CD efficients]

In x-direction Torsional stifness

Material: |3-CLT cross lamtim = | Q4| (3| 0| Effect B0 1%
thickn 13.88 = =] fom]

In y-direction

Material: |3-CLT cross lamtim | (| | B

thickn B.SSvE[ [cm]

Carmment
| =%
@ E 0K | Cancla |

Figure 4-5: Input of substitute thicknesses in two directions’

' Programme system RFEM, Dlubal GmbH.
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Cross-sectional values - Biaxial load-bearing effect of panels

4.3.2 Orthotropic panels with direct statement of stiffnesses

0° ; X
" /_/
- % n"x =]
my, y 0
el
I | Cm 1 I -
i I “ y i 1 Vy z
o~ y
fy=1 My, x Yz
4 y 190 Om,0,d
z
Om, 90, d

Figure 4-6: Designation of axes, internal forces and stresses

On the basis of the Timoshenko beam with the shear correction coefficient according to Annex A.2.,
the stiffnesses of shear-flexible panels can be determined independent of the static system with
cross-sectional values in both directions (according to Reissner-Mindlin).

The individual stiffnesses are calculated as follows:

E - . . . .
Ky, =Dy q =2 _ONEL [ oeeeeeeerreennes Flexural stiffness in x-direction [kNm2/m]
(v V)
Normally K, =D; 1= Eq mean 1o IS @Ssumed.
E . . . . .
K, =Dy, =—2mean SONEL i, Flexural stiffness in y-direction [KNm2/m].
' (1-vva ~vy,X)

Normally K, =D, , = Eq mean loo ¢ IS @ssumed.

Ky =Di5=D51=Vyy Vyx Ky Ky o, Influence on the bending moments by transverse expan-
sion [kNm2/m]. Normally K, =D, ,=D,,=0 is assumed.
Vyy 1 Vyx semmsemsesesssssssisssissssssssssssnsesns Coefficients of transverse expansion of timber.
Normally v, , =v,, =0 is assumed.
n b-d* . : ,
Kyy = D33 = Kiors * Go mean g s Torsional stiffness [kKNm2/m]
Kiors = 0,65 teveeies toreeienienieneenieniesieeneneens Reduction factor for reduction of torsional stiffness’
S,=D,,= ! Gy mean * Ao pet eevereessenseneens Shear stiffness upon stress by v,, [KN/m]
T Ko, ' :
S, =Dss = ! Gy mean * A0 et +eeereeeenens Shear stiffness upon stress by v,, [kN/m]
" Ko, ' '
Koz weeeeseseennnenes Shear correction coefficient according to Annex A.2. upon consideration in the
direction of the top layers
Kog,z weeseseseseseseas Shear correction coefficient according to Annex A.2. upon consideration trans-

verse to the top layers

! Silly (2010). Without cracks, first a factor of 0,80 is assumed. Considering cracks, the factor 0,65 is recom-

mended.
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Cross-sectional values - Biaxial load-bearing effect of panels

The stiffness matrix then is

D, D, O 0 O
D,, D, 0 0 0
Coy=| O O D33 0O 0
0 0 0 D, O

0 0 0 0 D

and the relation between forces and displacements is

99
ox
m, _a¢x
m, 2 aya
?
mxy = CPane/' a_; a;
Vx au, .
Vy ox ¢y
au,
oy 78

One example for input via a user interface is shown in Figure 4-7.

tachining of the orthotropic surface @
Atsurface No
1]

Type of definition
~Wiathicknesses  Rigid

Orthatiopic Suiface

@ Wiastiffness

J " Coupling
natrix

Parameter
Direction of

orthotropy B[ 9000-5]] [

1.00

Thick-  Coefficients |

Bending portion

D11 | 24500004 [kNm] D23 [ 185000 kNm]
D2z [ e4a000=]] pehiml D44 [ 119620000 fehism]
o1z [ 00000 [khm] D55 | BE3Z000-]H [kh/m]

Membrane portion

d11: |1526800.00-% [kNm] 412 0.000-% [kNm]
d-22; |1526800, UUE: j [kMAm] 33 95772.0003: j [kMAm]
Comment
[ -l =

Figure 4-7: Input of the coefficients of the stiffness matrix for panels
(software package RFEM, Dlubal GmbH)
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Cross-sectional values - Biaxial load-bearing effect of panels

4.3.3 Orthotropic panels - Verification

As described in Section 4.3, it is reasonable to perform the load-bearing capacity verifications for

panels at the internal force level. Designations of the internal forces can be retrieved from
Figure 4-6.

Stress in sections transverse to the top layer (main direction of load-bearing capacity x)

Bending moments

My sa <Mypy (4.31)
Mgy womrmrnminannenns Design value of impact (bending moment per running metre) [kKNm/m]
Mgy wevevernnnnnns Design value of resistance (for a one-metre strip) [kKNm/m]

mypa = WO,net 'fm,d

Lateral forces

Vx,z,S,d < Vx,z,R,d (432)
Vi, g woerreemnenenes Design value of impact (lateral force per running metre) [kN/m]
V) gy eeeeeeeseenenes Design value of resistance (for a one-metre strip) [kN/m]
I} -Tm
Vyzrd = O:Snet 'f\/,Rd
R,0,net

Stress in sections in the direction of the top layer (ancillary direction of load-bearing ca-
pacity y)

Bending moments

Mysa <Mypg (4.33)
M5y woneneeeensenens Design value of impact (bending moment per running metre) [kNm/m]
Mypg eeeneeeensenens Design value of resistance (for a one-metre strip) [kKNm/m]

my,R,d = W90,net 'fm,d

Lateral forces

Vy25d <Vyz2rd (4.34)
Vi s weemeeneeneenens Design value of impact (lateral force per running metre) [KN/m]
ViysRd weeeeeeseesees Design value of resistance (for a one-metre strip) [kN/m]

log pet - 1M
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Cross-sectional values - Biaxial load-bearing effect of panels

Torsional stress

Myysd S Myyrd (4.35)
My s weeneeneeeens Design value of impact (torsional moment per running metre) [kNm/m]
My R eeeeeeneeeens Design value of resistance for torsion (for a one-metre strip) [kNm/m]

mx,y,R,d = WT,net 'fv,d

4.3.4 Grillage models

For calculation with a grillage model, cross-laminated timber is divided into a grid of members. De-
pending on specifications in the product approvals, which mostly refer to a rod-shaped standard
element, a grid with the width of this reference member (normally 40 cm or 80 cm) is recom-
mended. The grillage has to be modelled such that the supports are arranged along the outer edge
of the element at a distance of half the grid size b. Only then the stiffness of the edge girders is
modelled correctly.

In the grillage model, the influence of the relatively low torsional stiffness of cross-laminated timber
is mostly neglected entirely. This normally results in slightly larger deflections and no lifting forces
occur in the corners, as they prevail with torsionally stiff panels.

Grillage b/2

Figure 4-8: Grillage model

Shear deformations are normally considered via the effective moments of inertia according to the
Gamma method. Determination of the reference lengths takes place according to the beam model
with assumption of a reference length described above - which restricts application to simple static
systems. For continuous and projecting systems, in a first approximation, the lowest stiffness may
be chosen for the smallest reference length to be assumed.

/
oer = /g"’ss for members in parallel to the top layer
0,ef
/
oo of = /g"’ss for members transverse to the top layer
90,ef

Note: Upon automatic determination, definition of the grillage cross-sections via effective element
heights results in a lower dead weight of the panel. Therefore, the dead weight has to be defined as
a permanent superimposed load.

As an alternative to shear-rigid members, a grillage of shear-flexible members may be used. Then,
shear flexibility can be considered via a cross-section with a respective shear correction coefficient
(according to A.2.) independent of the support conditions.
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Cross-sectional values - Biaxial load-bearing effect of panels
Results of the grillage calculation are deformations and internal forces in the panel strip. The verifi-

cations of load-bearing capacity must be undertaken with the net cross-sectional values according to
Chapter 4. with the width b of the grid division.
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Cross-sectional values - Plates

4.4 Plates
4.4.1 Shear stiffness

According to silly (2010), upon stressing as a plate, the shear stiffness of cross-laminated timber must
be reduced compared to homogeneous material.

1

Gs mean = 7 5 Go.mean = 0,75 Gg mean (4.36)
1+6.g %2 |
d -0,77
g =0,32 [%j (4.37)
Oregn +eeverreereenees Average board thickness of the cross-section considered
o IR Assumed board width (150 mm is recommended)

The shear stiffness of the plate results in:

G-A =G A (4.38)

S,mean " gross

4.4.2 Plates as orthotropic elements

0° ’ X

/ AX=AU,neI
Ny

Ay=A
y y = 90, net Co, d
Go.a

Figure 4-9: Internal force and designations for orthotropic plates

For calculation of cross-laminated timber plates, orthotropic finite elements can be used; the behav-
iour of the plate can also be defined via the stiffness matrix. The individual components of the stiff-
ness matrix are

Dy =01 1= Eq mean - Aonet weeeeeeeeesssssnsnsnnninnn. Extensional stiffness in the x-direction
Dyy =0y =V Dy o, Influence on the longitudinal forces by transverse expan-
sion

Normally D, , =d,,=0 is assumed.
Dy =0y 5 = Eqmean Ao pet +eeeeseesessssssnsensnens Extensional stiffness in the y-direction
D= d3,3 = GS,mean 'Agross =~0,75- GO,mean 'Agross

Shear stiffness according to 4.4.1.
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Cross-sectional values - Plates

The stiffness matrix of the plate then is

d1,1 d1,2 0
Coigte = | a1 dz,z 0 (4.39)
0 0 d3,3
and the relation between forces and distances is
au,
x a?j(
Nyt =Copey  —= (4.40)
y Plate ay
an aux E)uy
ad  ox

One example for input via a user interface is shown in Figure 4-10.

Machining of the orthotropic surface (5]

At surface Mo,

Dithotropic surface

" Via thicknesses " Rigid

(* Viastiffness matix ~  Coupling

Parameter
Direstion of S
athotropy B 0 003 : [1

1.00

Thick-  Coefficients |

Bending portion

DAt 53657 ¥| [kNm]
o2z [ 20135202 kil
Dz 0000=]Y] [kNm]

Membrane portion

11 SBUDUUUDUElC : [kM/m]
422 44UUUUUUUE|: : [kM/m]

D3z [ 17 Es = kMm]
D44 | 23000.000=]v] ki)
D55 | 74750.000=]0] [kh/m]

a1z UUDUE': : [kM/m]
433 BZEUUUUUE': : [kM/m]

Commernt
[ =]

Figure 4-10: Input of the coefficients of the stiffness matrix for plates
(software package RFEM, Dlubal GmbH)
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Cross-sectional values - Plates

4.4.3 Plates as orthotropic elements - Verification

As described in Section 4.3, it is reasonable to perform load-bearing capacity verifications for plates
at internal force level. Designations of the internal forces can be retrieved from Figure 4-9.

Axial forces in sections transverse to the top layer (main direction of load-bearing capac-
ity x)

Nysd <Nyra (4.41)
Ny g wemmnnnnanannns Design value of impact (axial force per running metre) [kN/m]
Ny g wevevernnnnnnaenns Design value of resistance (for a one-metre strip) [kN/m]

with tensile stress: n ., = Ay et - fio g

with compressive stress: n ., = A et - foo.4

Axial forces in sections in the direction of the top layer (ancillary direction of load-bearing
capacity y)

Nysa <Nyra (4.42)
NG wneeneneenseeens Design value of impact (axial force per running metre) [kN/m]
Ny woeeseseeeeeens Design value of resistance (for a one-metre strip) [kN/m]

with tensile stress: n, ;= Ay et * fro,4

with compressive stress: n, ;= Ay pe * fo0,4

Lateral forces

Neysd < Myyrd (4.43)

Design value of resistance (for a one-metre strip) [kN/m]

For verifications of plates subject to shear, see Section 5.8, page 57.
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Ultimate limit states - Design situation

5 Ultimate limit states

5.1 Design situation

In the ultimate limit state, it must be verified that, at any point, the design value of stress is smaller
than the design value of resistance, as described in Section 3.1 Design concept. Beside the cross-
sectional load-bearing capacity at stress level, stability failure, like buckling and tilting, and fasteners
must be analysed in the ultimate limit states.

Design situation

Rare design situation:

Ey= ZVG G ® Yo Q@ Zyo,i Yo Qs (5.1)
=1 1
Verification
E, < R,
Ed < kmod /y?_k (52)

Table 5-1 Partial safety factors in the ultimate limit state

unfavourable, | favourable,
Static equilibrium destabilising, stabilising

(superior) (inferior)

Permanent impacts
yG,sup =1 '35 yG,inf = 1'00

(dead weights, permanent superimposed loads)

Leading variable impacts
yQ,sup = 1'50 yQ,inf = O'OO

(live loads, snow, wind)
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Ultimate limit states - Tension in the element plane

5.2 Tension in the element plane

L N =
5.2.1 Tension in the direction of the top layers Yo
ﬁ
N,
Ood = fioa No
(5.3)
Nog K oow
AO,net < I(mod I(sys N
Koys wovnnnnnnnnnannns System coefficient according to Section 3.2.5
T 0404
- T
l Nod l Nog
= . A0, net
L L

b

Figure 5-1: Tension in the direction of the top layers
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Ultimate limit states - Tension transverse to the element plane

5.2.2 Tension in the direction of the transverse layers

Orod < frod

54
N90,d < ) ) ft,o,k ( )
= d
A90,net e ¥ Ym
B [ - S
—_—
l Noo,q Noo,q
s L2 A 90,net
*
b

Figure 5-2: Tension in the direction of the transverse layers

5.3 Tension transverse to the element plane

Upon connection of tensile forces transverse to the element plane, the low
transverse tensile load-bearing capacity must be observed. Best suited are
connections, with which the force is transferred through the element and load
application takes place under pressure on that side of the element facing away
from the tensile force.

Connections subject to tension must be analysed in the individual case.

| |

Figure 5-3: Design suggestions for suspending loads

o

~— o ——

N

’ lNJ_

In case of a lower load level, fully threaded screws are suited, which are screwed into the entire ele-
ment thickness, if possible. The connections described are shown in Figure 5-3.
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Ultimate limit states - Pressing of the front faces

5.4 Pressing of the front faces

Compressive forces to the lateral faces are absorbed by end pressing of the board layers running in
the direction of force. For further transfer of locally introduced loads, possible failure mechanisms
due to shearing stress or stability problems must be considered.

5.4.1 Pressure in the direction of the top layers < No
Iy s / o
Mo, fuor (5.5) No
AO,net - mod Vm

Ao et =b-dy e ENd pressing area

[T Ct0,d
T Nod T Nod
RRRRRRRRRS
R
A 0,net
L ] L ]
b

Figure 5-4: End pressing with pressing area of the vertical layers

Note: Load propagation into the element is discussed in Section 11.6 Shear walls.
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Ultimate limit states - Pressing of the front faces

5.4.2 Pressure in the direction of the transverse , Nog
layers — e
Oc0,d < fc,O,d
5.6
Nago,4 < k .fc,o,k (:0)
= “mod
A90,net Ym

Ao net = b-dgg nee ENd pressing area

T Ngo,d

ERRIXXXXZY |

A 90,net
. .

b

0 t90,d

T Ngo,q4

Figure 5-5: End pressing with pressing area of the vertical layers

49



Ultimate limit states - Pressing of the front faces

5.4.3 Pressing transverse to the element plane

IN

O¢90,d fe0d

57
N90,d < k ) fc,90,k (5.7) ¢ TNL
Kego+ Aef mod Ym

/ kC,90=1"90
e ] |

: |

e £ a4

30 30 p—== ¢
/
= Keoo= 140 |

at the edge Aok

30

Figure 5-6: Areas for pressing of the element surface with associated coefficients and
effective contact areas.

Ay Effective contact area upon compressive stress on the element surface

In the direction of fibre of the top layers, the contact length may be increased by 30 mm on

both sides, if at least 30 mm of step joint timber are present (see EN 1995-1-1, Section 6.1.5), as
shown in Figure 5-7.

k.oo  Coefficient for consideration of the outline conditions

To punctiform load application apply the coefficients according to Bogensperger et al. (2011) shown in
Figure 5-6.

k.90 =1,90 For support away from the edge (a>2-d)

k.0 =1,40 For support at the edge and in the corner
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Ultimate limit states - Pressing of the front faces

Figure 5-7: Load application into a ceiling element
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Ultimate limit states - Bending due to panel load

5.5 Bending due to panel load

5.5.1 Bending in the main direction of load-bearing capacity

Mo
om,d < fm,d
5.8 o
Mo,d < k -k . fm,k ( ) —
= mod " "sys [g
Wo, net m MO

Om,d

e e D) (SR, - SR
L

Figure 5-8: Bending in the main direction of load-bearing capacity

5.5.2 Bending in the ancillary direction of load-bearing capacity

O-m d < fm d M
' ' 90
; (5.9) Mo
90,d < k . k . m,k G
= d
W90,net me ¥ m

Figure 5-9: Bending in the ancillary direction of load-bearing capacity
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Ultimate limit states - Bending upon stressing as an upright girder

5.6 Bending upon stressing as an upright girder

5.6.1 Top layer in the direction of load-bearing
capacity

m

4
Mz,d C

dO,ner

Figure 5-10: Bending stress for girders with a top layer in the direction of load-bearing capacity

c)-m,z,d < fm,d

Mz,d < kmod . fm,k
Wz,O,nez ym

D X3
6

z,0,net ~

(5.10)

(5.11)

In that, it is assumed that, as in the currently valid product approvals, the boards of all layers under
stress are connected by finger joints; blunt joints are inadmissible. Reductions in cross-section must

be observed.

Note: With a declining ¢/h ratio, the beam theory assuming linear stress distribution no longer ap-
plies. The tension zone becomes lower, the pressure zone higher. This deviation becomes noticeable
from ¢/h<4 on, atleast from ¢/h=2 it should be considered. Also see Section 11.6 Shear walls.
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Ultimate limit states - Bending upon stressing as an upright girder

zd

5.6.2 Top layer transverse to the direction of load-bearing capacity

cnmd [ 3

d90,net

Figure 5-11: Bending stress for girders with a top layer transverse to the direction of load-bearing capac-

ity

c)-m,z,d < fm,d
MZ,d < k . fm,k

mod

Wz,90,net ym

(5.12)

z,0,net ~

oo - ?
" _2960 (5.13)

In that, it is assumed that, as in the currently valid product approvals, the boards of all layers under
stress are connected by finger joints; blunt joints are inadmissible. Reductions in cross-section must

be observed.

Note: With a declining ¢/h ratio, the beam theory assuming linear stress distribution no longer ap-
plies. The tension zone becomes lower, the pressure zone higher. This deviation becomes noticeable
from ¢/h<4 on, atleast from ¢/h=2 it should be considered. Also see Section 11.6 Shear walls.
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Ultimate limit states - Shear upon stressing as a panel

5.7 Shear upon stressing as a panel

5.7.1 Shear in the main direction of load-bearing capacity

TR, d
by, A

Figure 5-12: Shear in the main direction of load-bearing capacity

Ty pd = fora
5.14
VO,C/ 'SO,R,net < k ) fV,R,k ( )
/O,net b mod Ym

In some cases, equivalent shear areas A, are stated in order to perform the verification of shear

capacity analogously to the rectangular cross-section. The verification equation then is:

v
152 <f ., (5.15)

T,net
In that, A, was recalculated as follows

1,5 lopee - b

Ar,net -

(5.16)

SO,R,nr-_’t

Normally, the rolling shear strength of the transverse layer closest to the centre of gravity is decisive.
For cross-laminated timber elements with special build-ups, the shear strength of the longitudinal
layers must be additionally checked:

fua (5.17)

IN

Ty
VO,d'SO,V,net < k f\/,k

lO,net b mod Ym

Note: Using the crack factor k., is not necessary, since cross-laminated timber is a two-dimensional

element with an interlocked build-up and possible cracks are assumed considered via the product
approvals.
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Ultimate limit states - Shear upon stressing as a panel

5.7.2 Shear in the ancillary direction of load-bearing capacity

Tyra < fura (5.18) v
L o VJ_
V90,d Soornet < . fv,R,k =

k

mod

/90,net b Ym

The comments on shear in the main directions of load-bearing capacity apply accordingly.
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Ultimate limit states - Shear upon stressing as a plate

5.8 Shear upon stressing as a plate Vo
Mechanisms for load-bearing capacity Vao

. . / vao
The suggested failure mechanisms were taken from the current product —
approvals and documents. Vo

Schickhofer et al. (2010)" developed an alternative design model not stated in the present guideline,
which considers the stresses in cases of highly different layer thicknesses more exactly.

