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Posts & Beams

This design manual focuses on LVL G post and beam elements.
A separate design manual for LVL G panel elements will be available for design guidance.

1. Product description

1.1 Basic product information

Stora Enso Glued laminated LVL (LVL G) is covered by the ETA 20/0291 [1].

It is comprised of structural Laminated Veneer Lumber (LVL) components bonded together with a PUR adhesive at
their flatwise surfaces. The adhesive used is approved for gluing of load-bearing structures and suitable for gluing
of Stora Enso LVL. The adhesive used in manufacturing of Stora Enso LVL G is of type | (full exposure to the
weather) as defined in EN 15425.

The LVL laminations are manufactured according to EN 14374 without finger or other end joints and are calibrated
to standard thicknesses. The veneers of the LVL are peeled from spruce softwood.

There are several types of products that all are manufactured according to the same principles.

storaenso
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1.2 LVL G dimensions

Guidelines for LVL G panel dimensions are presented in Table 1.

The maximum size of the LVL G master panels are:
Type L: 600 mm x 2 500 mm x 19 900 mm (beams, columns and slab elements)

Stora Enso LVL G Flatwise or Edgewise sections:

Beams with rectangular cross section. The beams are glued of LVL S grade or X-grade and can be used edgewise
or flatwise. Typical cross sections are shown in Figure 2. The thickness of laminations can be from 24 to 69 mm
while the width of the laminations may be from 100 to 2500 mm.

Calibrated laminations 30, 36, 42, 48 and 60 mm are used for the standard manufactured product and standard
width are also available from 200mm to 600mm as described in Table 1: Standard dimensions of Stora Enso LVL
G. When used in edgewise bending, the components may have uniform height, or they may be single or double
tapered. Openings are allowed to be taken for Type B in accordance with the design instructions in chapter 8.

Width h <2 500mm

Thickness b 50 — 600 mm
Length L <19900 mm

Flatwise section Edgewise section
b, b, by b, bs by

N B N B

storaenso
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1.3 Cross sections
Table 1: Standard dimensions of Stora Enso LVL G

b
[mm]

Calibrated lamella thicknesses [mm]

(b1 ] bz by | b | bs | bo | by | b | bo | bu
72

Height / Width [mm)]
-~ h
200 240 260 300 350 400 450 500 600
200 240 260 300 350 400 450 500 600
200 240 260 300 350 400 450 500 600
200 240 260 300 350 400 450 500 600

36 36 36 200 240 260 300 350 400 450 500 600
200 240 260 300 350 400 450 500 600
42 42 42 200 240 260 300 350 400 450 500 600

200 240 260 300 350 400 450 500 600
200 240 260 300 350 400 450 500 600
200 240 260 300 350 400 450 500 600
200 240 260 300 350 400 450 500 600
200 240 260 300 350 400 450 500 600

200 240 260 300 350 400 450 500 600
200 240 260 300 350 400 450 500 600

200 240 260 300 350 400 450 500 600
200 240 260 300 350 400 450 500 600

200 240 260 300 350 400 450 500 600
200 240 260 300 350 400 450 500 600

42 42 42 42 42 42 42 200 240 260 300 350 400 450 500 600

200 240 260 300 350 400 450 500 600
200 240 260 300 350 400 450 500 600
200 240 260 300 350 400 450 500 600
200 240 260 300 350 400 450 500 600
378 200 240 260 300 350 400 450 500 600
200 240 260 300 350 400 450 500 600
200 240 260 300 350 400 450 500 600
200 240 260 300 350 400 450 500 600
200 240 260 300 350 400 450 500 600
200 240 260 300 350 400 450 500 600
200 240 260 300 350 400 450 500 600

e Intended use: beam and column elements, edgewise and flatwise
e Material: LVL-S and LVL-X
e Multiple glued with lay-up Type L (with all layers in longitudinal direction)
o Optimal lamella thicknesses 33/39/45/51/63mm
e Master panel sizes (see Figure 3)
o Thickness 84mm to 600mm
o Width: 2 500 mm (2 520mm on request) (beams, columns and slab elements): Type L
o Width: 2500 mm (wall elements): Type C ->(covered in another design manual dedicated to LVL

G panels)
o Length from 6m up to 19.9 m

storaenso
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LVL G by Stora Enso
Type L *
storoenso |

h

<2 500 mm ~

‘ L <19 900 mm |

Figure 3: Example of LVL G masterpanel type L - LVL layers. Colours: first outer layer (blue), inner layer (gray), second outer
layer (green).