Shear Wall Area of shear stress
—
_—
H
| r J r
tmzd
-~
<~

\ 1

Figure 5-13: Shear within a shear wall

Mechanism 1: Shearing-off failure of the boards along a joint

Shearing off of boards
; ;
(l Csva
1
1l
fh Tsyd
-~ —_—

Figure 5-14: Shearing-off failure of the boards along a joint

' Chapter 7.
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Ultimate limit states - Shear upon stressing as a plate

Tysa < fysa (5.19)
T
Tysa = A (5.20)
S,net
. AO net
A =min{ ™ 5.21
° {A‘)O,net ( )

Mechanism 2: Shearing failure of the glued surfaces in the intersection points

Shearing off of glued joints
— N

STDTS[55] M

a < fura (5.22)
M: a M; a_3-M;
Ty = == == 5.23
ZhS Y R e (5.23)

“ 6

Mp=T-h eenen Moment; shear force T times distance h to the joint considered

4

1 =% .............. Polar moment of inertia of a square intersection field

(o JTTTTR T Board width
(according to product standard: a = 40 mm to 300 mm, recommended:
a =80 mm)

M oo Number of glued surfaces
N =ng-ng

N oo Number of glued joints between layers positioned normal to one another

(e.g. n, =2 for a three-layer element)

(T Number of intersection fields
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Ultimate limit states - Torsion upon stressing as a panel

Mechanism 3: Shear failure of the entire plate

Shearing off of the entire plate
-~

tv,d

)

-~

Figure 5-16: Shear failure of the entire plate

Ty < fug (5.24)

Tya = (5.25)

Note: In case of local load application problems, in addition to shearing-off of board layers, failure
by exceeding of the rolling shear strength may occur. Rolling shear stress occurs in the glued joints
between those layers, into which the load is applied, and the layers oriented transverse thereto, via
which the load is transferred further.

5.9 Torsion upon stressing as a panel

Mro
Ty S frg
5.26
Vs _ (5.26)
WT ym

Note: Upon modelling as an orthotropic panel, the occurring internal torsional forces m,, depend on
the torsional stiffness. The torsional stiffness of cross-laminated timber is discussed in Section 4.3.3.
In practical structural design, a low torsional stiffness of about 40 % or less is applied for dimension-

ing.
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Ultimate limit states - Stability

5.10 Stability
5.10.1 Buckling upon pressure in the direction of the top layers

Buckling from the element plane

{ | pg \’

ﬂ_qg .

2
T 7777777777777 7 7 7 7, — oz *
[ | b,ef + Ao net
L] L]
b
Figure 5-17: Buckling from the element plane
Gc,O,d + Gm,d <
<1 (5.27)
kC,y 'fc,O,d fm,d
Ny My
Anet + Wnet <1 (528)
kC,y 'fc,O,d fm,d
/ 0,ef
.0, (5.29)
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Ay:_

Ly

7

ly.0.ef

Therein are

Table 5-2 Buckling coefficients k, for cross-laminated timber

k

@

1

Buckling coefficient

Iy:—
k, +,/k}2, —A,Ze,'y

Buckling coefficient

ky = 0'51(1 +Be (AreLy - 0,3)+ Arzel,y )J

Coefficient of imperfection

B, =0,1 for cross-laminated timber

A

rel,y

A

0‘1|2|3‘4|5|6‘7‘8|9

10

1,000

20

0,999

0,998

0,996

0,994

0,992

0,991

0,989

0,987

0,985

0,983

30

0,981

0,978

0,976

0,974

0,971

0,969

0,966

0,963

0,960

0,957

40

0,954

0,951

0,947

0,944

0,940

0,936

0,931

0,926

0,922

0,916

50

0,911

0,905

0,898

0,892

0,885

0,877

0,869

0,860

0,851

0,842

60

0,832

0,822

0,811

0,799

0,788

0,776

0,763

0,751

0,738

0,725

70

0,712

0,699

0,686

0,673

0,660

0,647

0,634

0,622

0,609

0,597

80

0,585

0,574

0,562

0,551

0,540

0,529

0,519

0,508

0,498

0,489

20

0,479

0,470

0,461

0,452

0,443

0,435

0,427

0,419

0,411

0,403

100

0,396

0,389

0,382

0,375

0,368

0,362

0,355

0,349

0,343

0,337

110

0,332

0,326

0,320

0,315

0,310

0,305

0,300

0,295

0,290

0,286

120

0,281

0,277

0,272

0,268

0,264

0,260

0,256

0,252

0,248

0,245

130

0,241

0,238

0,234

0,231

0,227

0,224

0,221

0,218

0,215

0,212

140

0,209

0,206

0,203

0,201

0,198

0,195

0,193

0,190

0,188

0,185

150

0,183

0,180

0,178

0,176

0,174

0,172

0,169

0,167

0,165

0,163

160

0,161

0,159

0,157

0,156

0,154

0,152

0,150

0,148

0,147

0,145

170

0,143

0,142

0,140

0,138

0,137

0,135

0,134

0,132

0,131

0,130

180

0,128

0,127

0,125

0,124

0,123

0,121

0,120

0,119

0,118

0,116

Outline conditions: Eqg g5 = 9.160 N/mm2, B.=0,1

Ultimate limit states - Stability

(5.30)

Relative degree of slenderness for lateral buckling about the y-axis

A_y fc,O,k
1\ Egos

In general, in case of buckling, the shear flexibility of the transverse layers must be considered. Since

their influence, however, normally is below 2 %, here it was neglected.

For structural design according to the substitute member method described, a limit slenderness of

Ay £ A, =150 must be complied with. For the event of fire, a limit slenderness of 1, ; <A,

recommended.

=200 is

lim

Note: Load propagation of local point loads and supports is discussed in Section 11.6 Shear walls.

61



Ultimate limit states - Stability

Buckling of wall columns

Upon execution of very narrow wall columns, it must be checked, whether buckling in the element
plane, i.e. about the z-axis, becomes decisive.

Figure 5-18: Axis designations
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Ultimate limit states - Stability

5.10.2 Buckling upon pressure in the direction of the transverse layers

Analogously to Section 5.10.1, with radius of inertia and slenderness for the ancillary direction of
load-bearing capacity, the following applies:

/
- /—yl%fef (5.31)
yo0ef A9O,net

Ly (5.32)

A, = :
¥.90,ef

5.10.3 Tilting of upright cross-laminated timber girders

In case of narrow girders subject to bending, tilting, i.e. yielding of the compression flange, may oc-
cur as stability failure; with a combination of pressure and bending, this is called intorsion.

Clevis bearing

Grd Tilting bracket

Clevis bearing

Pl

L~
Figure 5-19: Tilting of an upright cross-laminated timber girder

The top flange in the span and the bottom flange across supports of continuous girders, i.e. that
part of cross-laminated timber girders subject to pressure, should, if possible, be continuously held
against lateral yielding.

If the compression flange is held only in a punctiform manner, as shown in Figure 5-19, then tilting
verification according Eurocode 5" must be performed with the torsional moment of inertia of the
circumscribed rectangle described in 4.1.6. The effective tilting length depends on the height of the
load application (at the top or at the bottom of the girder) and on the moment distribution along the
girder.

' Intorsion according to EN 1995-1-1, Section 6.3.3.

63



Ultimate limit states - Stability

Clevis bearing

To girders continuously held against tilting, k., =1 applies. Then, the clevis bearing has to be dimen-

sioned for the design value of the torsional moment.

T=gd (5.33)

My oo, Largest bending moment in the girder

Tilting bracket

According to Eurocode 5', the horizontal uniformly distributed load to be absorbed by tilting brack-
ets can be determined as follows:

Qpu = min{1; %}%n (5.34)

k.. Coefficient of tilting for consideration of the additional stresses as a consequence of lat-

eral yielding upon assumption of missing tilting brackets in the span.

With practical construction dimensions (assumption: ¢ <20 m;h=i;d=%) and cross-sectional val-

20
ues described in this guideline, the holding force (with k., =0,12) can be limited as follows:

My

4.4 zm'” (5.35)
M Number of girders
0 e Length of the bracing [m]
B o, Girder height [m]
My e, Largest bending moment in the girder
5.10.4 Buiging

Walls linearly supported over their entire length must be treated as wall strips of buckling members.
The stabilising effect of transverse walls is normally set aside.

Shear walls supported in a punctiform manner can, under the assumption of a load propagation
angle according to Section 11.6, likewise be considered as wall strips and verified as buckling mem-
bers. Occasionally, this results in very conservative design results. The exact consideration of the
two-dimensional bulging failure provides considerably larger load-bearing reserves than the analysis
of wall strips for buckling, if zones subject to pressure and tension are located next to one another.

' Bracing according to EN 1995-1-1, Section 9.5.2.
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Ultimate limit states - Combined stress

5.11 Combined stress

5.11.1 Bending and pressure

Without buckling risk

Gc,O,d + om,d < 1
feoa  fna B
c0, m, 5.36
NO,d Md ( )

+
AO,net : fc,O,d WO,net ' fm,d

5.11.2 Bending in two directions of load-bearing capacity

Distribution of the internal panel forces in the panel must be determined considering the biaxial
load-bearing effect and one of the models described in Section 4.3.

Bending stresses

As shown in Figure 5-20, bending moments in sections longitudinal (x or 0°, resp.) and transverse to
the top layer (y or 90°, resp.) result in stresses in different board layers. Therefore, verification of the
bending stresses can be undertaken separately for both directions.

Figure 5-20: Independent stresses by bending about main and ancillary axes
Shearing stresses

Figure 5-21 shows shearing stresses for a panel element and for an enlarged board section. From
the duality of the shearing stresses results the highest shearing stress by geometrical addition. With
sufficient accuracy, verification in the two directions of load-bearing capacity can be undertaken
separately.
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Ultimate limit states - Combined stress

5 T
e E
Vy,z ________l_,__.—————-
X.Z
y(__lex
z
o s
\
ty’z -
Xz

Figure 5-21: Shear stress in the two directions of load-bearing capacity
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Ultimate limit states - Combined stress

5.11.3 Oblique bending

If cross-laminated timber elements with an inclined longitudinal axis are used - as, for example, roof
elements of pitched roofs - then, as a consequence of vertical load, the stress consists of one por-
tion of panel bending (y) and one portion of upright bending (z). The basic stress curves are shown in

Figure 5-22.
O-m,y,d + Crm,z,d < fm,d
(5.37)
My,d + Mz,d < k . fm,k
= d
Wy,net Wz,O,net me Ym

With the cross-sectional values according to Sections 5.5 and 5.6.

0m,z,d

Omd= Omyd * Omzd

0m, y.d

Figure 5-22: Oblique bending of a cross-laminated timber element arranged in an inclined fashion
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Ultimate limit states - Notches

5.12 Notches

For notches, structural design on the basis of Eurocode 5" is suggested. It has to be pointed out that
in the national application document ONORM B 1995-1-1:2010, separate verifications are demanded
for cross-laminated timber.

For unreinforced openings, it must be verified that

Ty =<k fypa (5.38)

with the coefficient of reduction for notched flexural members according to EN 1995-1-1
k

k= ’ (5.39)
vh ~[,/a~(1—a)+0,8-;~ ;—az]
hef . . .

A=l e Coefficient of proportion

For the material-dependent coefficient, k, =4,50 (for laminated veneer lumber) is suggested.

If the verification is not fulfilled, then reinforcements must be arranged, as, by way of example,
shown in Figure 5-24. The course of the transverse tensile stresses is shown in Figure 5-23 for a five-
layer element as an example. For cross-laminated timber, currently there are no more exact analy-
ses on notches present, and more exact analyses are necessary - for example by means of the finite
element method. The transverse tensile force to be absorbed lies between the full lateral force Vv,

and the transverse tensile force to be absorbed by the reinforcement in case of homogeneous, i.e.
non-layered cross-sections, according to CEN (2012):

Fog=Vy-1.3:3-1—af -2.(1-af| <v, (5.40)
hef . . .

A= b e Coefficient of proportion

Pep cvoevieincicinns Height of the residual cross-section above the support

R Overall height

1,0

Figure 5-23: Basic curve of the transverse tensile stresses for notches

' EN 1995-1-1, Section 6.5.2.
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Securing by means of fully threaded screw

ettt

Figure 5-24: Transverse tensile reinforcement of the notch

0,6 1

0,3 0,4 0,5 0,6 0,7 0,8 0,9 1

Figure 5-25: Relation between notch ratio and transverse tensile force

Ultimate limit states - Notches
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Serviceability limit states - Design situation

6 Serviceability limit states

6.1 Design situation
In timber construction, verifications of serviceability are undertaken in the characteristic and the
quasi-permanent design situation.

The portions of deflection from the individual impacts must be superposed for the respective design
situation according to EN 1995-1-1 and EN 1990. The portion of deformation from dead weight may be
omitted for verifications in the characteristic design situation. For that, there are different interpre-
tations of the Eurocodes and different national determinations. As a consequence, this results in
differences in the overall deflections used for the verifications.

In the present guideline, as a conservative assumption, dead-weight deformation is always consid-
ered.

6.2 Limitation of deflections

With the limitation of vertical deflections, two aims are pursued. On the one hand, the appearance is
to be maintained, and on the other hand, damages to subordinate structural elements or limitations
of use by deformations are to be avoided.

In Eurocode EN 1995-1-1, the permitted deflection ranges are limited. Within these ranges, limit de-
flections are determined in the national application documents. For every project, serviceability cri-
teria should be determined according to the requirements for utilisation and agreed with the
builder owner.'

End deflection

End deflection results from initial deformation w,,, plus creep deformation w,.,, . For creep defor-
mation, the deformations from the quasi-permanent portions (¢,;) are multiplied with the coeffi-
cient of deformation k,,, depending on the utilisation class and the building material according to

Section 3.5.

' EN 1990:2003, Section A.1.4.2., Paragraph (2).
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Serviceability limit states - Limitation of deflections

6.2.1 Combination and limits for deflections
Maintenance of the appearance in the quasi-permanent design situation

Uz * 1y
(0.3}

I
=
Vi

"
- { ]

_________ b oo Wi a5
L ]

Figure 6-1: Quasi-permanent design situation

L
Wfin,qs = Winst, gs’ (1 + kdef) < E

Winst, gs — We® 2‘102,/ Wi

i1

Wcreep = kdef Winst, qs

Initial deformation in the quasi-permanent design situation

instgs +eeeeeeeenes
Wirggp +eeeneesenens Creep portion (always from the quasi-permanent design situation)
Wi gs weeeereeneeneens End deformation in the quasi-permanent design situation

K weeeneunemnennnees Coefficient of deformation (acc. to Section 3.5)
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Serviceability limit states - Limitation of deflections

Avoidance of damages and limitations of utilisation in the characteristic design situation

ef

Figure 6-2: Characteristic design situation

Initial deformation:

L
< 17300

Wipse = (Wg,1 tWe o )@ Wy 1® Z‘/’o,i Wy, <

End deformation:

_ {
w fin = Wipst + Wcreep < m
Winge weneereeneeneenens Initial deformation in the characteristic design situation

Wiy eoneeneeennennenns End deformation in the characteristic design situation

Wirgep +ereeeesesesnees Creep portion (always from the quasi-permanent design situation)

The portion of permanent loads may be reduced by that part of the permanent loads w,,,

effective with subordinate structural elements at the time of finishing. Verification of the end defor-
mation w, with the deflection limits stated normally is not decisive; the measure of deflection,

which is

however, is required for dimensioning of possible compensation structures.
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Serviceability limit states - Vibrations

6.3 Vibrations
6.3.1 General

According to EN 1995-1-1:2009, Section 7.3, for structures, in general, it must be “ensured that im-
pacts to be frequently expected do not cause vibrations affecting the function of the building or
causing the users unpleasant discomfort”. For apartment ceilings, verifications of vibration are de-
manded.

The vibration performance can be assessed by measurements or estimated by calculations. In that,
the most important physical quantities are the first natural frequency, the stiffness and the damping
behaviour of the ceiling.

In order to avoid resonance, a sufficient distance between excitation frequency and first natural fre-
qguency is being aimed at. Excitation by steps takes place about two times per second, i.e. with
2,00 Hz. Upon walking, there furthermore is excitation with twice the frequency of about 4,00 Hz. In
Eurocode 5, for sufficient distance to the excitation frequency, a first natural frequency of at least
8,00 Hz is now required.

The behaviour of ceilings susceptible to vibration can be improved by additional supports (span re-
duction) or by reinforcement measures (higher stiffness). Load distribution transverse to the direc-
tion of span and higher damping have beneficial effects.

If the required minimum frequency cannot be complied with, verification of vibration is possible via
limitation of the vibration acceleration.

6.3.2 Basic principles
Natural frequency and damping

If a structural element is deflected and released, it vibrates around its rest position until it gradually
returns to the same.

e
—

= ST S, i |
o I —2s "UU\J W

——
———

Figure 6-3: Vibration performance of a structural element

The frequency fis the number of vibrations per second. Damping can be stated from the relation of
two consecutive amplitudes as Lehr's damping ratio or also as the logarithmic decrement D.

f\ﬂ
/H\/ JVVr

Figure 6-4: Vibration frequency of a structural element
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Serviceability limit states - Vibrations

fi= e (6.1)
D= |n[ﬂ] (6.2)
a0,
Single-span beam with uniformly distributed mass
m
Wi sl
” iz

Figure 6-5: Uniform force impact on single-span girder

The first natural frequency of a single-span girder uniformly loaded with mass can be determined
independent of damping as follows':

m /E-/
f1,beam = 2 -22 ’ mO (6.3)

£ et Span of the single-span girder [m]
M e Distributed mass [kg/m]
Eoly v Flexural stiffness [Nm?2]

Single-degree of freedom system, generalised mass
M

i © %

M
i

Figure 6-6: Generalised mass

For determination of the first natural frequency, vibrating systems like apartment ceilings may be
reduced to a single-degree of freedom system.

The natural frequency of a single-degree of freedom system is

L
Uy (6.4
M s Modal mass [kg]
Coverrerrrerenreseenneens Spring rigidity [N/m]

For a single-span girder, the spring rigidity against vertical deformation in the centre of the girder

results as follows
48 -E -]

R g

(6.5)

' See Miiller (1978).
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Serviceability limit states - Vibrations

The modal mass is:

M =8 . ma (6.6)
15

Using these values, equation (6.4) can be converted to equation (6.3) with good approximation.
Influence of the transverse load-bearing effect

Analyses and comparative calculations show that biaxial load distribution and partial restraint of
floors have a beneficial effect on the natural frequency. These effects can only be mapped with suit-
able modelling (for example as grillage or orthotropic panel).

For manual calculation, for rectangular apartment ceilings supported on all sides, the influence of
flexural stiffness transverse to the main direction of span £/, e €an be derived from a grillage

model and considered. The improvement only becomes effective from a ratio of flexural stiffnesses
in the ancillary direction of load-bearing capacity to the main direction of load-bearing capacity of

E- ltransverse >0.05.
E-l, '
m E-l
f1 = 2~22 : TO 'ktransverse 'ke (67)

2 4
kt/’ansverse = \/'I + |:[%) + (%j :| .% 68
)

Do Width of ceiling span transverse to the main direction of load-bearing capacity [m]
Stiffness transverse to the direction of span

Influence of the transverse load-bearing effect according to Augustin (2012)

Ko veeeeeeeenieneeeenens Influence of the static system according to the following section

Influence of the static system

The influence of the static system can be considered in an approximate fashion via or for double-
span girders. Partial restraints at the ceiling edges have a beneficial effect on the first natural fre-
quency.

Table 6-1 Factors for determination of the natural frequency of differently supported single-span gird-
ers

Coefficients for consideration of different types of support Ke 1

Articulates - articulated 1,000
Restrained - articulated 1,562
Restrained - restrained 2,268
Restrained - free (cantilever beam) 0,356

Table 6-2 Factors for determination of the natural frequency of double-span girders depending on rela-
tion of the spans

22/21‘ 1,0 ‘ 0,9 ‘ 0,8 ‘ 0,7 ‘ 0,6 ‘ 0,5 ‘ 0,4 ‘ 0,3 ‘ 0,2 ‘ 01 ‘ 0

K, » 1,206 |1,245 1,562

1,359 ‘ 1,410 ‘ 1,474

1,000 ‘ 1,090 ‘ 1,157

1,282 ‘ 1,318
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Serviceability limit states - Vibrations

Relation between natural frequency and deflection

From the comparison of the natural frequency of a single-span girder according to equation (6.7)

4
with the deflection in the centre of the span w,, =3584:n—E£/' the following relation can be formed:
E-ly
18
- (6.9)
e
Wiy weeeveeneennensenseseeneensens Deflection as a consequence of the uniform mass allocation m in [mm)]

Systems of structural elements susceptible to vibration arranged on top of one another

If a vibrating system consists of several structural elements, as, for example, ceilings with joists, then
the first natural frequency can be determined from n elements according to the approximation for-
mula of Dunkerley'.

1T 1T 1 [ 1

— sttt — f= (6.10)
f2 f‘l?a f1,2b f‘l,zn i2+i2+"'+i2
f1,a f1,b f1,n
Example: Compliance with a limit frequency of 6,00 Hz for a ceiling (De) with joist (Uz).
f1,De =8,50 Hz
fiu, =850 Hz

N 1 )
f= = R =6,0Hz
five ffu. 1850° 850°

Recalculated for deflections, this means that the sum of the individual deflections must be limited:

W+ W, +Wwy+ . SwW (6.11)

grenz
Modal mass

That part of the mass on an element, which is activated with a certain mode of vibration, can be un-
derstood as the modal or also generalised mass.

For that, for a known mode of vibration, the mass effective in each node is multiplied with the
square of the node displacement. The natural mode must be previously standardised to the maxi-
mum value of 1,0.

M = zwi,znatum/ 'Mi (6.12)

i1

[ oaveeeieeeeeeee e, Number of nodes

' Hivoss (2008).
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Serviceability limit states - Vibrations

The ratio between actual and modal mass can be stated as a factor. The modal mass then is
M* =k -M (6.13)

For single-span girders, the modal mass has already been stated in formula (6.), it is determined in
an approximate fashion with

kM*z% , Ky =05 resp. (6.14)

For continuous girders, the modal mass increases, since the neighbouring span vibrates as well. The
modal mass of a continuous girder across two spans with the same length is twice as high as that of
a single-span girder across one of the two spans.

Table 6-3 Factors for determination of the modal mass of double-span girders
depending on the relation of the spans’

(PYa% 1,0 0,9 0,8 0,7 0,6 0,5 0,4 0,3

k ®
" 1,00 0,70 0,575 0,525 0,5 0,485 0,475 0,467

For panels supported in an articulated fashion on all sides, mathematical sequence approaches can
be used for the natural vibration modes in order to facilitate determination of the modal mass.

From a grillage consideration, the following relation can be formed via the coefficient for the trans-
verse load-bearing effect:

1
Ky = 20,25 6.15
w =5 (6.15)

quer

2 4
Kiransverse = J 1+ {[é) + (%j } £l 'fE, (6.16)
"o

Influence of the transverse load-bearing effect

Kyransyerse «eeeeeneees
From Hivoss (2008), the following factor can be determined for individual rectangular spans sup-
ported on all sides:

1t (6.17)

M T4

The modal mass for a square ceiling span supported on all sides with the same stiffness in both di-
rections results as the lower limit for the modal mass of a panel in

k
M#=0,25 (6.18)

For cross-laminated timber, the factor mostly lies between 0,30 and 0,40.

! According to BlaB, Ehlbeck, Kreuzinger und Steck (2005), p. 90.
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6.3.3 Verifications of vibration

Limitation of the vibration performance by means of calculation with respective verifications is diffi-
cult, not least due to the subjective perception of the users. In the following, the verification of vibra-
tion according to Hamm und Richter (2009) with extensions by Augustin (2012) is described.

Vibration classes with requirements to frequency and stiffness (Hamm and Richter)

According to Table 6-4, ceilings are classified into three classes with respect to their vibration per-
formance.
For verification, two criteria in terms of

= the first natural frequency, and

= the stiffness of the ceiling (deflection as a consequence of a unit load)

must be fulfilled.

If the first natural frequency is below the limit value, then, according to Hamm and Richter, for heavy
ceilings, the utilisation comfort can be maintained by compliance with a limit acceleration, as shown
in Figure 6-7.

4,5 Hz 8 Hz

Frequency
~

6 Hz
e
4?\' \ Class |

0,25 mm—

‘1‘—\* Class I
0,50mm— . e \

Class Il \
Wetat V Classification possible via

Deflection acceleration arms

XX X X X X

Figure 6-7: Classification with respect to the vibration performance

Wiy eeeeerrerereenenes Deflection in [mm] as a consequence of a unit force of 1 kN at the most unfa-

vourable point
fi oo First natural frequency [Hz]

O wenvensessenneenees Effective value of the vibration acceleration [m/s?]
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Serviceability limit states - Vibrations

Table 6-4 Vibration classes of ceilings

Vibration class |

Vibration class Il

Vibration class Il

Typical applications

Execution

Ceilings between different utili-

sation units, like separating ceil-
ings between apartments, con-
tinuous ceilings, ceilings in of-

fices, etc.

Wet screed floating on light or

heavy fills

Ceilings within one utilisa-
tion unit, ceilings in single-
family houses with com-
mon utilisation

Wet screed floating (also
without fill)

Dry screed on heavy fill
(i.e. with more than 60 kg/m?)

Frequency criterion

fi=28Hz

fi=z6Hz

Stiffness criterion’

Wy <0,25mm

Wiy <0,50 mm

for low requirements:
Wy <1,00mm

Limit acceleration?

Hamm und Richter (2009)

or
Kreuzinger und Mohr (1999)

upon transfer of vibration
into the adjacent room,
resp.

a,..<0,05m/s?

rms —

additionally f,>4,5Hz

0, <0,10 M/ s?

f,24,5Hz

Ceilings under un-
developed attics,
ceilings without
vibration require-

ment

T Limit values according to Hamm und Richter (2009). Rabold and Hamm (2009) describe the higher limit value

for lower requirements. Kreuzinger und Mohr (1999) suggest about twice the limit values.

® “For structural design [...], the following limit values are suggested for abating vibrations with timber beam

ceilings in residential buildings. In the range from 4 to 8 Hz, a vibration acceleration of 0,40 m/s? is decisive as

the limit; [...] If transfer of the pulses into another room is possible, then the values for this room should be
reduced to 0,10 m/s?[...]1."” Kreuzinger und Mohr (1999), Section 4.3, p. 36.
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Serviceability limit states - Vibrations

Frequency criterion

e
—

i ™ I |
o I_,,ﬂ—f% "U\jh‘lﬂﬂf‘u"f v

——
——

Figure 6-8: Vibration of a structural element

The first natural frequency can be determined according to the formulas in Section 6.3.2. For the
vibrating mass m, the permanent loads alone are applied

m=gix* 8k (6.19)

Table 6-3 states the deflection limit corresponding to the respective natural frequency as a conse-
qguence of permanent loads.

Table 6-3 Deflection limits associated with the first natural frequency

Vibration class | Vibration class Il Lowest limit frequency
for verification of vibra-
tion acceleration

Frequency criterion
fi=8Hz fiz6Hz fi=24,50Hz

Respective deflection as
a consequence of W, £5mm W, <9mm W, <16 mm

8= 81kt 8ok

Stiffness criterion

TkN

*: 7

Figure 6-9: Deflection of a single-span girder as a consequence of a point load

The deflection as a consequence of a point load F=1kN at the most unfavourable point for a single-

span girder without transverse distribution is

_TkN-03

Wtar = 48.—E-/ef -1.000 < Wgrenz (620)

£ e Span of the single-span girder [m]
Effective flexural stiffness [kNm?2]

=— . .1.000<w (6.21)

w
kN 48 .E . lef,o bF grenz
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Serviceability limit states - Vibrations

b: =min L M,‘b >1 (6.22)
1,1 E-l,
D reereeeeerinnreeeees Span [m]
Do Width of the ceiling span transverse to the main direction of load-bearing ca-
pacity [m]
B v Co-effective width of the ceiling span [m]
Ecloer woneemneenenn. Flexural stiffness in the direction of span [kNm?]
E - Lyansverse +eeeerees Flexural stiffness transverse to the direction of span [kNm?2]

Low stiffness portions in the transverse direction already result in a strong im-

provement. With a ratio of Elvansverse _

3

E-lye 100

Limit acceleration

—— , theresult already is b =0,38-¢.

If the required minimum frequency according to Table 6- cannot be exceeded, then, for heavy ceil-
ings, the utilisation comfort can be maintained by compliance with a limit acceleration, if a minimum
frequency of 4,50 Hz is complied with. The respective verification scheme is shown in Figure 6-10.

\

stm.ﬁh not fulfilled

requirements

%

fulfilled

\

not fulfilled

- & queney
criterian

y

fulfilled
T Minh not fulfilled

Frequenacy

fulfilled

Acceleration
criterion

not fulfilled

fulfilled
Y
Stifn:ess\ not fulfillad
criterion
fulfilled -“ '“ "r
Stiffness verification Stiffness verification
fulfilled not fulfilled

Figure 6-10: Flow diagram for verification of vibration
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Serviceability limit states - Vibrations

Acceleration occurs as a response of the ceiling to a person walking thereon.

_04-a-F, _ 280-a

Opms = M 2D M .2.D < gren; (6.23)
Fy coeveneeneeneeenens Weight force of a walking person £, =700 [N]
M e Modal mass according to Section 6.3.2 in [kg]
Do Modal degree of damping (also Lehr's damping ratio) in [-]
according to Table 6-6
a=e®h ... Coefficient for consideration of the influence of the natural frequency on vibra-
tion acceleration in [-]
a=e%4h
The dependency from the first natural frequency is shown in Figure 6-11.
a
0,14
0,12
0,10 |
0,08 |
0,06 |
0,04
0,02
0,00
4 5 6 7 8 11 12

9 10
First natural frequency, [Hz]

Figure 6-11: Dependency of the coefficient a on the first natural frequency
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Serviceability limit states - Vibrations

The amount of acceleration depends on the distance of the natural frequency to the excitation fre-
quency and assumes the highest values in the case of resonance'. Acceleration can be improved by
increasing the ceiling stiffness, and consequently the first natural frequency, and by increasing the
co-vibrating mass.

Vibration acceleration is used as an evaluation quantity in other verification methods, too (see 6.3.4.
One-step root mean square). The calculation models and limit values for acceleration are currently
being discussed.

Table 6-6 Degrees of damping for various ceiling structures®

Modal
Type of ceiling structure degree of damping
D

Ceiling structures without or with light floor structure, resp. 0,01
Ceiling structures with floating screed 0,02
Cross-laminated timber ceilings without or with light floor structure, respectively 0,025
Timber beam ceilings and mechanically connected board-stack ceilings with floating 0.03
screed '
Cross-laminated timber ceilings with floating screed and heavy floor structure 0,035

6.3.4 Alternative verifications of vibration
Verification according to Eurocode 5 (EN 1995-1-1:2009)
For the verification of vibration, criteria for natural frequency, vibration velocity and stiffness are
defined in EN 1995-1-1. Mostly compliance with the first natural frequency is decisive.

fi < foren, =8 H2 (6.24)

For natural frequencies below 8,00 Hz, special analyses are required. Furthermore, stiffness of the
ceiling as a consequence of point load and pulse velocity must be limited. For frequency ranges be-
tween 4,50 and 8,00 Hz, limitation of the vibration acceleration without a verification defined in
more detail is suggested in the Austrian application document.

! According to Hamm und Richter (2009), a=0,1 is determined for the limit case of resonance. This provides

the value of the stated compensation function a = e 0471 for fi=5Hz. In Kreuzinger und Mohr (1999), accel-

eration is stated considering the natural frequency of the ceiling. Accordingly, in the range from 6,9 to 8 Hz, the

> 2 2
term 2-D may be replaced by the term J[FI—FZ] +[2-D-%J with fr =6,9Hz.
1 1

2 According to Augustin (2012).

84



Serviceability limit states - Vibrations

Limitation of absolute deflection (DIN 1052:2010)

As described above, limitation of the natural frequency is equivalent to an absolute limitation of de-
flection. In DIN 1052:2010, Section 9.3, respectively there is the verification for dead weight and
quasi-permanent portion of the live loads:

w =6mm (6.25)

inst,qs < Wgrenz

Winstgs =Wgx * b, Wik =Wyt 0,3 W, (6.26)

There is the following relation between this deflection requirement and the frequency requirement:

Weren, 26 mm & fwS >7,35Hz (6.27)

In the literature, it is pointed out that fulfilment of the first natural frequency alone cannot be con-
sidered sufficient.

One-step root mean square (OS-RMS)

As an addition to the verification method for timber construction described above, here, a general
verification method is to be mentioned, which was prepared within the scope of the Hivoss pro-
gramme' and can be used as an alternative verification method from case to case.

The one-step root mean square (OS-RMS) method was published as Report EUR 21972 EN (2006). The OS-
RMS value indicates the vibration response in the form of acceleration of a ceiling, which is initiated
by a person walking thereon.

The vibration responses were evaluated for various degrees of damping, masses and frequencies in
the form of diagrams. With the input values damping, modal mass and first natural frequency, ceil-
ings can be classified with respect to their vibration properties, as basically shown in Figure 6-12.

N
I .
£
< |
>
c
@
]
o
o
(1N

odal mass in kg

Figure 6-12: Basic approach for vibration classification of ceilings

! See Hivoss (2008)
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Ultimate limit states in the event of fire - Design situation

7 Ultimate limit states in the event of fire

7.1 Design situation

The verifications of load-bearing capacity in the event of fire must be undertaken in the extraordi-
nary design situation. Generally - depending on national determinations - the leading variable im-
pact may be combined with its quasi-permanent portion ¢, .

Eg= ZGk,j® Z‘»L’z,i Qi (7.1

i1
For roof structures, it is recommended to use the frequent portion ¢, of the leading variable impact,
since for loads on roofs frequently ¢, =0.

Eg= ZGk,j® g Q@ Z‘pz,i Qi (7.2)

i>1

According to EN 1991-1-1, Paragraph 6.2.1 (3), “a local minimum load-bearing capacity of ceilings
must be ensured”. For that, “a separate verification with a point load must be undertaken, which,
unless regulated otherwise, does not have to be combined with the uniformly distributed load and
other variable impacts”. For apartment ceilings, this means a man load of Q, = 1,50 kN, which, from
the authors’ point of view, must be considered for the fire verification without coefficient ¢ .

According to EN 1991-1-1, Paragraph 6.4 (1), for fall protection, an additional horizontal load at a
height of 1,20 m must be considered. From the authors’ point of view, a horizontal load of about g, =
1,00 kN/m without coefficient ¢ should be applied for walls in the event of fire, too.

7.2 Charring and cross-sectional values

In the ultimate limit states in the event of fire, following the required fire resistance time, the ele-
ment reduced by charring is analysed in the extraordinary design situation. First, the charring depth
d,.., for the required fire resistance time is determined. In order to consider the temperature dis-

tribution in the remaining cross-section, according to EN 1995-1-2, either a) the method with a re-
duced cross-section or b) the method with reduced material properties can be applied (see
Figure 7-1). Currently, the standard details on reduced material properties are restricted to rod-
shaped elements; therefore, the reduced cross-section method is applied for cross-laminated tim-
ber. For this reduced cross-section, a layer thickness k,d, without strength and stiffness is deducted

from the charred cross-section.

dyy = doparn + koo (7.3)

char,n
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Ultimate limit states in the event of fire - Charring and cross-sectional values

Initial cross-section

Residual cross-section T

Bn | dchar

Design Method

a) Reduced b) Reduced
cross-section properties

fm,ﬁ

Figure 7-1: Charring and calculation methods
Charring depth

Newer fire tests show that an increased temperature results in reduced adhesive properties of
thermoplastic adhesives like polyurethane. Therefore, with this type of adhesive, detachment of par-
tial areas of the charred layers may occur in ceilings and other horizontally installed elements, which
is called delamination. In descriptions, these areas are described as about palm-sized.

For failing fire-protection layers, a calculation model exists in EN 1995-1-2:2006. This was applied to
cross-laminated timber. In that, it was assumed that following complete failure of a fire-protection
layer - for example suspended plasterboards falling down - first, charring occurs at twice the speed.
After 25 mm of charring, the normal charring rate can be assumed again, since a new protective
layer could be formed by charring. Figure 7-2 shows the effects of this model on a five-layer element
as an example. The dashed line corresponds to uniform charring.

Fire tests with small and larger samples’ show lower charring rates compared to this model, and it
depends on the choice of the suitable design method to represent charring realistically, but not too
conservatively.

At the time of publication, there is no universally valid structural design method. In practical struc-
tural design, depending on the fire expertise, different charring rates are used, mostly without appli-
cation of delamination.

! Teibinger und Matzinger (2010).
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Ultimate limit states in the event of fire - Charring and cross-sectional values

Method of reduced cross-sections

The increased temperature exceeding the calculated charring limit d results in a reduction of

char,n

the material properties. This is considered via a layer without strength k,d, =7 mm .

Comparative calculations show that the value of k,d,=7mm does not generally apply to all cross-

laminated timber build-ups and stresses. Depending on the position of the transverse layers, jumps
exceeding 7 mm may occur, as described in Schmid et al. (2010). With a risk of buckling, comparative
calculations likewise result in higher values.

Method of reduced material properties

Due to the layered build-up of cross-laminated timber, from today's point of view, an alternative fire
verification using reduced material properties is reasonable. For that, fire tests already performed
could be assessed and reduction factors k., ; for cross-laminated timber calculated.

B dch

. . — 3 [
T 0 1

L — dro0

']
© &g dR60 P

Ko do

*l — k30  —— i
oM
< e

v' : —— L k ~ ///
© ﬂ 2.B1 e A

* ? 'y F 3

2 <
o B1 4 t

30 60 90 120 [min]

Figure 7-2: Cross-section, charring depth and time curve of charring for a ceiling element considering
delamination

WALL single-sided

B d“:
- T droo|  kodg A
B dreo 1 = %
. 2 dRBO 1 b i |-
e

< = 7

. Bz 4
_“g‘ <+ L

. B'l 4+ t
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Figure 7-3: Cross-section, charring rate and time curve for unilateral charring of a wall element
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Ultimate limit states in the event of fire - Charring and cross-sectional values

WALL double-sided
& : o
I | Y B
R0 3
:| dr30 >
: R30 2 B, T
. H B, ! ;

6 30 60 90 (min)

Figure 7-4: Cross-section, charring rate and time curve for bilateral charring of a wall element

Cross-laminated timber girder

For the upright use as a girder, according to the determinations for rectangular cross-sections, in-
creased charring B, must be assumed in order to consider corner rounding caused by charring.

Charring rates with heat-proof adhesion

Upon using cross-laminated timber in the area, one-dimensional charring may be used for calcula-
tion.

B, =B, =0,65mm/min
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Ultimate limit states in the event of fire - Charring and cross-sectional values

Charring rates with non-heat-proof adhesion

Since currently the determination of the charred residual cross-section is regulated differently de-
pending on the manufacturer, in the following, a selection of established models and charring rates

is described.
Source Cross-laminated timber guideline' | HFA opinion®
First layer B, =0,65mm/min
tén % 'g § % For the first 25 mm B, =2-0,65mm/min
E E § %‘ é_ For the rest of the layer B, =0,65mm/min
ko-dg kody =7mm
First layer B, =0,65mm/min

From the second layer on B, =0,86mm/min

B, =0,65mm/min

Wall

ko-do kody =7 mm

Residual laminates

Residual laminates with a thickness of no more than 3 mm remaining following charring are omit-
ted. Comparative calculations show, that for the majority of the cases, the cross-section following
failure of these residual laminates has a higher resistance than with the laminates.

' See Schickhofer et al. (2010), Chapter 5. The values apply to cross-laminated timber elements without joints.

With joints up to a thickness of 4 mm, B, =0,8 mm/min is applied.

2 Expert opinion No. 122/2011/02-BB, Vienna: Holzforschung Austria, 2011.

91



Ultimate limit states in the event of fire - Verification

7.3 Verification

In the event of fire, verification may be undertaken without safety factors and with higher strengths
(20 % fractile).
At stress level, the verification is as follows:

Osa < fa

f20

Ofig SKnodfi "=
Y fi

feo _
g <K Knoa s k=115 f,
Y, fi

Kmoa,si  Coefficient of modification in the event of fire

For the reduced cross-section method, k.4 ; =1,00 !

foo 20 % fractile of strength at normal temperature
foo= kfi i

ki Coefficient for conversion from 5 % to 20 % fractiles. For cross-laminated timber, k; =1,15 is nor-
mally used?.

fe 5 % fractile of strength (acc. to EN 1995-1-1)

Y fi Partial safety factor for timber in the event of fire
Ymfi = 110

7.3.1 Strengths in the event of fire

Table 7-1 Characteristic strength values for cross-laminated timber upon use as a panel in the event of
fire
Suggested

design values
in the event of fire

Flexural strength fm,ﬁ,d 27,6 N/mm?2
Tensile strength ft,o,ﬁ,d 16,17 N/mm?2
Compressive strength ] ,
in direction of fibre fc'o’f"d 241 N/mm
T .

ransverse compressive fc,go,ﬁ,d 29 N/mm?
strength
Shear strength fv,ﬁ,d 2,9 N/mm?
Rolling shear strength fv,R,ﬁ,d 1,2 N/mmz2
Torsional strength fo,r,ﬁ,d 2,8 N/mmz2

', Section 4.2.2-5.

% Timber-based materials and glued-laminated timber according to EN 1995-1-2, Table 2.1.
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Loss of static equilibrium - Design situation

8 Loss of static equilibrium

For the entire structure and its parts, the static equilibrium must be guaranteed under construction
and during utilisation. For cross-laminated timber buildings, in case of flat roofs or exterior facade
surfaces, lift-off of elements from the supports due to wind suction must be verified and prevented
with suitable fasteners.

8.1 Design situation

The verifications are undertaken in the temporary design situation (states of construction) and the
rare design situation (final state). For both design situations, the following load combination with the
partial safety factors from Table 8-1 must be applied.