LVL G by Stora Enso
slab element

storoenso

L h N

Figure 4: Slab cross section of LVL G by Stora Enso type L.
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2. Material

2.1  Stiffness and strength properties

A F E B
Al Al
. . AF
y A7 B y 4 | a7 a7
Edgewise bending parallel to grain Edgewise bending perpendicular to grain | Flatwise bending parallel to grain
f m,0,edge ’ E m,0,edge fm,go’edge ’ Em’QO'edge fm,O,ﬂat % sﬂat,m L Em,O,ﬂat
C D E
1F
i
F
A
/ Lﬂy F’/ fﬁF
I
o . . . . LF
Flatwise bending perpendicular to grain Tension parallel to grain Edgewise tension perpendicular to grain
Fim,90,nat @19 E 1, 00 fiat fior Ero Tso0,6cipe
F G H
| F
v
R,
v l / F / e A F Ty
| 4 | V
‘F IF
Flatwise tension perpendicular to grain Compression parallel to grain Edgewise compression perpendicular
I t 90, flat fc,o ’ Ec,o tograin f ¢,90,edge ’ Ec,90,edge
| J F K
7 At
F ,~F "
L l / = ,4'{‘i / S %V’
——y & oy
{ / o F | 1 >
TF .
Flatwise compression perpendicular to Edgewise shear parallel to grain Flatwise shear parallel to grain
grain fc,90,flat y Ec,90,ﬂat fv,edge ’ Gedge fv,O,flat ? sﬂat,v , GO,ﬂat
L
F, LVL by Stora Enso
‘iﬁ/ ﬁ Symbols for strengths, moduli of elasticity and
“F shear moduli in different directions of LVL
storaenso
Flatwise shear perpendicular to grain
f v,90,flat GQO,ﬂat

Figure 5: Definition of the strength and stiffness orientations
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Table 2: Characteristic and mean values of Stora Enso LVL G-S and LVL G-X grade to be used in design.

Designation

Edgewise, parallel to the grain
Bending

strength Flatwise, parallel to the grain

Flatwise, perpendicular to the grain

Size effect edgewise
Size effect

parameter Size effect flatwise bending

Size effect flatwise shear

Parallel to the grain
Tensile

strength Perpendicular to the grain, flatwise

Parallel to the grain- Service class 1

Compressive | Parallel to the grain- Service class 2

strength
Perpendicular to the grain, flatwise

Edgewise, parallel to the grain
Shear

strength Flatwise, parallel to the grain

Flatwise, perpendicular to the grain

Mean, parallel to the grain, flatwise
Char, parallel to the grain, edgewise

Char, parallel to the grain, flatwise
Char, Bending perpendicular to the
grain, flatwise

Mean, Bending perpendicular to the
grain

Mean, perpendicular to the grain,
edgewise

Char, perpendicular to the grain,
edgewise

Modulus of
elasticity

Mean, edgewise, parallel to grain

Char, edgewise, parallel to grain
Shear

Char, flatwise, parallel to grain
modulus : L &

Mean, flat, parallel to grain
Mean, flat, perpendicular to grain
Char, flat, perpendicular to grain

Mean densit
Density y

Char density

Perpendicular to the grain, edgewise

Perpendicular to the grain, edgewise

Mean, parallel to the grain, edgewise

fm,90, flat k

Sm,edge

<
(=]
~
o
o
0Q
(]
~

ft,90,edge,k(1)

fc,90,edge,k

)

fv,0/90,edge,k(

EO,edge,mean
IEO,fIat,mean
EO,edge,k
Eo,flat,k

E90,f|at,mean
Eogo,flat k
E90,edge,mean

E90,edge,k
G0/90,edge,mean
G0/90,edge,k

GO,fIat,mean

G90,f|at,mean

=~

kg/m3
kg/m3

Dec-20
Figure
LVL 24-69mm
lamination
A 44,0 32,0
B 45,0 31,0
C - 8,0
A 0,12 0,12
B 0,11 0,13
K - 0,13
D 35,0 26,0
F 0,20 -
E 0,8 6,0
G 35,0 26,0
29,0 21,0
H 6,0 9,0
| 2,2 2,2
J 4,2 4,5
K 2,3 1,3
L - 0,6
ADG 13 800 10 500
B 12 400 10 100
ADG 11 600 8 800
B 11 200 8 800
C - 2 000
C - 1700
H - 2 400
H - 2 000
J 600 600
J 400 400
K 380 100
K 440 120
L - 22
L - 16
- 510 510
- 480 480