Eq=V6-G1® Vo Qua® ZVQ Wi+ Qi (8.1)

i>1

Table 8-1 Partial safety factors in the limit state of loss of equilibrium (EQU)

Verifications against
loss of static equilibrium

Permanent impacts,

Ygint = 0,90
relieving (inf) "

Variable impacts,

] Yo.sup = 1,50
stressing (sup)
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Loss of static equilibrium - Lift-off

8.2 Lift-off

Verification

Fsg<Fpq (8.2)

Fog v Design value of impact on the fastener

Fag weveerersnisenenns Design value of resistance of the fastener

Fog =Kmoq —= (8.3)

Fsa =Veint Gk —Vo Wex (8.4)
In that, the following applies:

<0 excesspressure —no fastener necessary
$9150 dischared by fastener

Impact Resistance
characteristic values Design values Design value characteristic value
W, Gd
Wy
BG X Fs.d <Frd Fr
11
Fr. k

Figure 8-1: Stress against lift-off
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8.2.1 Application example
Example 8-1 Lift-off of a roofing slab

Details

Cross-laminated timber elements X-Lam 100 L3s are
uniaxially placed across trusses as a hall roof. The
standard distance of the cross-laminated timber
trusses is 5,00 m. The canopy projects by 1,05 m.

Fully threaded screws secure the roof against lift-off.

Outline conditions:
Utilisation class: NKL 1
Load duration class: KLED=brief
Impacts:
Wind suction in the canopy area:
w,, =2,30kN/m?
Dead weight of the load-bearing elements:
8« =0,40kN/m?
(observe states of construction!)

Fasteners:

Characteristic resistance against withdrawal of a screw: F,, =9,00kN

Calculation

Load influence width for line load at the truss:
b, =1,50+2,50=4,00m

Design value of impact per running metre of truss:
Gsq = be '(YG,sup 81,k ~VYqiinf ‘Ws,k)
Gsq =4,00-(0,90-0,40-1,50-2,30)
Gsq =—12,36kN/m

Design value of resistance of a fastener:

9,00
F,,=0,90.- 21—
Rd 1,25

Foy =6,48 kN

Loss of static equilibrium - Lift-off

1,50

5,00

95

W k

81,k



Loss of static equilibrium - Lift-off

Statically required distance of the fasteners:

F
requ.e=—29_
~Gsa

6,48
12,36

requ.e=0,52m

requ.e=

Selected distance of the fasteners:
sele=0,45m

Verification:
FS,d < FR,d
sel.e~qsld <Fay
0,45-12,36<6,48
5,56 <6,48 v fulfilled (86 %)

T qs,d T qs,d
e
FR,d F Rd
v
v v
L ]
e

Sufficient screwing-in depth and compliance with the transverse tensile strength of the main girder
must be observed.
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Joining techniques - Butt joints

9 Joining techniques
9.1 Butt joints

Form-fit joining is easy to execute and suitable for the material. In that, butt joints via end pressing
are about eight times more efficient than via pressing transverse to the fibre.

Figure 9-1 gives an overview over a number of cases shown further below.

a) b)

c) d)

g

Figure 9-1: Overview over the butt joints shown

Figure 9-2 shows a support design for a notch. If the second wall element with a horizontal top layer
is connected, then only side members are joined. Inserting a steel sheet, load transmission may
again take place via end pressing.
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Joining techniques - Butt joints

!

Acf

Figure 9-2: Notch in the wall plane (case a)

l } pa \/ P
181

‘l lccvgg,d _l l_ U.c,9O,d
. ) h

Aef

Figure 9-3: Sill pressing (case b)

Aef

Figure 9-4: Support design for notches at an angle (case c)
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Joining techniques - Joint designs

&
................... .
. G
a, : __________________ o
Acf

Figure 9-5: Beam support (case d)

9.2 Joint designs

This section shows frequently executed designs for various load cases as suggestions - without

claiming to be exhaustive.

9.2.1 Articulated joints

—T1

Figure 9-6: Joining along the unloaded longitudinal side by means of milled-in joint cover strip, rabbet
edge or crossed fully threaded screws

In uniaxially stressed ceilings, the joints must transfer compatibility forces from the element plane.
With the compatibility forces, deflections of adjacent elements are coupled, as shown in Figures 9-

7a) and b).
In case of disturbances of the uniaxial load distribution, higher lateral forces V; occur in the joints;

this requires additional design measures, as shown in Figures 9-7c) and d).
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Joining techniques - Joint designs

a) Recessed top layer b) Rabbet edge
Three-layer panel Ty Ty
o o '&6 o X ‘&6
) Recessed top layer d) Rabbet edge with lateral stress

with lateral stress

T
L
Va A Va A : ; = Z4
Zy<— <Z— - \l/_>
d Vg

Transverse tensile securing as required

Figure 9-7: Joint design for different requirements

For the function of the ceiling span as a plate, shear forces must be transferred along the joints Ty,
as shown in Figures 9-7a) and d). Tensile forces Z,, which would result in opening of the joints, must
be transferred by suitable design of the ceiling edge as a tension flange. This may take place in con-
nection with the walls below or with suitable screwing of the ceiling elements to one another, as
shown in Figures 9-7c) and d).

9.2.2 Rigid joints

Bending moments can be transferred with two-dimensional fish plates of two-dimensionally ar-
ranged squared timber, timber-based materials or steel sheets. For joints in the main direction of
load-bearing capacity, exterior fish plates are normally provided Figures 9-8a), and recessed fish
plates for joints in the ancillary direction of load-bearing capacity Figures 9-8b). For joining, screw-
press adhesions are normally used. The efficiency of connections with exterior fish plates lies in the
order of about 50 %. The use of top and bottom aperture plates with ring nails requires some milling
and is faster. Therewith, transfer of relatively high shearing forces is enabled.

100



Joining techniques - Joint designs

a) Rigid joint in the main direction of
load-bearing capacity
26d 26'd 26'd

%? o8 %u v.d
=2 = y.d

b) Rigid joint in the ancillary direction of
load-bearing capacity
26d =26d

IS

T\
\ Mz,d
V4

¢) Rigid joint in the main direction of load-bearing capacity for

thin panels 3d
T ' ¥ ¥ S \LMM
Vya

Figure 9-8: Rigid joints
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Joining techniques - Joint designs

9.2.3 Flush joists

Figure 9-9 shows design variants for flush joists. The design according to variant a) is suited for the
transfer of vertical loads. For a continuous diaphragm, the design flush with the upper edge b) and
the design flush with the lower edge c) are suggested.

2,5d-5d
s

a) I[ ||
P
1,2-d
Nd IL 1| Nd
S —>
Vi H 27
b) | GRoR A e |
Ny Ny
1 |
9 Vo ‘ ‘ A7

Figure 9-9: Flush joists of rolled steel sections

Table 9-1 and Table 9-2 facilitate the selection of the rolled sections by indication of the possible
internal dimensions. The various manufacture-related tolerances for rolled sections' were added up
for the internal dimensions and stated in the table.

' Tolerances for I-shaped rolled sections from Stahlbauzentrum Schweiz (2005).
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v A
W N
re 4 7 2
= &
F
R pd ] s
5235
Table 9-1 HE-A for use as flush joists
28 £ § w
.bo = S = ._g
o
- E %0 § 5 wn 7)) 'g
8 3 (=] O m - (7] 8 2 a-)
4= o— Y
§| = | £e 5| & g | £ | 3 £
S E | g sS® B3 E 2 28| %
P o o et | = T © £ s °
S| 2 3 at| 5| § £ e S| §
] o % x 2 5 | B 2 | = 2 5 £
< E [ © % g b = ] S P o
£ [=) £ € 3 w n i = e I =
hi Ahi a Aa ‘maxFd| b h r tw tf w |
[mm] [kN] [mm] [em3]| [cmd4]
55 -2,9
——HE-A 100 80 355 96/ 100 96 12| 50/ 80| 73 349
+55 +2,9
-6,4 -3,9
HE-A 120 98 45,5 75 120| 114 12| 50/ 80| 106 606
+ 6,4 +3,9
-6,8 -3,9
HE-A 140 116 55,2 69 140 133 12| 55| 85| 155/ 1033
+6,8 +3,9
-72 -3,9
HE-A 160 134 62,0 69| 160 152 15/ 6,0 90| 2201 1673
+72 +3,9
-7,6 -39
HE-A 180 152 72,0 66/ 180 171 15/ 6,0/ 95| 294 2510
+76 +3,9
-85 -3,9
HE-A 200 170 78,7 67, 200/ 190 18/ 6,5/ 10,0/ 389 3692
+9,5 +3,9
-89 -4,0
HE-A 220 188 88,5 73/ 220| 210 18/ 7,0/ 11,0/ 515 5410
+99 +4,0
-9.3 -4,0
<< HE-A 240 206 95,2 80, 240| 230 21 7,5/ 120, 675 7763
o +10,3 +4,0
o
-9,7 -4,0
HE-A 260 225 102,2 81| 260 250 24, 75| 12,5| 836 10450
+10,7 +4,0
-10,1 -4,0
HE-A 280 244 112,0 80, 280| 270 24, 8,0 13,0/1013] 13670
+11,1 +4,0
-10,5 -4,0
HE-A 300 262 118,7 88| 300| 290 27/ 85| 14,0/1260]| 18 260
+11,5 +4,0
- 10,5 -4,0
HE-A 320 279 118,5 108, 300/ 310 27, 9,00 155]1479| 22930
+11,5 +4,0
-10,5 -4,0
HE-A 340 297 118,2 123| 300| 330 27/ 95| 16,5/1678] 27 690
+11,5 +4,0
- 10,5 -4,3
HE-A 360 315 118,0 138/ 300/ 350 27, 10,0/ 17,5/1891| 33 090
+11,5 +4,3
-10,5 -4,3
HE-A 400 352 117,5 164| 300/ 390 27/ 11,0] 19,0/2311] 45070
+11,5 +4,3
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ML Z
Table 9-2 HE-B for use as flush joists
£
+ <
(7]
£ 5 3 g 2| w | B
8 S £ e m Fe) 7] ] =) o
c e ) ¥ o < < 8 [= = c
T o 5 6 | ¥ .o c < ° —
= c o a < o= (7] ~ = o “6
] =] o o T = x ] < =
(=] @ ] > c c i - c e
] S m m E =] ° Fe = g’o ° g
(7] % % S F= ] e} c = €
c £ ] © = 9 b = [ 9 o
= o ] ] = ) L}
£ (=) € € 3 n w i = o n =
hi Ahi a Aa maxFd b h r tw tf W I
[mm] [kN] [mm] [cm3]| [cm4]
-6,0 29
HE-B 100 80 35,0 152| 100] 100 12| 6,0 10,0 90 450
+6,0 +2,9
-6,9 -39
HE-B 120 98 44,7 144 120] 120 12| 6,5| 11,0 144 864
+6,9 +3,9
-7,3 -4,0
HE-B 140 116 54,5 141 140] 140 12| 7,0 120 216/ 1509
+73 +4,0
-7.7 4,0
HE-B 160 134 61,0 147| 160] 160 15| 8,0 13,0/ 312| 2492
+77 +4,0
-8,1 -4,0
HE-B 180 152 70,7 148| 180] 180 15| 8,5| 14,0 426| 3831
+ 8,1 +4,0
-8,5 4,0
HE-B 200 170 77,5 155| 200] 200 18| 9,0 150/ 570, 5696
+9,5 +4,0
-8,9 4,0
HE-B 220 188 87,2 156| 220] 220 18| 9,5 16,0 736| 8091
+9,9 +4,0
-9,3 -43
HE-B 240 206 94,0 164| 240] 240 21| 10,0 17,0/ 938| 11260
+10,3 +4,3
-9,7 -43
HE-B 260 225 101,0 161| 260] 260 24| 10,0l 17,5/1148| 14920
+10,7 +4,3
-10,1 -43
HE-B 280 44 110,7 156| 280] 280 24| 10,5 18,0/1 376 19270
+ 11,1 +4,3
-10,5 -43
HE-B 300 262 17,5 164| 300] 300 271 11,0 19,0/1678| 25170
+11,5 +4,3
-10,5 -43
HE-B 320 279 117,2 191| 300] 320 27 11,51 20,5/1926| 30820
+12,0 +4,3
-10,5 -43
HE-B 340 297 117,0 211 300 340 27| 12,0l 21,5/2156| 36660
+12,0 +4,3
-10,5 -43
HE-B 360 315 116,7 231| 300 360 27| 12,5 22,5/2 400 43190
+12,0 +4,3
-10,5 -43
HE-B 400 352 116,2 264 300 400 27| 13,5 24,0/2884| 57680
+12,0 +4,3
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Joining techniques - Pin-type fasteners and their load-bearing capacity

9.3 Pin-type fasteners and their load-bearing capacity

9.3.1 General

The load-bearing capacity of pin-type fasteners in cross-laminated timber elements is regulated dif-
ferently:

Some product approvals include regulations on mechanical fasteners; in part, reference is made to
Eurocode 5 for determination of the load-bearing capacity of the fasteners. In some technical ap-
provals, fasteners in cross-laminated timber are described separately.

In practice, determination of the load-bearing capacity of fasteners is commonly performed accord-
ing to BlaR und Uibel (2009). On the basis of a comprehensive research project about the load-
bearing and deformation behaviour of pin-type fasteners in cross-laminated timber, structural de-
sign suggestions for connections in the surfaces (also called lateral faces) and front faces (also called
narrow sides) were developed by Blal3 und Uibel (2007) at the Institute for Timber Engineering and
Structural Design of Karlsruhe University of Applied Sciences (TH Karlsruhe). These structural design
suggestions were in part considered in the approvals for cross-laminated timber elements. At Graz
University of Technology (TU Graz), research projects of the subject were likewise performed by
Schickhofer et al. (2010). Finally, it should be noted that European technical approvals for screws in
cross-laminated timber are already present.

9.3.2 Minimum design screw connection

The specification of a minimum design screw connection in joints of load-bearing cross-laminated
timber elements, as, for example, between adjacent ceiling elements, between ceiling and wall or
between two walls, is continuously discussed. The authors advise designers, depending on the re-
spective building project, to specify a minimum design screw connection for the entire project (for
example three pieces of self-tapping fully threaded screws d = 8 mm, e < 33 cm, with specification of
the screw-in depth depending on the element thickness).

9.4 Self-tapping woodscrews

With predominantly static load, the use of woodscrews with a minimum tensile strength of
fux =800 N/mm? is assumed. For dynamic alternating stress, separate considerations must be un-

dertaken.

9.4.1 Withdrawal of self-tapping woodscrews

The axial load-bearing capacity of connections with self-tapping woodscrews depends on the resis-
tance against withdrawal, the tensile load-bearing capacity of the screw’s core cross-section and, for
partially threaded screws, on the resistance against pulling through.
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For fully or partially threaded self-tapping woodscrews, the characteristic value of the resistance
against withdrawal can be calculated according to BlaR und Uibel (2009) as follows:

31-d% 0y

=— 9 (9.1)
1,5-cos2¢ +sinZe

ax.k

Foh weveeserennnnnenns Resistance against withdrawal (characteristic value) in [N]
Lo ST Nominal diameter of the screw in [mm] (outer thread diameter)
Lop e voeeniennnnne Effective screw-in depth in [mm], including the screw tip
Jdef,min =4.d
€ oo Screw-in angle to the fibre

Reduction in tensile strength
1,0

0,8
0,6
0,4
0,2

0,0
0° 157 30¢ 45" 60® 757 50°

Angle to the fibre

Figure 9-10: Reduction in tensile strength as a function of the angle to the fibre

For f,,=800N/mm? load-bearing capacity class 3 according to DIN 1052, the tensile load-bearing ca-

pacity of the screw in the core cross-section can be determined according to the following formula.
According to the approvals of the different screws, higher load-bearing capacities are achieved at
times.

d-m 06-df-m

0,6-df-m
Fax,k =fu,k . 4 = e 4 :800#

(9.2)

For a connection with a group of screws, the statically effective number has to be determined as fol-
lows':

Ny = n%° (9.3)

' EN1995-1-1, Paragraph 8.7.2 (8).
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9.4.2 Withdrawal of screws from the front face

Figure 9-11: Fasteners in the front face (also narrow side) subject to withdrawal

Prerequisites:
= Thread diameter of the screws: d>8mm
= Core diameter of the screws: d,>0,6-d

=  Minimum timber thickness
Individual layer: t,>3-d [mm]

Cross-laminated timber element: t,; >10-d [nm]
= Minimum screw-in depth ¢, >10-d

= Atleast two screws per row of fasteners

= For front-face screw connections, the bulk density of the board layers is used
(p, =350kg/m?).

Figure 9-12: Stress in front-face screw connections
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For tensile connections in the front face of cross-laminated timber, normally it cannot be ensured
that the screw gets to rest in the centre of a side member. Therefore, it is conservatively assumed
that the screw axis lies in the direction of the fibre (¢ =0 in equation (9.1)).

_ 31-d% 4

Foxk 15 [N] (9.4)

So far, there are only few findings about the long-term behaviour of screws screwed in in parallel to
the fibre. Long-term tests are currently undertaken at Karlsruhe University, which point towards
lower load-bearing capacities of woodscrews screwed in in parallel to the fibre. In order to prevent
transverse tensile failure, transverse tensile securing with additional transverse screw connections is
recommended.

Therefore, it is recommended to screw the screws only into layers transverse to the fibre, until the
test results for tension become available.

For load application of tensile forces in the element plane, the authors suggest compliance with a
minimum inclination of 30° to the direction of fibre, in order to prevent screws resting in the end
grain, as shown in Figure 9-13 and Figure 9-14. The resistance of the screws against withdrawal from
the timber should be reduced to 50 % due to the long-term load-bearing capacity mentioned.

a Section a-a

Fully threaded screws
o
io 30
Fax,d Fm{.d

ax,d

Rax,'l,d

Figure 9-13: Suspension using fully threaded screws inclined in the wall plane
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Section a-a

ax,d

Figure 9-14: Suspension using fully threaded screws inclined out of the wall plane

Table 9-3 Resistances against withdrawal of screw pairs

Extraction Resistance Ry 4 in [kN]
per screw-pair (30°)
Pull-out 50 %
d [mm] 8 10
60

65 2,21

E 70 2,36

§ 75 2,51
= 80 2,66 318
; 85 2,81 3,36
g 90 2,96 3,53
s 95 3,10 3,71
é 100 3,25 389
< 105 3,40 4,06
= 110 3,54 4,23
B 45 3,69 4,41
3 120 3,83 4,58
B 125 3,97 475
£ 130 412 4,92
135 4,26 5,09
140 4,40 526
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The resistances against withdrawal in Table 9- apply to up to four pairs of screws acting together

and a medium load duration (k. ,=0,80, NKL 1 and 2). The thread length Ly €an be retrieved from

mod
Figure 9-13. For other numbers of pairs of screws, the design values must be multiplied with the fol-
lowing conversion factors:

Table 9-3 Conversion factors per number of pairs of screws

Number of Screw-Pairs 1 2 4 8 12 16
Factor 1,15 | 1,07 | 1,00 | 0,93 | 0,90 | 0,87

For connection of two cross-laminated timber elements, the screw-in depth ¢, , designated in

Figure 9-13 and Figure 9-14 must be complied with in the transverse element: ¢, ,>0,8-¢,; .

Minimum distances and minimum dimensions

The minimum distances can be retrieved from the screw approvals. For limitation of the distances,
the following values are stated: distance among one another a, = a, = 5-d. Minimum thickness of the

element 10-d, minimum width of the element 8-d.
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9.4.3 Withdrawal of screws from the cross-laminated timber surface

Figure 9-15: Fasteners in the surface (also lateral face) subject to withdrawal

Prerequisites:
= Thread diameter of the screws: d = 6 mm
= Core diameter of the screws: d,>0,6-d
= Atleast two screws per connection or per row of fasteners, respectively

= Screwing-in depth at least three board layers and ¢, >8-d

= For screw connections in the surface, the bulk density of the overall cross-section is
used (p, =400kg/m?)

For screw connections in the surface, with £€=90, the following results from equation (9.1):

Ror =31-d°% 157 [N] (9.5)
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Table 9-4 Withdrawal resistances of screws

Extraction Resistance
from the Element Surface
Raxa in [kN]
je Schraube
d [mm] 8 10
60
65 3,75
70 4,01
75 4,27
_ 80 4,52 541
g 85 478 5,71
= 90 5,03 6,01
d 95 5,28 6,31
go 100 5,53 6,61
s 105 5,78 6,91
g 110 6,03 7,20
|_§ 115 6,27 7,50
120 6,52 7,79
125 6,76 8,08
130 7,00 8,37
135 7,25 8,66
140 7,49 8,95

The withdrawal resistances apply to up to four screws acting jointly for a medium load duration

(k

mod

multiplied with the following conversion factors:

Table 9-6 Conversion factors per number of screws

=0,80, utilisation classes 1 and 2). For any other number of screws, the design values must be

Number of Screws

2

4

12

16

Factor

1,07

1,00

0,93

Minimum distances and minimum dimensions

0,90

0,87

The minimum distances can be retrieved from the screw approvals. For limitation of the distances,

the following values are stated: distance among one another longitudinal and transverse to the di-

rection of the top layer a, = a, = 5-d, minimum thickness of the element 10-d, minimum width of the

element 8-d.
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9.4.4 Shearing-off of screws

9.4.5 Shearing-off of screws in the front face

.

Figure 9-16: Fasteners in the front face subject to shearing-off
Prerequisites:
=  Minimum diameter of the screws: d 2 8 mm

= Minimum screw-in depth: ¢, >10d

For self-tapping woodscrews, according to BlaR und Uibel (2007), @ characteristic value of the embedding
strength can be calculated as follows

ok =% [N/mm2] (9.6)

(o IR Nominal diameter of the screws in [mm]

The screws can be screwed into long grain as well as end grain of the front face. Possible joints be-
tween the boards of no more than 6 mm (see 2.1.1.) may remain unconsidered.

Embedding strength for fully threaded screws in the narrow side

ford =8 mm: f,,=7,07 N/mm?
ford=10mm: f,, =633 N/mm?

The load-bearing capacity of the fastener must be determined according to the Johansen theory and
the formulas from EN 1995-1-1, Paragraph 8.2.2.

Upon connection with a group of screws, the statically effective number of consecutive screws must
be determined as follows':

ny =n" 9.7)

This value applies to a screw distance of a,>10-d ; from a,>14-d, the reduction may be omitted'

' EN1995-1-1, Paragraph 8.7.2 (8)
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Minimum distances

21.cfe (5d)

.d) @ ;
FT (5d) Yac %t (6d)
M
a3 (12:0) a3 (7:d)
F
l *——>»
o, (104) a, (10d
® N o T
® ,
e N (] N
a3, (7-d) a3, (7-d)
e e

Figure 9-17: Minimum distances of self-tapping woodscrews in the narrow side

Table 9-7 Minimum distances of self-tapping woodscrews in the narrow side

§ in the direction of the element side a4 10d
3
a transverse to the element surface ay 3d
stressed edge as¢ 12:d
g
§ non-stressed edge of the top layer asc 7-d
%
e stressed edge to the element surface Qg ¢ 6-d
a8
non-stressed edge to the element surface Qg 5-d

9.4.6 Shearing-off of screws in the element surface

The optimal arrangement of fully threaded screws is in the direction of load, since the tensile load-
bearing capacity is many times higher and thus the economy increases."

! See also EN 1995-1-1, Table 8.1. This Table is referenced in some Technical Approvals for fully threaded screws
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Figure 9-18: Fasteners in the surface subject to shearing-off

Prerequisites:
=  Minimum diameter of the screws: d>6mm
= Cross-laminated timber with board layer thicknesses t; >10mm

= Screw-in depth at least three board layers

For fully threaded self-tapping woodscrews, the embedding strength can be calculated according to Bla3
und Uibel (2007):

fox =0,019- ppi* -d ™ N/mm? (9.8)
(o TR Nominal diameter of the screws in [mm]
Poj weeerersreserenns Characteristic bulk density of the starting material in kg/m3

(recommended: for C24 p,, =350kg/m?*)

Embedding strength for fully threaded screws in the element surface
ford=6 mm: f,, =1584N/mm?
ford =8 mm: f,, =14,54 N/mm?

ford=10mm: f,, =13,60 N/mm?

The load-bearing capacity of the fastener must be determined according to the Johansen theory and
the formulas from EN 1995-1-1, 8.2.2.

For connection with a group of screws in the element surface, it is not necessary to reduce the stati-
cally effective number of fasteners. With the element build-up, transverse tensile reinforcement can
be assumed; brittle failure by splitting does not occur.

Ny =n (9.9)
Note: Depending on the respective manufacturer of the fasteners, reductions are stated, if the fas-
teners are arranged consecutively in the direction of fibre.

In the following, various applications are analysed according to this theory, taking the embedding
strengths according to BlaR und Uibel (2007) as a basis:
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Minimum distances

a, a, Q3r

) a3,

Figure 9-19: Designation of the minimum distances of screws in the element surface

The minimum distances are regulated in the product approvals of the screw manufacturers; desig-

nation of the minimum distances is undertaken according to Figure 9-19. Normally, the minimum

distances according to Table 9- apply’, which are undercut in some product approvals.

Table 9-8 Minimum distances of self-tapping woodscrews in the element surface

Load in
the

Load at angle a to Load transverse to
the the

Direction of fibre of the top layer

9 in the direction of fibre of the top layer ay 4-d (4 +COs a) d 5d

c

g :::itg:: Ie::‘r;gelres to the direction of fibre of o 254 (2,5+15sina)d 4d
stressed edge of the top layer a3t 6-d (7-cosa)d 7-d

% non-stressed edge of the top layer a3c 6:d

% stressed edge of the transverse layer gt 6:d (6 +sin a) d 7-d

é" non-stressed edge of the transverse o, 254

layer

The minimum distances of the screws to the edges are shown in Figure 9-20 in the form of a tem-
plate. The template must be positioned such that the direction of fibre of the top layer corresponds
to the direction indicated and the screw force lies in the hatched area. The edge distances at the
stressed edges depending on the load angle a can be read via the curves entered.

' Corresponding to ONORM prB 1995-1-1:2013 draft of Austrian national annex
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Edge distances of a screw by load

direction
Qac Ot Loaded
o b =
m M r~
o124
m
[ a=0 a=90
a
L
d
L]
G H
M ]
§ |1
N 5-d
Unloaded o
(=21
edge [
o

1]
o]

Figure 9-20: Template for minimum distances of screws in the element surface to the element edge

The minimum distances of the screws among one another are shown in Figure 9-20 as a template.
The template must be positioned such that the direction of fibre of the top layer corresponds to the
direction indicated and the screw force lies in the hatched area. The edge distances at the stressed
edges depending on the load angle a can be read via the curves entered.

Distances of screws among one another

i 02 # 02 #
g
m <
N 4d @ ‘ ]
3.d \
= a a=0 a=90
~

ai
-

=90

0 a

A

a=

Figure 9-21: Template for minimum distances of screws in the element surface among one another
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Pre-design tables for shearing-off of self-tapping woodscrews

Design values for connection of a cross-laminated timber ceiling to a beam made of solid or glued-
laminated timber. Assumptions: k., =08, y, =13, suspension effect considered: R,, =F,,+0,25-F,

ax,d *

Table 9-9 Resistance against shearing-off - partially threaded screws (TGS)

Ry,q
[kN/pc.]
for partially threaded screws with countersunk head'
d=8mm | d=10 mm
Long-grain timber thickness t; = 60-200 mm
1,50 2,20

Screw-in length ¢.> 80 mm

— >
t; ———»
— s
-« | Lef
e

Solid timber, glued-laminatd timber
Figure 9-22: Shearing-off of self-tapping woodscrews

Table 9-10 Resistance against shearing-off - fully threaded screws (VGS) d =8 mm

R, 4
[kN/pc.]
for fully threaded screws with d =8 mm
Long-grain timber thickness t; [mm] 60 80 100 - 200
Screw-in length €, 2 80 mm 2,63 2,63 2,63
Screw-in length £,.=100 mm 2,79 2,85 2,85
Screw-in length .2 120 mm 2,79 3,06 3,06

Table 9-11 Resistance against shearing-off - fully threaded screws d =10 mm

R, 4
[kN/pc.]
for fully threaded screws with d =10 mm
Long-grain timber thickness t,; [mm] 60 80 100-220
Screw-in length £.:> 100 mm 3,53 4,02 4,02
Screw-in length £,=120 mm 3,53 4,25 4,28
Screw-in length £.,> 140 mm 3,53 4,25 4,54

o
ty —»
—— N
-« 8o
¥ s

—

Solid timber, glued-laminatd timber

Figure 9-23: Pre-design tables for shearing-off of self-tapping woodscrews

' Assumed screw head diameter: d,=18-d.
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Design values for connection of a cross-laminated timber ceiling to a wall made of cross-laminated
timber. Assumptions: k., =08, y,, =13 . Suspension effect considered: R, =F,,+0,25-F,,, .

Table 9-12 Resistance against shearing-off - partially threaded screws (TGS), X-LAM to X-LAM

Screw diameter d

Ryq
[kN/pc.]

for partially threaded screws with countersunk head’

d=8 mm

‘ d=10 mm

Long-grain timber thickness t; =60-200 mm

Screw-in length £,> 100 mm

1,24

1,80

Figure 9-24: Resistance against shearing-off for partially threaded screws

Table 9-13 Resistance against shearing-off - fully threaded screws (VGS) d =8 mm, X-LAM to X-LAM

R, 4
[kN/pc.]
for fully threaded screws with d =8 mm

Long-grain timber thickness

t; [mm] 60 80 100 - 200
Screw-in length ¢,> 80 mm 2,18 2,18 2,18
Screw-in length £,,=100 mm 2,43 2,49 2,49
Screw-in length £,> 120 mm 2,43 2,68 2,68

Figure 9-25: Resistance against shearing-off for fully threaded screws d =8 mm

' Assumed screw head diameter d,=18-d
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Table 9-14 Resistance against shearing-off - fully threaded screws d = 10 mm, X-LAM to X-LAM

R, 4
[kN/pc.]
for fully threaded screws with d =10 mm
Long-grain timber thickness t, 60 80 100-220
Screw-in length £.:> 100 mm 2,98 3,12 3,12
Screw-in length £,=120 mm 3,08 3,52 3,52
Screw-in length £.,> 140 mm 3,08 3,59 3,75

Figure 9-26: Resistance against shearing-off for fully threaded screws d =10 mm
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10 Bracing of buildings

In the following chapter, the essential aspects for bracing of buildings are contemplated. Following
description of the impacts, stability and storey-wise force progression are examined. For dia-
phragms and shear walls, the effects of the impact forces on individual elements are discussed. The
requirements to joining techniques and respective verifications conclude the sections on the two
structural elements.

10.1 Impacts and design situations

10.1.1 Wind

i /\

Elevation
T
| 5
: S
;| I
+0,1-¢, ;
_:’

;<—y

Floor Plan

Figure 10-1: Wind load with eccentricity

For buildings with only few storeys, the wind load is almost constant across the height. The impact
per storey results from the sum of the storeys above.

Irregular incident wind flows are considered with a load application eccentric compared to the verti-
cal building axis. The eccentricity is determined at 10 % of the building length subject to the incident
flow." Considering this eccentricity, the wind load may be considered separated into the one and the
other building axis.

' According to ONORM B 1991-1-4:2011, Section 4.5.1. and according to DIN 1055-4:2005,
Section 9.1. In EN 1991-1- 4:2005-11, a general determination is made.
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10.1.2 Earthquake

Buildings must be designed, calculated and constructed in an earthquake-proof fashion. The respec-
tive regulations are included in Eurocode 8.

Basically, earthquakes are horizontal and vertical vibrations of the building ground. From the analy-
sis of characteristic earthquakes, earthquake spectrums with magnitudes and associated frequen-
cies and amplitudes of acceleration during a quake can be stated.

Buildings are considered as a vibrating system, which is exposed to a forced vibration of the earth-
quake. From the earthquake spectrum, accelerations associated with the natural frequencies of the
building can be determined. From these, forces as a consequence of the earthquake in the vertical
and horizontal directions can be determined in turn by multiplication with the building masses.

Earthquakes represent an extraordinary design situation, in which the safety level may be lowered
respectively. With respective regularity of the floor plans, the vertical loads additionally occurring
due to the earthquake may thus be applied quasi-statically and are normally absorbed without addi-
tional structural measures. In case of higher buildings, however, the horizontally acting forces of
mass inertia exceed the forces from wind - mostly from about three storeys upward. They must be
verified by calculation and considered in construction.

In the present guideline, the complex subject of earthquakes can only be dealt with in a simplified
and highly abridged manner. For more exact analyses, reference is made to the literature.’

Earthquake-resistant design

The design with arrangement of bracing elements in the floor plan and building geometry in the ele-
vation has substantial influence on the seismic performance of buildings. Mass concentrations at
greater heights and elevations with free ground floor zones have an unfavourable effect. Favourable
is the regular arrangement of bracing elements in the floor plan, which should continue equally
across all storeys. Thereby, mass centre and centre of gravity of the element remain close to one
another and twisting in the floor plan due to torsion is avoided. The seismic performance is also in-
fluenced by the choice and design of non-load-bearing elements.

Eurocode 8 states respective design specifications. Thus, structural simplicity, regularity, symmetry
and redundancy, equal strength in both directions, the formation of diaphragms and sufficient
foundation are substantial for earthquake-resistant construction. Storey-wise projections and re-
cesses are not permitted for simplified earthquake verification.

The formation of a redundant structure is significant in order to be able to guarantee load-bearing
reserves also upon failure of structural components. Failure of a structural element must not result
in failure of other structural elements and must not propagate as a progressive collapse through
large parts or the entirety of the building.

! BDZ (2011), Brunner et al. (2003), Giardini et al. (2012), Lignum (2010), Ringhofer und Schickhofer (2011), Sandhaas (2006),

Walter und Fritzen (2008), and Walther und Wiesenkampfer (2011).
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Structural calculation

In Eurocode 8, the simplified response spectrums method is described for simplified calculations.' The
earthquake is assumed as a static horizontal substitute load. Horizontal acceleration is determined
from the earthquake spectrum for the first natural frequency. Higher natural frequencies are ne-

glected.
gkt V2 G~
[ ‘\x F3
™ ms -
Ekt¥2:qg
F2

N ms «—
gkt b2:qk i

N mi <

N

Figure 10-2: Substitute member with distribution of the substitute force across the building height

10.1.3 Calculation sequence

In the following, the calculation sequence is described very broadly. A more exact analysis consider-
ing Eurocode 8 is indispensable.

1. Location for ground acceleration
From the earthquake zone in the national Annex, the ground acceleration on the ground is
determined: a,

2. Underground conditions for earthquake spectrum

Depending on the subsoil class®, the parameters S, TB, TC, TD> used in Eurocode 8 for descrip-
tion of the earthquake spectrum are determined.

' EN 1998-1, Section 4.3.3.2.

2 EN1998-1, Table 3.1.

3 EN1998-1, Section 3.2.2.5.
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Intensity spectrum

T S T S : i t t \T[sec]

1,00 1,50 2,00 2,50 3,00 3,50 4,00
AT‘

Figure 10-3: Example for an intensity spectrum (according to EN 1998)

0,00 0,50

3. Significance category and coefficient of significance

From the significance category of the object, the coefficient of significance y is determined.

Table 10-1 Significance categories and coefficients of significance by type of building

Significance Buildings Yy
category
I Agricultural buildings (low significance for public safety) < 1,00 (frequently 0,80)
I Residential buildings, office buildings and other “common 1,00
buildings”

Il Schools, assemblies, cultural facilities (earthquake resistance > 1,00 (about 1,20)
is important)

1Y Hospitals, fire stations, power stations, etc. (intactness dur- > 1,00 (about 1,40)
ing an earthquake is of highest importance)

4. Mass determination per storey
For the building mass, the quasi-permanent portion of the live loads is considered.
m=g,+,-n, (10.1)

The masses are applied at the height of the floors.
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5. Basic duration of vibration
The basic duration of vibration 7, is an important measure for earthquake calculation, since

horizontal acceleration and thus the impacts on the structure depend on it.

The basic duration of vibration can be estimated from the following formula, which is based on
the Rayleigh quotient:
T=2.4u (10.2)

Ui Horizontal displacement of the upper edge of the building from the quasi-
permanent vertical loads applied in the horizontal direction g=g, +¢, -n, .

6. Prerequisite for the simplified method

As a prerequisite for the simplified method, the requirements to regularity in floor plan and ele-
vation according to EN 1998-1' must be complied with.

Furthermore, the minimum basic duration of vibration must be complied with:

2
<258 (10.3)
4.T.

Te coereneneeneeeeens Parameter of the earthquake spectrum. Depending on the subsoil class, this is

T-=0,4+0,8sec.

7. Ductility class

Depending on the ductility class, the coefficient of behaviour g can be determined according to
Table 10-2. For cross-laminated timber structures, g = 1,50 is recommended - with sufficiently
ductile connections also g = 2,00. Analyses of cross-laminated timber for seismic stress have also
already resulted in coefficients of behaviour of g = 3,00 and more.

Table 10-2 Ductility classes and maximums of the coefficients of behaviour'

Low energy dissiption [DCL |g = 1,50 Cantilever structures, girders, statically determined struc-
capacity tures, frameworks with dowel connections [...]

Medium energy dis-|DCM|q =2,00|Glued shear walls with glued areas of shear stress with nail
spa-tion capacity or screw connections [...]

q = 2,50 | Statically over-determined frames with pin-type or bolt
connections

! Section 4.2.3.2. for regularity in the floor plan and Section 4.2.3.3. in the elevation.
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8. Horizontal acceleration

The horizontal acceleration for T; can be read from the spectrum and then is
S.(T)
q

hor

On the safe side, here, the plateau value of the spectrum may also be used.

ahor = 2'5 'Gg %

9. Earthquake forces per storey

126

The earthquake forces are weighted linearly to the height above ground.

Z,-m
—_ 1 1
Fd,i

_Zz,~m,

Fd = Zmi “Ohor

-F,

A random torsional effect of 5 % of the storey dimension b must be considered.

M,=0,05-b-F,

(10.4)

(10.5)

(10.6)

(10.7)

(10.8)



Bracing of buildings - Stability

10.1.4 Misalignment
The building's deflection of the plumb line is normally applied with

p=—— (10.9)

The horizontal load from misalignment then results in:

H=¢.V (10.10)

10.2 Stability

1=

m

JG

G

G
v G

LTI o

Figure 10-4: Impacts and distribution of the contact pressure

Further stability verifications are tilting of the object for tower-type buildings and ground seepage or
sliding, respectively, in case of bad foundation conditions.

10.3 Force progression

For the earthquake condition, it is required that shear walls are arranged regularly in the floor plan
and continuously in the elevation. Otherwise, it applies to horizontal load distribution that the loads
accumulate storey-wise (Figure 10-5) and may be considered in an isolated fashion for each storey.
Prerequisite for that are a stiff diaphragm and bracing walls along at least three - better four - axes.
The bracing wall axes must not have a common intersection and must not be parallel to one an-
other. For bracing, interior and exterior walls may be included.

' In EN 1995-1-1, Section 5.4.4., this misalignment is suggested for the analysis of frames and arches according

to the second order theory.
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Impact per to be absorbed by the Foundation
storey shear wall
D /\ Hp_ H$.
D
. H c, Hp+ Hc
C
B Hg_ Hp*Hc+Hg
B
A Ha_ HptHc+Hp +Ha_

Figure 10-5: Horizontal forces per storey resulting from wind pressure with stress on the shear walls in
the individual storeys

The impacts accumulate from top to bottom. The force per storey is determined at ceiling level and
for the topmost storey results from the incident flow area of the roof and half the storey height be-
low (letters D in Figure 10-5), and for the storeys below respectively from half the storey height
above and below (letters A to C in Figure 10-5).

v

Hg Hp+Hc+Hg
S e

VG
A — A
H, Hp+Hc +Hg+ Hp

P

Y

Figure 10-6: Force progression per storey with vertical loads
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The forces per storey are shown in Figure 10-6.

In the horizontal connection joints at the ground, the horizontal impacts at ceiling level result in ten-
sile forces on one side of the building and in compressive forces on the other side. These compres-
sive forces are normally small compared to those from the permanent superimposed loads. The
tensile forces are subordinate to those forces resulting from the individual shear walls being set on
edge. Therefore, the building's bending and forces resulting therefrom may be neglected most of
the time. For slender and tower-like buildings, however, they must be considered.

10.4 Diaphragms

According to 10.3., diaphragms are a prerequisite for the bracing of buildings. Diaphragms result
from the joining of adjacent ceiling elements along their common joints into a plate, as shown in
Figure 11-5. A continuous diaphragm is necessary to distribute the horizontal loads to the walls be-
low and to further transfer them into the storey below.

Openings in diaphragms are normally unproblematic and require simple structural measures.

Diaphragm with bracing walls
and wind impact

¢ IWy

Wy

Figure 10-7: Floor plan of a ceiling span with bracing shear walls and wind impact

The possible failure mechanisms of diaphragms are shown in Figure 10-8. Impacts in the direction of
the longitudinal joints result in a) shear forces and b) flange forces. The shear forces in the joints
must be covered via respective fasteners according to Figures 9-7a) and b) (page 100). Since the
horizontal impacts normally act in both directions, the flange forces likewise have to be considered
with alternating signs. They occur as a pair of forces of pressure and tension at the joint edges. The
tension flange forces can be applied into the lintel beams and wall elements below via screw con-
nections and transferred by these. Should structural elements below be missing or should these not
be continuous, then suitable fasteners according to Figures 9-7¢) and d) (page 100) must be used.