™ When edgewise bending property in 90° direction is not defined, ftg0,edge,k Value should be used as fm,g0,edge,k -

@ fy,0,edge,k = fv,90,edge,k (Edgewise shear strength fv,0.edgex is valid for 90° direction too. It is unnecessary practice
to have “0” in the index for the edgewise value. Only in flatwise shear, the direction 0° or 90° matters.)

THE RENEWABLE MATERIALS COMPANY
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These values are based on declared values given in reports:
e Varkaus 2020-04-08 DoP LVL by Stora Enso, S grade, thickness 24-75mm
e Varkaus 2017.02.16 DoP LVL by Stora Enso, X grade, thicknesses 24-69mm
e VTT analysis reports VTT-S-05550-17 [2] and VTT-S-05710-17 [3]
¢ Report no EUFI29-19002201-T1 [4] and Report no EUFI29-19002201-T2 [5]

2.2 General

The design of LVL and LVL G members according to Eurocode 5 requires strength values of the primary LVL as
well as size effect parameters “s”. For LVL loaded edgewise in bending and parallel to grain in tension, EN1995-1-
1 gives a size effect parameter s = 0,12 and a reference depth hrer = 300 mm for edgewise bending and a reference
length Lrer = 3000 mm for tension, respectively.

For flatwise bending, compression parallel or perpendicular to grain, tension perpendicular to grain or shear no size
effect parameters are given in Eurocode 5 for primary LVL. According to draft EAD DP 130337-00-0304 [6] size
effect parameters are required for bending strength (edgewise and flatwise), tension strength parallel to grain, and
shear strength (flatwise). While for edgewise bending and tensile strength parallel to grain the size effect parameter
of LVL is directly applicable to LVL G, size effect parameters for flatwise bending and shear strength (flatwise and
edgewise) need to be determined.

2.3 Intended use

Stora Enso LVL G is intended to be used as a non-structural or structural element for load-bearing applications in
building and civil engineering structures. With regard to moisture behaviour of the product, the use is limited to
service classes 1 and 2 as defined in EN 1995-1-1.

Composite action of the parts is achieved by adhesive bonded joints. Mechanical connectors are not used to achieve
the composite action of the parts, but nails or screws between the parts may be used in order to achieve the pressure
needed for a proper glue bond. In Stora Enso case, pressing is used. Therefore, cross sections of Stora Enso LVL
G are allowed to be handled as monolithic.

Design shall be carried out according to EN 1995-1-1 and EN 1995-1-2. Strength and stiffness values of Stora Enso
LVL G given in Table 2 shall be used in the design.

2.4 Mechanical resistance and stiffness

The LVL G by Stora Enso products are manufactured according to an individual design or delivered as standard
products. In case of individual production, the design can be made on a case by case basis by the manufacturer or
by a third party according to the design instructions of the manufacturer. Strength values of Stora Enso LVL G to
be used in design together with information of the dimensions of the components are given in Table 1 and Table 2.
The design instructions of the manufacturer have been reviewed by Eurofins Expert Services . In case of updating,
the new versions shall be approved by Eurofins Expert Services Oy.

3. Creep and duration of load

3.1 Partial factor for the material
For LVL partial safety factor is according to EN 1995-1-1:

Ym = 1.2

Exception: if national annex of EN 1995-1-1 is overruling this value.

3.2 Partial safety factors for loads and load combinations

The design value Eq for the effects of actions shall be calculated using EN 1990 and its national annexes.
Partial factors for loads, load combinations and for different consequence classes are taken from the appropriate
national annex.

storaenso
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3.3 Factors accounting for the load duration and moisture content

The moisture content and the load duration shall be taken according to the appropriate national annex.
The modification factors for strength kmea and deformation kaqet shall be according to EN1995-1-1 and the applicable
National annex. A recommendation is given in the tables below.

In Table 4, values for kmog and in
Table 5, values for kgef can be found.

Load-duration class

Action time of the load

Load

Permanent

More than 6 months

Self-weight, imposed load Category E

Medium-term

10 minutes - 6 months

Imposed floor load, snow

Short term

Less than 1 week

Snow

Instantaneus

Below 10 minutes

Wind, accidental load

Effects of duration of load are taken into account according to EN 1995-1-1. The following kmod values apply in
service classes 1 and 2 for both Stora Enso LVL S grade and Stora Enso LVL X-grade component parts:

Load-duration class

Service class Permanent action Medium term action Short term action Instantaneous action
1 0.60 0.80 0.90 1.10
2 0.60 0.80 0.90 1.10

In calculation of the final deflection, creep is considered according to EN 1995-1-1. The following deformation factors
ket shall be used:

Service class
1 2
LVL-X edgewise
LVL-S edgewise 0.60 0.80
LVL-S flatwise
LVL-X flatwise 0.80 1.00

The values in the second row are used only for flatwise bending and flatwise shear deformation of LVL X. Otherwise
the Kaer Of LVL-X has the same values as for LVL S.

The service classes are defined in the standard EN 1995-1-1.

Service class 1 means that the structure is in warmed in-doors conditions where the moisture content corresponds
mainly to a temperature of 20°C and the relative humidity of air exceeds 65% only for a few weeks per year.
Service class 2 is characterised by a moisture content in the materials corresponding to a temperature of 20°C
and the relative humidity of the surrounding air only exceeding 85 % for a few weeks per year.

Deformation factor Kader is a factor to evaluate creep deformation.

storaenso
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3.4 Dimensional stability

Tolerances of dimensions for Stora Enso LVL G and swelling and shrinkage values for Stora Enso LVL G are given
in Table 6 and

Table 7.

The swelling and shrinkage behavior due to change in moisture content of LVL lamination relates to the swelling
and shrinkage behavior of the base material.

When manufactured, the moisture content of the components is below the equilibrium value in use conditions. Due
to changing temperature and relative humidity of the surrounding air the moisture content of Stora Enso LVL G will
continuously change.

The swelling and shrinkage values for Stora Enso LVL products in % per % change of moisture content are given
in Table 6. They shall be used to determine the dimensional changes of Stora Enso LVL G.

Type of timber and Swelling and shrinkage in percent per percent change of moisture content [7]
species — - — X

P In the direction of the | Inthe direction of the length | In the direction of the width

thickness
LVL-S (spruce) 0,30 0,01 0,31
LVL-X (spruce) 0,44 0,01 0,033
Dimension Size [mm)] Tolerance [mm] or [%]
Overall depth h <400 +2mm
=400 +05%

Overall width b All +3mm
Overall length L All +5mm

Cross sections of Stora Enso LVL G are in general symmetrical or almost symmetrical thus minimizing any effects
of moisture changes to overall shape of the cross section. No distortion of the cross sections is expected in
normal use conditions.

Effect of varying moisture content to the nominal dimensions is normally negligible and within the tolerances given
in Table 7.

3.5 Durability

The adhesive of type | can also be used in service class 3 but the untreated Stora Enso LVL flange and web
materials do not withstand attacks from fungi. Thus, Stora Enso LVL G can be used in service classes 1 and 2
according to EN 1995-1-1, and hazard classes 1 and 2 as specified in EN 335. The product may be exposed to the
weather for a short time during installation.

Risk of mold growth can occur in service class 2 without surface treatment.

Durability may be reduced by attack from insects such as long horn beetle, dry wood termites and anobium in
regions where these may be found.

storaenso
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3.6 Size effect parameters

The effect of the size of member shall be taken into consideration in the design according to [8] and [6] .
For member in edgewise bending the characteristic value for f;, o cqqe x Shall be multiplied by the factor

300 Sedge
fon = mi"{(T)

1.2

Seage  Size effect parameter in edgewise direction (defined in EN 14374) to be found in Table 2.
h height of the member [mm]

For member in flatwise bending the characteristic value for f,,, o r14:x Shall be multiplied by the factor

90\ Sm.flatLVL G-S
kh,m,flat,LVL G-S = (7)

90\ Sm.flatLVL G-X
kh,m,flat,LVL G-X = ( A )

For member in flatwise shear the characteristic value for f, ¢ r14¢x Shall be multiplied by the factor
go)sv,flat,LVL G-X

kh,v,flat,LVL G-X = ( h

Smriat Size effect parameter in flatwise bending direction (defined in [6] and [5]) to be found in Table 2.
Syriae  Size effect parameter in flatwise shear direction (defined in [6] and [5]) to be found in Table 2.
h depth in flatwise direction of the member [mm]

Size effect factor is not used for the design of LVL G-S in shear.