Impacts transverse to the joints result in ¢) bending of the elements as horizontal girders. Normally,
these are not relevant for calculation. The connection forces to the shear walls must be transferred
with respective fasteners.
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Bracing of buildings - Diaphragms

a) Shear along the joints

—

b) Flange forces at the plate edge

] lwy

T —pg— —pa— PF

——
—_—

(M]

JWy

c) Stress on the plate as a
horizontal girder

vVl [M]

| |

Figure 10-8: Failure mechanisms of diaphragms
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10.5 Shear walls

10.5.1 Arrangement of shear walls

In 10.3., the basic requirements to bracing shear walls were described. Figure 10-9 shows suitable
arrangements of shear walls. Favourable is the position of the plate’s centre of gravity in the centre
of the floor plan, if possible, since thus twisting of the building about its axis is avoided. Figure 10-10
shows unsuitable arrangements due to the eccentric position of the centre of gravity, and
Figure 10-11 shows instable arrangements.

Figure 10-9: Suitable arrangement of shear walls

s)M S M

Figure 10-10: Unsuitable arrangement of shear walls

I, I | |

Figure 10-11: Instable arrangement of shear walls
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10.5.2 Distribution of impact to the plates

For verification of shear walls and design of suitable fasteners of individual plates in the floor plan,
the horizontal force H, acting at the storey's top edge, must be distributed to the individual plates.

If the floors are sufficiently stiff, the force can be distributed to the individual shear walls according
to their respective stiffness. In case of soft diaphragms, the wall stiffnesses lose influence, since the
forces cannot be passed on up to the stiffer load-bearing walls.

The stiffness B of the shear walls can be generally determined according to 10.5.3, depending on the
joining technique. Comparative calculations with tie rods and shear brackets resulted in about
B~1¢"*, for continuously joined joints up to B~¢?. In a first approximation, the stiffness of the plates
is frequently assumed proportional to their respective length. With this assumption, for short plates,
too high stiffnesses and thus larger forces result, and for longer plates slightly lower forces.

In the present guideline, B~¢"* is recommended for cross-laminated timber walls.

Hy
y 4
5
o
Sy4
Sy.3
Yy —> -
S Sx
6 | |
Sx_,S SX,3 1
(0} ] } ¢ —
X

Figure 10-12: Axis designations and dimensions for a building floor plan
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Determination of the plate forces may take place according to the following steps:
1. Determination of geometry and stiffness of the individual plate

Plate stiffness:

With assumption B~ ("> :

B, =" =|xe —x,[* (10.11)
B, =" =|ye—y[* (10.12)

Plate centre:

X, =XAT+XE (10.13)
+
y=2ate (10.14)
2. Determination of the position of the centre of gravity

Xg _2Bux (10.15)

ZBW'

ZBxi Vi

Vo= Z (10.16)

Bx,i

3. Determination of the moment from eccentricity of the impact forces to the centre of gravity
M=H, (v, —ys)*+H, (xy—xs) (10.17)

4. Calculation of the distribution of impacts on the individual shear walls

lb=B,-S,+> B,;-s; (10.18)
B, s, B,;
Fo =H =2+ M- L2 10.19
X1 X ZBX, /p ( )
B, S, B,;
— Yl x Py
Fy=Hy it M= (10.20)
Z i P

Figure 10-13 shows, as an example, the reaction forces of the plate as a consequence of a force H, in

the centre of gravity, on the one hand, and with eccentricity to the centre of gravity, on the other
hand.
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Hy

Figure 10-13: Reaction forces in the plates

10.5.3 Deformation and stiffness
The deformation of shear walls must at least be limited with 1/300 of the storey height' - compli-

ance with 1/500 of the height is recommended. In the following, the individual portions of overall
deformation are estimated. Due to the relatively high plate stiffness of cross-laminated timber, the

deformation portions of the fasteners are normally dominant.

Wtot

V

Figure 10-14: Shear wall with connection to ceiling and floor

' ONORM B 1990-1, Section 4.2.2.
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Bending deformation of the shear wall [mm]

Bracing of buildings - Shear walls

R’ o
=2k " 10 10.21
=3 (1.2
Shear deformation of the shear wall [mm]
F.-h
= 10.22
wy GA, ( )
Expansion of the tie rods [mm]
Fh?
= 10.23
WZ b2 ~CZ ( )
Displacement in one of the two joints between wall and ceiling [mm]
W, “fe (10.24)
Cr
£ T Height of the shear wall [m]
Do, Length of the shear wall [m]
El voveevreeecreeennnnn Flexural stiffness [kNm?]
E= EO,mean
/= dO,net 'b3
12
GA; e Shear stiffness [kN]
G=0,75 'GO,mean
A= dgross ‘b
Fe v Horizontal force at the plate head in the characteristic design situation [kN]
Cp evereeneeneeeeennens Stiffness of the wall-ceiling joint [kKN/mm]
Cy eereenveneeneneniens Stiffness of the fasteners for tensile anchoring [KN/mm]

Upon assumption of about equal joint stiffness at the top and at the bottom, the overall deforma-

tion results as follows

Whor =Wy + Wy + Wz +2-Wp

(10.25)
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10.5.4 Verifications

L 1 Bk
b < /300

A
g §
Figure 10-15: Dimensions of a shear wall

Shear stress of the plate
Basically, the verifications stated in 5.8 must be undertaken, even though they become decisive for

very slender walls only.

Tension anchoring

It must be verified that the resistance of the selected fasteners is higher than the impact.

Zy<hprg (10.26)
The tensile force results as follows:
Fy-h ,
Z,= - —0,9:Gyp ererererernnn Tensile force (10.27)
€ e e et Inner lever
Gyp weeveeneeneeennenseneeneeresrenseneens Portion from permanent impacts with a possibly relieving effect

Constant distribution of the stresses in the contact area is assumed. Analogous to steel construc-

tion, a model with the width of the pressure zone of x=%~b is used. Accordingly, the inner lever re-

sults as follows:

e=3.h_e, (10.28)
4
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Upon determination of the tensile forces of the anchoring, the tensile forces resulting from bending
of the entire building may normally remain unconsidered on the building's side facing the wind. This
must only be considered for slender, tower-type buildings.

The tensile force to be anchored is reduced with permanent superimposed loads. As a relieving por-
tion, they may only be applied with 90 %.

In multi-storey buildings, better load distribution to the walls can be achieved by stressing the ceil-
ings storey-wise in different directions.

Upon distribution of the tie rods, the alternating signs of wind impact and consequently the ar-
rangement at both ends of the respective shear wall must be observed.

Shear anchoring

Va<Froa (10.29)
Vy=F;=0,9-U-Gyp wornrrrerernnns Shear force in the joint (10.30)
SRR Portion of friction from permanent impacts with a relieving effect.

Upon joint formation with a film, friction may be applied, however,
not, if there are two films on top of one another.

P=02+0,4%0,5 ccorriierrinnns Sliding friction timber-timber’
P=0,4 coieieienieseeeenieseenenaens Sliding friction timber-concrete
Serviceability

For the characteristic design situation, the horizontal displacement at the wall head has to be limited
as follows (recommended value according to Section 10.5.3):

WhorS% (1031)

' VDI 2700:2002.
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11 Application examples

The authors are planning to discuss applications on the website www.x/lam.info and to list further
examples and suggestions on the subject of cross-laminated timber there.

11.1 Basic principles

11.1.1 X-LAM cross-section with five layers

Given: X-LAM element X-LAM 160 L5s

Build-up: 40l - 20w - 401 - 20w - 40I

BSP 160 L5s
40 ‘
20

160 40 |
20
40 |

Strength class of all board layers: C24
Characteristic material values:

Modulus of elasticity Ey peq, =11.000 N/mm?
Rolling shear modulus Gg .., =50 N/mm?

Reference length for calculation according to the Gamma method ¢, =4,5m

Sought: Cross-sectional values for load-bearing capacity and serviceability.
Cross-sectional values for load-bearing capacity

Position of the centre of gravity

Symmetrical cross-section

i=1 Ec Formula (4.3)

The E moduli are equal for all layers :i=1
n

Ao pee =100 (4+4+4)=1.200 cm?

Moment of inertia (net value - rigid)

"E ob-d? &E Formula (4.5)
| = —’-—’+§—’-b~d.-a-2
0,net E 12 o Ec i M

i=1=c
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Distances of axes
d, d.
a,=|2+d,+-2|-a
1 (2 1,2 2} 2

o, =ﬂ+20+ﬂ=60mm
2 2

Symmetrical cross-section
a,=0mm
05 =a;=60mm

(100-4°
12

lonet =3

O,net —

J+2~(100~4~62)

lorec =1.600 +28.800 = 30.400 cm*

Section modulus

— Inet
" max{z,; z,}
Z,=2,=2,=80mm
_ 30,400
et 8

=<

=3.800 cm®

Static moment (rolling shear)
R E.
Spnet = Q7 bdi-q;

i=1~c

Spnet =100-4-6=2.400 cm®

net

Cross-sectional values for serviceability
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Moment of inertia (effective value - shear-flexible)

Lb-d} &E
lo,efz_Z: 12’ +Z1:yi'E_:'b'di'ai2
i= i=

Distances of axes

Symmetrical cross-section:

a,=0
d d.

a =[?1+d1,2 +?2j—az

o, =(ﬂ+20+ﬂj—0=60 mm
2 2

05 =a;=60mm

Gamma factors

Formula (4.4)

Formula (4.7)

Formula (4.25)

Formula (4.20)
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~ 1
4 1+ m”-11.000-1.000-40 20
4.5002 1.000-50

=0,921

Symmetrical cross-section:
y3=y,=0,92

3
/O,ef=3‘(1o1024 J+2~(0,921.1oo.4.62)

lo.f =1.600+26.525=28.125 cm”

11.1.2 X-Lam cross-section with five layers - transverse to the main di-
rection of load-bearing capacity

Given: X-LAM element X-Lam 160 L5s
Build-up: 401 - 20w - 40l - 20w - 40l

BSP 160 L5s

40 |

20

160 40 |
20
40 |

Strength class of all board layers: C24
Characteristic material values:
Modulus of elasticity £ ..., =11.000 N/mm?

Rolling shear modulus G; ., =50 N/mm?

Reference length for calculation according to the Gamma method ¢, =4,5m

Sought: Cross-sectional values for load-bearing capacity and serviceability upon bending
in the ancillary direction of load-bearing capacity (transverse to the main di-
rection of load-bearing capacity)

Cross-sectional values for load-bearing capacity

Position of the centre of gravity

Symmetrical cross-section

z :ﬁ
52
25=ﬂ=80mm
—= 2
Area
" E Formula (4.3)
=N"Zi.p.d
A90,net ZE b d/ in transverse

i=1=c

The E moduli are equal for all layers :%ﬂ direction

c

Agg pec =100 (2+2) =400 cm?
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Moment of inertia (net value - rigid)

n

E, b d3
loo,net = Z Z -b-d,-a}

i= 1

Distances of axes

Symmetrical cross-section
=30mm; a, =30mm

10023
log net = 2-( = jz-(1oo.2.32)

Igo et =133,33+3.600=3.733cm*

Section modulus

/90,net

W _——
0net max{z,;z,}
Z,=2,=2,=40mm

Wag net —iﬁ =933 cm’

Static moment (rolling shear)

R
E.
S90,Rnet = E_’ -b-d;-q;

i=1=c

So0,rner = 100-2-3=600 cm’

Cross-sectional values for serviceability

Moment of inertia (effective value - shear-flexible)

n 3 n
ooy zbd z Eiba.a?

=1 C

Distances of axes

Symmetrical cross-section:
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Formula (4.5)

in transverse
direction

Formula (4.4)

in transverse
direction

Formula (4.7)

in transverse
direction

Formula (4.25)

in transverse
direction




y1_[1+n2~11.000-1.000'40 20 J

! =0,921

4.5002 '1.000-50

Symmetrical cross-section:
Y2=y,=0,92

3
/golef=2.[100 2 J+2.(o,921.1oo.2.32)

12

loo,e =133,33+3.315,6 =3.449 cm*

Application examples - Basic principles

11.1.3 X-LAM cross-section with timber-based material as the load-

Given:X-Lam element X-Lam 160 L5s with a statically effective glued bottom layer of lami-

bearing layer

nated veneer lumber (LVL) 27 mm

Sought:

BSP 160 LSs + FSH 27

40
20
160 40
20
40
27

Build-up: 401 - 20w - 40! - 20w - 40l - LVL27I
Strength class of all board layers: C24
Characteristic material values:

Modulus of elasticity Ey meqn = 11.000 N/mm?

Rolling shear modulus Gg megn = 50 N/mm?

Characteristic material values of the layers of laminated veneer lumber

Modulus of elasticity Eg meqn = 10.500 N/mm?

Reference length for calculation according to the Gamma method ¢, =4,5m

Cross-sectional values for load-bearing capacity and serviceability

Cross-sectional values for load-bearing capacity
BSP 160 L5s + FSH 27

40 [
20 T2 Z

160 40| 2 S 4 _
20 53 T
40 [ 5. 2@ . 3 U3
27 E273b 5 .
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Position of the centre of gravity Formula (4.1)
n
DA
—~ F
Zo = i=1 ~¢
S n E,»
i
= Ee
Tabular calculation:
E,
E. E.
L —L. A —L.A; -0
] b Ec d: Ec oi Ec
=b-d,
[cm] [-] [cm] [cm?] [cm] [cm3]
1 100 1,000 4,0 400,00 2,00 800
2 100 1,000 4,0 400,00 8,00 3.200
3a 100 1,000 4,0 400,00 14,00 5.600
3b 100 0,955 2,7 257,85 17,35 4.474
Sum 1.457,85 14.074
ZS = M = 9’66 cm
—= 1.457,85
Moment of inertia (net value - rigid)
Formula (4.5)
E b-d’ E
let = ) =& L+N'=L.p.d -a?
nei ; EC 12 ; EL- I I
Tabular calculation:
E. .
—_— lerine; LIy
i Ec a; intrinsic Ec
_ b~d,-3
=0, —Z 12
[cm?] [cm] [cm?] [cm?]
1 400,00 -7,65 533,33 23.409
2 400,00 -1,65 533,33 1.089
3a 400,00 4,35 533,33 7.569
3b 257,85 7,70 157,64 15.288
Sum 1.457,85 1.757 47.355
lhee =1.757 +47.355=49.112 cm*
Section moduli
Formula (4.4)
Wneti = /n_et
s
Top edge fibre of the X-Lam element
d. 4
Zeo =04 —?1 =-7,65 5 9,65cm
49.112
Wietaito = 965 =-5.089cm3

144




Bottom edge fibre of the X-Lam element

ds, 4

cht,u =03, + 2 - 4,35 +§ = 6,35 cm
49.112
Wnet,clt,u = 6,35 =7.734 cm3

Bottom edge fibre of the LVL layer

d
Ziyy = O3 +%b =77 +2'77 =9,05cm

49.112
Wnet,lvl,u = 905

=5.682cm3

Stress determination for the LVL layer considering the E modulus:

O' = 5 . M
u Ec W

netvlu

1

Static moment (rolling shear)

R
E.
SR,net = ZE_"AI ~|G,~|

i=1~=c

Sgnet = A '|0’1|+ A '|02|

Spnec =400-7,65+400-1,65=3.722 cm®

40
20 T/ Zs

gg :'h"_'_ max t

40
27

RV.d

Application examples - Basic principles

Formula (4.7)

145



Application examples - Basic principles

Cross-sectional values for serviceability

146

Moment of inertia (effective value - shear-flexible)

n n

/ef = Z/eigen,i +Zyi 'Ai 'aiz
i=1

i=1

BSP 160 L5s + FSH 27

40 [ . , '
20 T3 0y zg 7

160 40 | 2 s e
20 23 L a stplu z
40 LIB . a3 fshu

Part 3: The adjacent layers with the same orientation
3a and 3b are considered as one layer.

Sub-area 3
E E
A=—32. A +30.4
3 EC 3a EC 3b
10.500
11.000

A; =1-400+ 270=657,73 cm?

Distance of axes part 3

E. E
2. Ay, -a, +Eib‘A3b “03
—_ C C
ay = y
3

1-400-4,35+ 10.500 .270-7,7

a; = : =5,66cm
3 657,73

Intrinsic moment of inertia part 3

Es, | b-d3 Ey | b-d5
/eigen,3 =%'|:T%+A33 '(033 _03)2i|+Eib'|:T3b+A3b '(GBb _03)2}
c c

100-43

/efgen,3 =1 |:

ligens = 533,33+686,44+0,955-[164,03+1.123,6]=1.219,8 +1.229,7 = 2.449 cm*

3
+ 400 (4,355,667 | +10:300 [100-2.7
11.000 | 12

+270-(7,7O—5,66)2}

Gamma factors

1

Vi<
‘l+n2'E12'b.d1. di,
Jaref b'GR,12

~ 1
4 1+ m”-11.000-1.00040 20
4.5002 1.000-50

=0,921

y. =1

Formula (4.25)

in transverse
direction

Formula (4.20)
cont.




1

Y3 =
1+4772~E,,~A3 . A3
Qfef b'GR

1

3 =0,876
L -11.000 -(400+257,73) 20 J

Y3 =

1 .
4.500° 1.000-50

n n

/ef = Z/eigen,f +ny 'Ai 'ar’z
i=1

i=1

los =533,33+533,33+2.449,5+0,921-400- 7,652 +1-400-1,65%+0,876-657,85 - 5,667

lop =3.516,2+21.559,7+1.089+18.461,4 = 44.626 cm?

Application examples - Basic principles

Formula (4.25)
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11.1.4 Cross-section following charring

Given: X-LAM element X-LAM 160 L5s
Build-up: 40l - 20w - 401 - 20w - 40l

BSP 160 L5s

40 |
20
160 40 |
20
40 |

Strength class of all board layers: C24
Characteristic material values:

Modulus of elasticity £q e, =11.000 N/mm?

Rolling shear modulus Gg .., =50 N/mm?

Assumed fire performance: consistent charring for all layers.
Charring rate 8, =0,65mm/min

required fire resistance R30 (unilateral from the bottom)

Sought: Cross-sectional values for verification of load-bearing capacity in the event of
fire

Residual cross-section

Effective charring depth
op = Uepgr + Koy

char
Charring rate

dchar = BO'dO
dpor =0,65-30=19,5mm
Pyrolysis zone
kody=7mm
dy=19,5+7=26,5mm
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Cross-sectional values for load-bearing capacity in the event of fire

40
20
40
20 3
40

1

2 5§

Tabular calculation:

T2 . zy 4,
: a, a

=b-d,
[cm] [-] [cm] [cm?] [cm] [cm3]
1 100 1,000 4,00 400,00 2,000 800,0
2 100 1,000 4,00 400,00 8,000 3.200,0
3 100 1,000 1,35 135,00 12,675 1.7111
Sum 935,00 57111
Zg = 5';;;’1 =6,108 cm
Moment of inertia (net value - rigid)
LE b-d? &F
Tabular calculation:
Ei g Eip o?
i E. a; Dintrinsic E. "
_bd}
=0;—Z 12
[cm?] [cm] [cm?] [cm?]
1 400,00 -4,108 533,33 6.750
2 400,00 1,892 533,33 1.432
3 135,00 6,567 20,50 5.822
Sum 1.457,85 1.027,16 14.004

e =1.087,16+14.004 = 15.091cm*

Formula (4.1)

Formula (4.5)
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150

Section moduli

Top edge fibre of the X-Lam element
Z,=-2,=-6,108 cm

- 15.091 =-2471cm3

Bottom edge fibre of the X-Lam element
z,=d;-z,=(d-d,)-2,=(16-2,65)-6,108 = 7,242 cm

_15.091

Whetu 7,242

=2.084 cm3

Static moment (rolling shear)

R
SRnet = Z% A '|ai|

i=1~-c

Sknet = A '|a1|

Spnec =400-4,108 =1.643 cm®

Stress curves

i
)

The effective moment of inertia /,; is only required for verifications in the serviceability

limit states and therefore is not determined for the charred cross-section.

Formula (4.7)




11.1.5 X-LAM cross-section with seven layers

Given:

X-LAM element X-LAM 220 L7s

Build-up: 40l - 20w - 40l - 20w - 401 - 20w - 40l

BSP 220 L7s

40

20

40

220 20

40

20

40

Strength class of all board layers: C24
Characteristic material values:

Modulus of elasticity £y peq, =11.000 N/mm?

Rolling shear modulus Gg .., =50 N/mm?

Application examples - Basic principles

Reference length for calculation according to the Gamma method ¢, =55m

Sought:

Cross-sectional values for load-bearing capacity

Cross-sectional values for load-bearing capacity and serviceability.

40 77
20 1.2 z
40| 2 . 0,
220 20 23 e} —
40| 3 : o
20 34
40 L4
Position of the centre of gravity
n
S Eiped,-o,
E
zs= i=1 ~¢
n
Z%b d,
i=1 =c
Tabular calculation:
E E 4 Eopo
] b Ec di Ec 0; Ec
=b-d,
[cm] [-] [cm] [cm?] [cm] [cm?3]
1 100 1,000 4,00 400,00 2,00 800
2 100 1,000 4,00 400,00 8,00 3.200
3 100 1,000 4,00 400,00 14,00 5.600
4 100 1,000 4,00 400,00 20,00 8.000
Sum 1.600,00 17.600
: 17.600 110 mm
—=  1.600

Symmetrical cross-section
h

ZS=_

2
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152

25=£=110mm

Moment of inertia (net value - rigid)

LE b-dd &E
| =N 2 N T pad o a?
net E 12 ;Ec i i

i=1~c

Tabular calculation:

£ A £ A-a?

1 E. a; Iintrinsic E
_b-d?
=0, =7 12

[cm?] [cm] [cm?] [cm?]
1 400,00 -9 533,33 32.400
2 400,00 -3 533,33 3.600
3 400,00 3 533,33 3.600
4 400,00 9 533,33 32.400

Sum 1.600,00 2.133,33 72.000

~

o =2.133,33+72.000 = 74.133 cm*

Section modulus

— Inet
" max{z,; z,}
Z,=2,=2,=11mm

_74.133
11

W,r =6.739 cm’

Static moment (rolling shear)
R
E.
SRnet = ZE_, A '|ai|
i=1 =n
Sknet =M o+ A4, o

Sanet =400-9+400-3=4.800 cm’




Cross-sectional values for serviceability

The extended Gamma method

Application examples - Basic principles

For cross-sections with four and more longitudinal layers, the extended Gamma method according to

Schelling has to be applied. The y values must be calculated via a linear equation system and no longer

on the basis of a closed formula, as described in Annex A.1.

VIy=s
Matrix
Coefficient matrix
v]
1 2 3 4
2
T EA
m°EA,
2 _C1,2 a, C1,2 +C23 ﬂz '(72 —C23'G3 0
°EA,
3 0 _C2,3 %) C2,3 + C3,4 EZ ' 03 _C3,4 “03
2
m°EA
4 0 0 _C3,4 a3 |:C3,4 EZ 4 :| "ay
Right-hand side
s
1
1 —Ci5701
2 —Cp3:0,3+C 5045
3 —C34034%Co5-055
4 G403
Tabular calculation:
E iA n’E-A
i j b E. dy  E. T g Gk Cik Aaj 7z
_ b~Gj,k
=b-d, d
[mm] [c1 [mm] [mm? [mm] [N/mm] [N/mm?] [mm] [N/mm?]
1 1000 1,00 40  40.000 -90 143,56
1,2 1000 0,00 20 50 2.500 60
2 1000 1,00 40  40.000 -30 153,56
2,3 1000 0,00 20 50 2.500 60
3 1000 1,00 40  40.000 30 143,56
3,4 1000 0,00 20 50 2.500 60
4 1000 1,00 40  40.000 90 143,56
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Matrix with numerical values:

Coefficient matrix Right-hand side
v s
1 2 3 4
1 -237.920 75.000 0 0 1 -150.000
2 225.000 -154.307 75.000 0 2 0
3 0 75.000  154.307 -225.000 3 0
4 0 0 -75.000 237.920 4 150.000

Solution of the equation system

Vly=s
y=VI's
y
Vi 0,9128
2 0,8957
V3 0,8957
Va 0,9128

Moment of inertia

3 n
los b-d; +Zyi'%'b'di'ai2
i=1

n
~ 12 j

]

lp=4-533,33+2: (0,9128-32.400 +0,8957 - 3.600)

lyp =2.133,33+65.598,48 =67.732 cm?

Stress curves

|
\
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11.2 Ceilings

11.2.1 Ceiling as double-span girder

Given:
N1k N2k
L Vo Lkl e
¢ ) &
A i iV
A B C
£ 5
Apartment ceiling, ¢,=4,5m; ¢{,=52m
Utilisation class 1
Fire resistance requirement: R60 unilateral
Impacts:
Live load: n, =2,5 kN/m?, Category A
Permanent superimposed loads: g, , =2,0 kN/m?
Width of the ceiling span: b=7,0m
Sought: Dimensioning for load-bearing capacity and serviceability
Calculation

Pre-dimensioning
—=—+——>d=173+260mm with ¢{=¢,

selected cross-section: X-Lam 220 L7s2 (30l - 30l - 30w - 40l - 30w - 30! - 30I)

BSP 220 L7s2

30
30
30
220 40
30
30
30

Impacts and coefficients

kN/m? Y KLED  Kpoa %o 1
8k 1,21
G 1,35 permanent 0,60 - - -
82k 2,00
n,  NA 250 1,50 medium 080 0,70 0,50 0,20

Dead weight

81k = Prean * Agross = 550 kg/m*-100 cm-22.cm- 107 =1,21kN/ m?
Sum of permanent impacts

8k =81yt 8 =1,2142,00=3,2TkN/m’
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Cross-sectional values
Load-bearing capacity

Section modulus W, =7.358 cm?

net

1,5l pec b

Equivalent area for shear verification: A g .. = =2.529 cm?

SO,R,net
Serviceability

From the different span lengths result different effective moments of inertia. With length
ratios of .., /{m, <1,25, being on the safe side, /,, may be chosen for ¢, .

U =08-45=36m I, =62.586 cm” Cross-section
table

By iteration from the table values:

ler=3.0m I =57.680 cm”

Uyr =4,0m I, =65.856 cm”

E =11.000 N/mm?

0,mean
The substitute cross-section for calculation in a framework programme results in:

I
ber/ h=71/22 cm, with by =/Lf

net

Internal forces

Moment
Maximum moment across the central support B:
Mg,k =-9,59kNm
M K= -2,94 kNm
ny,

M =-4,53kNm

.y

Decisive combination of loading conditions in the rare design situation:
My =ys Mg +yQ(Mn7,k +Mn2,k)

M,=1,35-(-9,59)+1,5-(-2,94 - 4,53)

M,=-12,94-1120=-24,14kNm (k,,,=0,8)

Lateral force
Maximum lateral force to the right of the central support B:
Ve =10,19kN
Vn1,k =0,56 kN

v

y =7,37kN
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Decisive combination of loading conditions in the rare design situation:

Vi =VYsVai *Vq (an,k + Vn2,k)
V,=135-10,19+1,5- (0,56 +7,37)

V,=13,76+1190=2566kN (k  ,=0,8)

Support responses
By =19,54 kN
Bn1,k =6,84 kN

B =8,38kN

0k

Decisive combination of loading conditions in the rare design situation:

By =Ys-Bgi *tYq (Bm,k + an,k)
B,=1,35-19,54+1,5-(6,84 +8,38)

B, =26,38+22,83=49,21kN (k_.,=0,8)

Deflections

Application examples - Ceilings

Wﬁn, qs f=e

Highest deflection in span 2, at point x = 3,5 m from support B
Wy =Wgyy ¥ Wgp, =0,799+1,321=2,120mm

wo = —-0,733mm (not considered, as it has a beneficial effect)
17
W= 2,336 mm
ny,

Quasi-permanent design situation

inst,qs + Wcreep

W s =W,
Wereep = Kaef “Winstgs

Winstgs =Wy * Yo - Wy

Winstqs = 2,120+0,30-2,336 =2,821Tmm
w, =0,8-2,821=2,260mm

creep

W fings = 2,821+2,260=5,1Tmm

Characteristic design situation

Wﬂn =Wipst + Wcreep

W =W_, tW
inst gk ﬂzlk

Wi =2,120+2,336 =4,5mm

W, = 4,456 +2,260 =6,7 mm
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Verification

Ultimate limit states
a T

TRa

a

cm,d

Verification of bending stresses

om,d Sfm,d

o =Ma 22214 4600=_328 N/mm?
4 W 7.358

fmd=kmodM=0r8‘£=15,36N/mm2
g Yom 1,25

3,28 N/mm2<15,36 N/mmz v fulfilled (22 %)

Verification of shear stresses

Trd < frra
V.S, V
Tpg =L =15. 4 =1,5.2200 460,15 N/mm?
lonech Ak net 2.529
fork 1,1
fVR,d = kmodﬁz 0,8 E =0,70 N/mm?

0,175 N/mm2 <0,70 N/mm? v fulfilled (22 %)

Serviceability limit states

Deflections

Verification in the quasi-permanent design situation (appearance)
End deformation

W fin,qs < €250

W fin,qs =2, 1Mm

£250 =m= 20,8 mm
250

5,1mm<20,8 mm v fulfilled (25 %)

Verification in the characteristic design situation (avoidance of damage)
Initial deformation

Winse <4300
Wi, =4,5mm

£300 =m= 17,3mm
300

4,5mm<17,3mm v fulfilled (26 %)
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End deformation
W, <0200

W, = 6,7 mm

2200 -2200 26,0mm
200

6,7 mm < 26,0 mm v fulfilled (26 %)

The end deformation in the characteristic design situation must be applied as the maxi-
mum value of deflection to be expected for the design of possible expansion joints.
Vibrations

Stiffnesses:

In the ceiling’s direction of span:

(E-1), = E Iy, =11.000-62.586-10° = 6.884 KNmz2/m

Transverse to the ceiling’s direction of span:

6 cm of cement screed, E = 26.000 N/mm?2

3
100-67 465~ 468 kNm2/m

(E-1), =E-1=26.000-

Frequency criterion

Influence of transverse distribution
eV (] (B

ktransverse = 1+ [_) + [_j ! ( )b
b) \b) | E,

2 4
52 52 468
ktmnsverse = J1 + |\(7,_0J + [Z_OJ ‘| @ =1,029

Influence of the static system

From Table 6-, for ¢,/ max =4,5/5,2=0,865, results k,=1,113.

min

m /E~/
f1 =ﬁ' TO : ktransverse 'ke
3.210N/m
m—ng gZ,k=W:327kg/m2

fi 1072 1,029-1,113=9,65 Hz

_n '\/11.000-62.586
2.52? 327

f1=9,65Hz>8Hz v fulfilled (vibration class I)
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160

Stiffness criterion

lww

i > AN

T Pl

Deformation as a consequence of a unit load F=1kN at the most unfavourable point for
the one-metre strip (without load distribution):
W o F¥
St 48.(E-1),-by
Load distribution in the transverse direction can be determined from:

bF =min L4M,b
11V (E),

(E-1), _ 468

= = ! results
(E-/)e 6.884 14,71

Assuming the stiffness ratios

b; =min L~4M;b =min{2,41,7,0}=2,41m
11 VED,

Thus, deformation with load distribution is:

_ F0* _ 1000-52%
Weigr = = =0,18 mm
48-(E-1),-b; 48-6.884-2,41

The ceiling corresponds to vibration class |

W =0,178 mm < 0,25 mm v fulfilled (vibration class 1)

Vibration acceleration

For ceilings, a minimum frequency of f, .;, =4,5Hz must be complied with in any case.
For ceilings, for which the frequency criterion cannot be fulfilled ( f; ., < f; < f,, ), upon
further compliance with the stiffness criterion, vibration verification is possible via vibra-
tion acceleration.

For completeness’ sake, vibration acceleration is determined, although it is not required
for the verification in the present case.

For cross-laminated timber ceilings with floating screed and heavy floor structure, from

Table 6-6, the degree of damping results as follows

D=0,04
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The modal mass is

Mo=m—t p=327._ 22 7-5621kg
2'ktmnsverse 21,029

a =O,4~a~FO

ms TS5 D M

Weight force of a person walking on the ceiling considered

F, =700 N

Coefficient for consideration of the influence of the natural frequency on vibration accel-
eration

a= e*0,47-f‘| - e—0,47-9,65 - 0,01 1

0,4-0,011-700

Oy = =0,0068 m/s*
2-0,04-5.621

ag = 0,05 m/s* v fulfilled (vibration class I)

Ultimate limit states in the event of fire

Residual cross-section Cross-section
301 - 301 - 30w - 40l - 30w - 5| table
Cross-sectional values

W, .=2291cm?

net, fi

Aps =1.020 cm?

Internal forces

Moment

Decisive combination of loading conditions in the rare design situation:
Mg =Mg +iy- (Mm,k +Mn2,k)

M;q=-959+0,5- (2,94 -4,53)

M4 =-9,59-373=-1332kNm

Lateral force

Decisive combination of loading conditions in the rare design situation:
Vig =V * '(Vm,k + Vn2,k)

V4 =10,19+0,5- (0,56+7,37)

@=10,19+3,96=14,16kN

Verification of bending stresses in the event of fire

O fid < fn fia

O frg = - = —==2.1000 = -5,81N/mm?
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— fm,k — 24 — 2
Frogia =Ks Kenoa s -y——1,15~1,0~m—27,6 N/mm

m, fi ’

5,81N/mmz2 < 27,6 N/mm2 v fulfilled (21 %)

Verification of shear stresses in the event of fire

Tofid < i
v
tR,ﬁ,d=L=ﬂ~10=0,14N/mm2
Acpnessi  1.020
=k, -k Jk 21,151,011 =1,26 N/mm?
fR,fi,d_ fi Rmod,fi * “ ik 'ﬁ_ ' mm
ym,ﬁ !

0,14 N/mm2 <1,26 N/mm? v fulfilled (11 %)
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11.2.2 Design

The formation of butt joints is discussed in 9.1., page 97.
11.2.3 Model assumptions

Load distribution

For the load propagation in walls parallel to the main direction of span (according to Figure 11-1) or
in columns (according to Figure 11-2), a load propagation angle between 35° and 45° to the vertical
is assumed. Since dimensioning normally takes place at one-metre strips, the impact acting on the
width b,, must be referred to the one-metre strip for dimensioning.

Tm
=gy — 11.1
qa=qy b, ( )

Figure 11-1: Load distribution of wall loads in direction of span
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_ m
Q_QST bm

Figure 11-2: Load distribution of point loads
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11.3 Roofs

11.3.1 Flat roof as a single-span girder

l""’x

} sk

¢
L
l lgk
4 A

Tz

¢
Given: Single-span girder ¢=4,5m
Utilisation class 1
Impacts:
Permanent superimposed loads g, , =0,6 kN/m?
Snow s, =1,5kN/m?

Wind w, =0,2kN/m?

Sought: Dimensioning for load-bearing capacity and serviceability.
Vibration class Il (no requirement)

Calculation

Pre-dimensioning

gzi_)d:m:’ISOmm
2 30 30

selected cross-section: X-Lam 160 L5s (40l - 20w - 40! - 20w - 40I)

BSP 160 L5s

40
20
160 40
20
40

Impacts

kN / m? y KLED Koo Yo 1 W

81k 0,88

G 1,35 permanent 0,60 - - -
82k 0,60
Sk S2 1,50 1,50 brief 0,90 0,50 0,20 0,00

Wy W 0,20 1,50 brief 0,90 0,60 0,20 0,00

Dead weight
&1k = Prean * Agross = 550kg/m*-100-6-107* = 0,88 kN/m’

8 =8 i+ 8y =088+0,06=148kN/m’

Application examples - Roofs
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Cross-sectional values
Load-bearing capacity
W, pee = 3.800 cm?

Spnet = 2400 cm?®

g nec = 30.400 cm*

Serviceability
Lp =4,5m

lo, =28.124 cm*

Internal forces

Md
Moments
_q-?
M; g
2
Mgk = 148-4,5 =3,75kNm
’ 8
2
M, = 15 84'5 =3,80kNm
2
M, = 0.2 84'5 0,5TkNm

In the decisive combination of loading conditions
My=ys Mgy +yg Mgy +yg-thy-M,,
M,=1,35-3,75+1,5-3,8+1,5-0,6-0,51

M,=5,06+57+0,46=1122kNm (k ,4=0,9)

mod

Lateral force

Wzﬂ
2
_1,48-45

- =3,33kN

U1

1,5-4,
2

Vi = 0'224'5 =0,45kN

In the decisive combination of loading conditions

Vi =Vs Vg tVo Vor t¥o Yo Yk

V,=135-3,51+1,5-3,38+1,5-0,6-0,45

V,=4,50+5,07+0,41=9,98kNm (k

=3,38kN

Vs,k =

0,9)

mod ~

\




Deflections
_5q

Wik = 38a.F
of

El,;=1.100-28.124-10* =3.094 kNm?

4
w,, =M.1_000=2,554mm
&k 384.3.094
4
w,, =224 4 000=2,589 mm
'k 384.3.094
_5.0,2-4,5*

W, =——=22_.1,000 = 0,345 mm
'k 384.3,094

Quasi-permanent design situation
W fings =Winstgs * Wereep
Wereep = Kaef “Winst gs

Winstgs =W * o - Wy + 5 W,

Winst.qs = 2,554 +0,00-2,589+0,00-0,345 = 2,554 mm
Wreep = 0,8-2,554 =2,043mm

Wfin,qs =2,554+2,043=4,597 mm

Characteristic design situation
Wfin = Winse + Wcreep

Winst = Wg,k + Ws,k + l)bo 'WW,k

Wi = 2,554 +2,589+0,6-0,345=5,350 mm

Wg, =5,350+2,043=7,393mm

Verification

Ultimate limit states
o T

Y A
.

Crad

18]
~

Verification of bending stresses

Gm,dsfm,d
amd=—Md = 1120-190 46_5 95§ /mm>
4 W,  3.800
fnk 24
fmd=km0d;7=0,9-ﬁ=17,28N/mm2

2,95N/mm?2 <17,28 N/mm2 v fulfilled (17 %)

Verification of shear stresses

Tpa < frra

Application examples - Roofs
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_VSpe _ 9,98-2.400-10

Toy = =0,079 N/mm?
’ lneth 30.400-100
fri 1.1
=k —==09-——=0,792 N/mm2
fVR,d mod Vm 1,25

0,079 N/mm2<0,792 N/mm?2 v fulfilled (10 %)

Serviceability limit states

Deflections

Verification in the quasi-permanent design situation (appearance)

End deformation
W fin s < €250

W fin,qs = 4,60 mm

2250=i00=18mm
250

4,60 mm <18 mm v fulfilled (26 %)

Verification in the characteristic design situation (avoidance of damage)
Initial deformation

W,q <0300

Winee =5,35mm

J&300=ﬂ=15mm
300

5,35mm<15mm v fulfilled (36 %)

End deformation
W g, < €200

Wg, =7,39mm

2200 = ioo =22,5mm
200

7,39 mm<22,5mm v fulfilled (33 %)

The end deformation in the characteristic design situation must be applied as the maxi-
mum value of deflection to be expected for the design of possible expansion joints.




Application examples - Barrel-shaped roof

11.4 Barrel-shaped roof

7
-~

Given: Barrel-shaped roof: ¢=7,0m, h=0,85m, arc of circle with tie bar

Utilisation class 1

Impacts:

Permanent superimposed loads g,, =0,5 kN/m?
Snow s, =1,5kN/m?
wind w, =0,TkN/m?, w, =-0,4 kN/m?, w, = -0,08 kN/m?

(List according to EN 1991-1-4)
Roof elements X-Lam 130 C5s (30! - 20 w - 30l - 20w - 30I) arched
Tie bars: @ 20 mm per metre, S235

Sought: Dimensioning for load-bearing capacity and serviceability
Calculation

Arched elements

From the circular arched geometry results a radius of curvature associated with the de-
tails of:

{

2
3]
2 _7631m

r:
2-h
The maximum board thickness respectively results as follows:

d

max,vorh. < dgrenz

r 7.631
d =——=———=30,5mm
&renz 250 250
dmax,vorh. =30mm
30mm<30,5mm v fulfilled
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Static calculation of the internal forces by means of EDP

Stiffness: Arch: / =900 cm?; E=11.000 N/mm?

net

=15.675cm*; A

net

Tie bar: A, =3,145cm?; E=210.000 N/mm?

[N]

minN,; =-28,71kN  max N, =-4,170 kN

minM, =-1,96kNm  max M, =5,45kNm

Verification
Arch - Ultimate limit states

Buckling: Pressure and bending conservatively with the largest internal forces min N,

and max M, . For exact calculation, the respectively associated internal forces are used.

The buckling length of two-hinged arches can be estimated with ¢, =1,25-s.

Opening angle of the arch: a =2-arctan =54,60°

\2)
2-h

Arch length of half of the arch: s =% =3,63m

Buckling length: ¢, =1,25-s=4,64 m

Tie bar - Load-bearing capacity

With the net cross-section, the ultimate limit state must be calculated with
max N, =26,20kN.

Serviceability

Analysis of the vertical crown deflection and horizontal displacement of the sliding bear-
ing
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11.5 Walls

Upright cross-laminated timber elements linearly supported at their bottom side are called walls.

11.5.1 Vertically loaded wall

by
DE.O1 l:qOG ! } Gog
%
by
Given: Exterior wall ¢, =2,95m; b, =4,54 m; bef =2,40m
Utilisation class 1
Impacts:
Loads from rising storeys:
b,
q
A —- * Roof
be 1 Awan
A e L qum'ng
L Gwan
]
Total superimposed load for the wall: g, =30kN/m (design value)
Wind pressure transverse to the wall plane w, = 0,8 kN/m?
Element: X-Lam 90 C3s (30l - 30w - 30I)
Sought: Dimensioning for load-bearing capacity
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Calculation

30 30 30 30 3035

Cross-sectional values for the one-metre strip
lf=2,97cm , A=99

Ao =600 cm? , W, =1.300 cm?

net
In the event of fire (R30 unilateral):
lp i =1,63cm, A=181

Aner i =335Cm?, W, - =209 cm?

net, fi

Position of the centre of gravity: z;=19,89 mm

Eccentricity due to charring: eg; = 7, —2;; = 45,00 -19,89 mm = 25,1mm

Consideration of wall openings
In case of vertical load distribution, wall openings resultin larger forces in the reduced
wall cross-section. In general, approximately uniformly distributed forces can be as-

sumed.

! } Qo
VIO [0 ooy

Qnet
Relating to the one-metre strip, this results in
fb _&:ﬂ: 1'89
by 2,40
Ny=f,-q,=1,89-30=57kN
w02 .0.8.2.952

M, =Ye 8" =1 0’2 295" 1 31kNm
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Verification

Ultimate limit states

Buckling analysis

g g
c0,d + m,d <1

kc,y 'fc,O,d fm,d

Buckling coefficient for slenderness A=99
k., =0,403

fooqg=134N/mm?, f =153N/mm?

Nd Md
Anet + Wnet <1
kc,y 'fc,o,d fm,d

57 1,31:100
600 +_1.300 <1
0,403-13,4 153

0,95 1,008
et il g
540 153

0,176 +0,066 <1
0,242 <1 v fulfilled (24 %)

Shear stresses

Due to small lateral forces, verification of the shear stresses is omitted at this point.
Ultimate limit states in the event of fire

According to EN 1995-1-2, internal design forces in the event of fire can be determined in
a simplified manner from the internal design forces of cold dimensioning:

Npg=M5-Ng=0,6-57 =34,2kN

The design moment results from the eccentricity in the event of fire as follows:

25,11
Myg=Npq-es=342:-=-o=086 kNm

Buckling analysis
Nﬁ,d Mﬁ,d
A

net, fi +

Koy feofia  Tmgia

Buckling coefficient for slenderness A=181
(recommended limit slenderness in the event of fire A, ., =200 complied with)

k., =0,127

[Table 5-2

Table 3-3

Table 5-2

173



Application examples - Walls

174

foofig =24AN/mm? , f =276 N/mm?

342  0,86-100
335, 209
0127-241 276

342 0,86-100
335, 209 <1
0,127 24,1 276

1,021 4,12
LAl
306 27,6

0,334+0,149<1
0,484 <1v fulfilled (48 %)

Shear stresses

Due to small lateral forces, verification of the shear stresses is omitted at this point.

Table 7-1
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11.5.2 Design

11.5.3 Model assumptions - Lintels

Execution variants

. I

I 0

a) Lintel cut from CLT b) Lintel of CLT inserted with
vertical top layer

¢) Lintel of CLT inserted with .. with inserted steel sheet
horizontal top layer {support pressure)

_—

. . ' f) ... with inserted steel sheet
e) Lintel of CLT inserted (support pressure)

Figure 11-3: Execution variants for lintels in X-Lam walls

Figure 11-3 shows execution variants for lintels in cross-laminated timber walls. In most cases, the
restraint of cut-out lintels according to Figure a) is about 60 to 70 % of the full restraint and can be
obtained from the consideration of a frame - with vertical wall strips for the struts and the lintel as a
waler. The further variants are single-span systems with upright girders of cross-laminated timber or
glued-laminated timber. In Figure c), the reaction force is transferred from the lintel into the wall via
pressing transverse to the fibre. Inserting a steel plate according to Figure d), this can be avoided,
and the force is transferred via end pressing. For lintel girders of glued-laminated timber or solid
wood according to Figure e), by inserting a steel plate according to Figure f), the pressing area of the
upright layers of the wall can be increased to the entire girder width.
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11.6 Shear walls

Wall-type girders are used as load-bearing parapet girders, attic girders, roof trusses or storey-
height walls. They can be used to transfer suspended ceiling loads or the loads of projecting parts of
buildings.

With girders of cross-laminated timber, compared to glued-laminated timber, a higher shear capac-
ity can be achieved due to the interlocked layers. The cross-section usable for bending results from
the sum of horizontal layers, i.e. running in the direction of load-bearing capacity.

For wall-type girders from a span-to-height ratio of about h:¢>1:4 on, the non-linear stress curve
must be considered. The stress distribution for wall-type girders is shown as an example in Figure
11-4. While the stress curve of the beam is linear, it is highly curved for the wall-type girder. With a
decreasing ¢/h ratio, the tension zone becomes lower and the pressure zone higher. The stress at
the bending tension edge of the wall-type girder does not decrease with the moment curve, but
maintains its size in the span over longer distances.

Edge stresses determined according to the plate theory depend on the load application at the top
and at the bottom and the ¢/h ratio of the girder. In the very most cases they remain below the
three-fold value of stress distribution of a beam assumed as linear. With a ratio of h:¢=1:2, they are
about the 1,5-fold. The diagram of shear stresses likewise shows another curve, with a lower maxi-
mum compared to the beam. The maximum shear stress at h:¢=1:2 remains below the 1,5-fold of
the shear stress according to the beam theory.

With continuous systems, the influence of shear deformations has an effect on internal forces. The
moments at support become lower, the moments of span higher. It is recommended to determine
the moments and the longitudinal bending stresses resulting therefrom as well as the deformations
at a single-span girder across the longest span. Reaction forces and lateral forces can be determined
considering the continuous beam effect.

Omd

2

Figure 11-4: Stress distribution for wall-type girders
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11.6.1 Shear walls

A BJ;’ ™
C‘I 5’2

Given: Double-span girder ¢,=4,5m, 0,=4,5m
Utilisation class 1

Impacts:
Permanent superimposed loads: top: g, =4kN/m, bottom: g, =7,72kN/m

Live loads: bottom: n, =6 kN/m (span-wise unfavourable) (live load category A)
Snow: top: s, =3,5 kN/m? (below 1.000 m above sea level - S2)

Wind: top: w, =0,5kN/m?

Cross-section: X-Lam 130 C5s (30l - 20w - 30l - 20w - 30l)

Sought: Dimensioning for load-bearing capacity and serviceability
Calculation

Impacts

kN/m?  YeYq KLED Koo Yo i W

8 G 11,72 1,35 permanent 0,60 - - -
n, ,and '
N NA 6,00 1,50 medium 0,80 0,70 0,50 0,30
2,k
Sk S2 3,50 1,50 brief 0,90 0,50 0,20 0,00
Wy w 0,50 1,50 brief 0,90 0,60 0,20 0,00

Design value of the impact in the decisive load combination

9y =V 8 +Yq M =135-11,72+1,50-6,00=24,9kN/m (k.4 =0,8)

mod ~

Support

0+l 4,5+6,5

=1,25-249-

B, =~1,25-q,- =1712kN (K

mod

=0,8)

Internal forces
Moment

Determined for a single-span girder with the length of ¢,=6,5m

_ 905 24965

M, . =131,5kNm
oo My 131510010, o0 o
¢ W00, et 60.000 '

Lateral force
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178

V,=0,625-q,-(,=0,625-24,9-6,5=101,2 kN

Ya :1,5.%.10 =1,27 N/mm?
A, 50 net 1.200

Tysqg =1,5-

Deformation
Characteristic value of impact

Q=8 N+ Wy S+ Py -w, =1172+6,0+0,50-3,5+0,6-0,5=19,8 KN/ m

W =5'qk'£‘21+ G5
inst
384-F-1 8-G-A

b,so.ne - _ 4-300°

1,90,net = 5 - =9.000.000 cm*

E=1.100 kN /cm?
E-1=1.100-9.000.000-10~* = 990.000 kNm?

A=bh h=13-300=3.900 cm?

's gross

G =0,75-G=0,75-69=51,75kN/cm?

G A, =51,75-3.900 =201.825 kN

=0,465+0,518 =1Tmm

(5.-19,8-6,5*  19,8-6,52 3
Winse = + 10
—t | 384.990.000 8-201.825

Support pressure

Ocou= 7 =51 102951 N/mm?

Wall pillar at risk of buckling above the support

30° 0° «

30°

e 5

2

Load propagation into the wall pillar with 30°

b, =2£~tan(30°)=2~3720-0,577 =86cm

Related to a one-metre strip
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=199~L=232|<N/m

1
v 0,86

Buckling
¢,=h=30m

ief =3,91cm

k., =0,622 Table 5-2

Ao e = 9100 =900 cm?

feox _ 0,821 213,44 N/mm?

fc,O,d = kmod : Vi 1,25

2,58 N/mm? <0,622-13,44

2,58 N/mm? <8,36 N/mm? v fulfilled (31 %)

Z 30°

1

Figure 11-5: Load propagation from the support axis

_Bg 1
AN nd_bst "1 Mg nT by [m]
bst Tm E =t
h !_;
4 30° /
a) 4 b)
By

Figure 11-6: Wall pillar with conversion of the load to one column with a width of 1 m
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Annex Calculation method

A.1 The extended Gamma method

The Gamma method stated in the standards is restricted to two and three longitudinal layers, i.e.
three- and five-layer cross-laminated timber cross-sections. For seven and more longitudinal layers,
the method must be extended. The Gamma values may then be determined via a linear equation
system.

A.1.1 Prerequisites and assumptions

The flexibly connected partial cross-sections (thickness of longitudinal layers and E moduli) may
each have different cross-sections and stiffnesses, but are constant along the entire girder length.
The stiffness of the flexible couplings (i.e. the transverse layers with their respective thicknesses and
rolling shear moduli) likewise remains constant, which can be assumed with continuous gluing of
the transverse layers.

With sufficient accuracy, the longitudinal stiffnesses of the transverse layers are equated to zero in a
simplified manner.

The Gamma method is based on the approach of a sinusoidally distributed load and a respective
deformation shape and on the assumption that all parts of the cross-section remain planar in the
sections considered.

From the equilibrium analysis at the cross-section, with application of the curvature-moment-
relation and consideration of the joint displacements, a coupled differential equation system can be
set up, using which the expansions and curvatures of the individual partial cross-sections can be de-
termined. Applying the mentioned sinusoidal distribution, this differential equation system is simpli-
fied into a linear equation system, which can be resolved by the Gamma values for the individual
longitudinal layers.

A.1.2 Determination of the overall centre of gravity

n
S Epodo
— =1 EC
Z= nE
> iob-d
= Ec
O wevereeneererreneeeeneenes Distance of the individual centres of gravity of each longitudinal layer from the
upper edge
Zg et Distance of the overall centre of gravity from the upper edge
0;=0; = Z5 weveeneeenes Distance of the individual centre of gravity of the longitudinal layer i from the

overall centre of gravity

A.1.3 Setting up the equation system

For more than three longitudinal layers, the stiffness of the cross-section is no longer determined by
the flexibility to the respectively adjacent longitudinal layer alone. The flexible coupling to the longi-
tudinal layers positioned further away must be considered, as described in A.1.1.
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The equation system is as follows:

V]y=s Q)
Vig vi; 00 0 v |=[s ]

Vo1 Vap Va3 0 0 Y2 52

0 vy, V33 Vg, O Y3 53

0 O
0 0 0 Vpmq Vmm Ym] [Sm]

Left-hand side

b-G, ;
Cp=—r 2 €
dy
m? E.-b-d,
Dj=——L——L (4)
Jaref
Vi1 ==Ciq 04 ©)
Vii = (Ci—1,i Ciin +Df)' a; (6)
Viier = =Ciiq - O )
Right-hand side
i =—Ciin (O — ai)+ Cia '(ai - O’M) 8)
The equation system for four longitudinal layers is as follows:
[viy vi, O 0 Y1 S
Voi Vo, Vas O Y2 _ S2
0 vi, Vi3 Via||Ys S3
| 0 0 V43 Vaal|VYa S4
Following insertion, it looks as follows:
_(C1,2 + D1)' a =G0, 0 0 Y1 -G (ay —ay)
=G0 (C1,2 +Co3 +D2)'az -C5-03 0 Y2 | -G53 (a3 —ay)+ G (o, —ay)
0 -C500, (Cz,s +G54 +D3)'03 -C34-04 Y3 -G53y (o, —a3)+ Cos (o3 —ay)
L 0 0 —C34-05 (C3,4 + D4)'04 Ya Cs4-(ay —a3)
9)
A.1.4 Solution
y=[VI"s (10)

The solution of the linear equation system are the Gamma values for the individual longitudinal lay-
ers.
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A.1.5 Moment of inertia

The moment of inertia can be determined as with the simple Gamma method:

3 3 3
E b-d 3 )
= .= 74 .—L.p.-d. o 11
ef o Ec 12 ;yl Ec i i (11

A.1.6 Stress verifications

In the present guideline, the stress verifications are undertaken assuming rigidly connected parts of
the cross-section. This corresponds to most approvals and some parts of the technical literature,
and is explained in Chapter 4.
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A.2 The multilayer, shear-flexibly connected beam

Timoshenko beam according to Bogensperger, Moosbrugger ' and Altenbach et al. (1996)

A.2.1 Designation of layers and distances

~N ||| B W N =

Figure 11-7: Designations for individual layers at the example of a seven-layer cross-laminated timber
element

A.2.2 Overall cross-section
Position of the centre of gravity following rigid connection

N e Number of layers

Z; =de+% .......... Position of the individual centres of gravity of each longitudinal layer (as meas-

ured from the upper edge)

....... Overall centre of gravity (as measured from the cross-section’s upper edge)

Z;=Z, = Z v Distance of the individual centres of gravity from the centre of gravity
Z,, =2 G Distance of the top individual edge fibre from the centre of gravity

’ 2
Z,=2 —% ............. Distance of the bottom individual edge fibre from the centre of gravity
M et Index of the layer containing the centre of gravity

A.2.3 Moment of inertia

n 3 n
-\ E bd +Zﬂ.b.di.z.2
'=1Ec 12 i=1 E.

1

/net

! Schickhofer et al. (2010)
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A.2.4 Shear area
A =K-» G-A

Shear correction factor (transverse shear factor)

G-A =

Modified for consideration of the different moduli of elasticity E and shear moduli G.
In the literature, shear correction is considered on the one hand

= viathe shear correction coefficient k, (kappa with index z) «,>1,2

and on the other hand

= via the shear correction factor « (kappa without index), « =1 with < 0,83.

KZ
Shear correction coefficient:
G-A
(= [l )
TElp? 160
2
ZG A [E(z)-jA.zdz]
K, I dz (13)
A ynet P ) G@)-b
Shear correction factor:
;<=i (14)

for rectangles: k===0,83

mlm

nex

Standard values for cross-laminated timber made of standard laminates with different thicknesses

(20, 30, 40 mm):

Type 3s: 0,15<k<0,18
Type 5s: 0,18 <k <0,20
Type 7s: 0,25<k <0,29

Type 9s: 0,26 <k <0,29

The shear stiffness results as follows:

G- A =K-G Ay (15)
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Tabular calculation of the shear correction factor

2
) 2 E(z)-|A-zdz
[E@)-S@)] dz=_[[ I ] dz can be determined layer by layer and added

The double integral j
. G(z)-b G(z)-b

up. In that, first, the upper part of the cross-section from the cross-section’s upper edge z=z,, to

the cross-section’s centre of gravity is considered, and then the lower part of the cross-section from
the cross-section’s lower edge z=2z,, to the cross-section’s centre of gravity z=0.

(16)

For one layer considered, the analysis of the integral results in the following polynomial:

Ziu E/2b2 5 2.3 4 5
'[[E~S]2dz= 60 (3'2,;u—10'2,;02,;u+15'2,;02,;u—8'2,;a)+ (17)
o E-s 2 (20-23,-60-227,,+40-23 )+

" 60
+ [E'S]iz(zi,u _zi,a)
In that, the term [£-S]; results by summing up all layers from the upper or lower, respectively, cross-

section edge to the currently considered layer i

5] fhe (18)

Zko

[E'S]iz

i1
k=1

In that, the portion of an individual layer k is:

2 2
zk, _ zk,u zk,o
[E-S] o = Eib- (5= =) (19)

Therewith, the shear correction coefficient can be calculated in a tabular manner by forming subto-
tals.

Approximate calculation of the shear correction factor

For symmetrical build-ups, continuously equal laminate thicknesses and the shear moduli ratio of

%=i, Jobstl indicated the following values:
G, 10
3 layers 5 layers 7 layers 9 layers
1 layer
of equal layer thickness
k=0,83 kK=0,21 k=024 k=0,26 K=0,27
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Calculation of deformation

Deformation is calculated from the following terms

W=J.M'M dx+'|‘ V-V (20)
E-1,e G- A
Wy wy

At the example of a single-span girder with a uniformly distributed load, the following generally
known equation is obtained for centre deflection:

5.q-0% . q-r?

384-E-l,, 8-G-A, 21
—_
Wy wy
For a girder with a point load in the centre results the following generally known equation:
. 3 .
F-t N F-r (22)

w =
48 E-l, 4-G-A,
—_—

Wy Wy

A.2.5 Stress verifications

The stress verifications are undertaken with the assumption of rigidly connected parts of the cross-
section, as explained in Chapter 4.
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Cross-sectional values for cross-laminated timber with fictitious build-ups - Ceilings and roofs

Designation | Build-up lo,net Wo,net  SRnet ARz lo,ef ref Y
200m 3,00m 400m 500m 600m 700m
[em*]  [em’]  [em’]  [em?] [em‘] (-]
XLAM 301-20w-30I- 15.675 2.412 1.500 1.567 11.990 13.778 14.546 14932 15.151 15.287 | 0,193
130 C5s 20w-30I 86 % 65 % 75% 79 % 82 % 83 % 83 %
XLAM 301-30w-30I- 22.275 2970 1.800 1.856 15186 18.422 19.924 20.709 21.163 21.447 | 0,184
150 L5s 30w-30I 79 % 54 % 65 % AR 74 % 75% 76 %
XLAM 401-20w-40I- 30.400 3.800 2400 1.900 | 21.680 25.741 27.580 28.529 29.074 29.414| 0,208
160 L5s 20w-40I 89 % 64 % 75% 81 % 84 % 85% 86 %
XLAM 401-20w-40I- 74196 6739 4800 2319 | 43594 56360 62921 66.530 68.676 70.042| 0,217
220 L7s 20w-401-20w-40! | 84% 49 % 64 % 71 % 75% 77 % 79 %
XLAM 301-301-30w-40I- | 80.933 7358 4800 2529 | 42978 57680 65.856 70.550 73.412 75.260| 0,188
220 L7s2 30w-30I-30I 91 % 48 % 65 % 74 % 80 % 83 % 85%
Cross-sectional values for cross-laminated timber with fictitious build-ups - Walls
Designation | Build-up Aonet lonet  Wonet Srnet ARt loyef[cm“]/ioyef[cm]/ =] %
Inet Eref
Ibrut
[cm?]  [ecm?¥] [cm?] [cm®]  [ecm?] | 2,50m 2,95m 3,00m 4,00m 500m 600m |[-]
XLAM 301-30w-30I 600 5.850 1300 900 975 5120 5305 5321 5539 5.647 5.707 |0,155
90 C3s 292 297 298 304 307 3,08
96 % 86 g9 101 132 163 195
XLAM 401-40w-40I <10]0) 13.867 2.31 1.600 1300 | 11.083 11.737 11.796 12.613 13.035 13.277 | 0,155
120 C3s 3,72 3,83 3,84 3,97 4,04 4,07
96 % 67 77 78 101 124 147
XLAM 301-40w-30I 600 7800 1560 1.050 1.114 6.532 6.843 6871 7247 7436 7543 |0,152
100 C3s 330 338 338 348 352 3,55
94 % 76 87 89 115 142 169
XLAM 301-20w-30I- 900 15.675 2.412 1500 1.567 | 13.088 13.722 13.778 14.546 14.932 15.151 | 0,193
130 C5s 20w-30I 3,81 3,90 3,91 4,02 4,07 4,10
86 % 66 76 77 99 123 146
XLAM 301-30w-30I- 900 22.275 2970 1800 1.856 | 17130 18.314 18.422 19.924 20.709 21.163 | 0,184
150 C5s 30w-30I 4,36 4,51 4,52 4,71 4,80 4,85
79 % 57 65 66 85 104 124
Fictitious element build-ups The element build-ups above are Aonet Netarea —in the direction of the top layers in cm?
used in the guideline with fictitious and were defined indepen- lo,net  Net moment of inertia - in the direction of the top layers in cm*
cross-sectional values for dently of respective manufacturers. Wo,ner Net section modulus — in the direction of the top layers in cm®
dimensioning of elements The tables represent a possible listing SRnet  Net static moment — in the direction of the top layers in cm?
subjected to bending according of the cross-sectional values for ARt Equivalent area for determination of the decisive rolling
to Chapters 5 and 6 of the dimensioning according to the shear stress in cm?
present guideline. present guideline. For manufacturer- lo,ef Effective moment of inertia — in the direction of the top layers in cm*
related build-ups and corresponding /O,ef Effective radius of inertia — in the direction of the top layers in cm
cross-sectional-values, please Lref Reference length or buckling length in m
contact one of the manufacturers. A Slenderness (no unit)
) Shear correction factor for calculation as a transversally

shear-flexible element (no unit)