For member in tension the characteristic value for f; , , shall be multiplied by the factor

3000\
k; = min ( I )
1.1
s size effect parameter used in edgewise direction s, to be found in Table 2.
l length of the member [mm)]

4. Design principles

4.1  Ultimate limit states principle

Requirement:
E; <Ry

where
Eq is the design value of the effect of actions
Rd is the design value of the corresponding resistance

4.2 Design values

The design values are calculated as

X
Xq = kmoa * E
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Xy design strength
Xy characteristic strength E; <Ry Eq 8
kmoa  Modification factor

4.3 Member axis of LVL G

z
ol
Y.
I
N | | ieel -
e
= : . 3
|
|
\/*/
I
|

Figure 6: Principal axis of LVL G section

Y /N

Flatwise b =

Edgewise I

| b |

Figure 7: Principal axis of LVL G depending on the orientation type and bending and shear stress associated

storaenso

THE RENEWABLE MATERIALS COMPANY



LVL G by Stora Enso Page 16 of 96

DESIGN MANUAL Dec-20

5. Ultimate Limit States

The mechanical properties presented in this chapter can also be found in the ETA 20/0291 [1] .

5.1 Bending parallel to the grain
5.1.1 Flatwise bending strength

e
S -

From the characteristic values determined for different tested cross sections, the characteristic flatwise bending
strength for different LVL G thicknesses may be determined using the size effect as:

bO Sm,flat
fm,flatwise,k(b) = fm,flatwise,k(bo) ’ (?)

where

fm flatwisex  Characteristic flatwise bending strength of LVL G according to [5]

b Depth of the LVL G member in flatwise direction
b, Reference depth of the LVL G in flatwise direction
Stiat Size effect factor considering the dependence on the depth b in flatwise direction according to [5]

as written in Table 2:

Sm,flat,LVL ¢—s = 0,11
Smriatve 6-x = 0,13

LVL G-S

b, Sm.flat LVL G-S
fi (LVL G-S)m,0,flatwise,k (b) = f (LvVL G—S)m,flatwise,k(bo) ' ( b )

90mm\ %11

favi 6-symo fiatwise k() = 45N /mm* - ( b )

LVL G-X

b\ SmflatLVL G-X
f (LVL G-X)m,0,flatwise,k (b) = f(LVL G-X)m,flatwise,k (bo) - < b )

0,13

90mm
vt -xm flawisec(b) = 3N fmm? - (=)

When size effect is taken into account, for LVL G type A, the primary LVL values for flatwise bending strength may
be a more severe fracture criterion than tension strength in the middle of the outermost lamination. However, when
all lamellas of the LVL G have the same grade, the tension strength in the middle of the outermost lamination
criterion may be regarded not relevant and it can be enough to evaluate only the flatwise bending strength.
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As an alternative according to [9]

In LVL design the volume effect has to be taken into consideration in each case of brittle failure, particularly tensile
failure perpendicular to grain, but also for bending or tensile failure parallel to grain and shear. In practical terms,
this means the volume effect is crucial in LVL G double-tapered beams, since such beam types are prone to high
tensile stresses perpendicular to the grain in the apex zone due to their geometry.

Fracture criteria given in EN 1995-1-1 clause 9.1.1 comprise the check of mean flange design tension stress.
Applied to product type A, this means that the design tension stress in the middle of the outermost lamination shall
be checked and be below design tension strength parallel to the grain f;o,q.

In the following, a modified bending design of LVL G members of type A based on section 9.1.1 of EN 1995-1-1 is
elaborated taking into account a linear interaction of bending and tensile stresses in the outermost primary LVL
lamination according to section 6.2.3 of EN 1995-1-1.

RN

| 7
1
2 f(LVL G)m,0,flatwise,k — 1
)
3 ny - Kvol,m ' fm,L,flatwise,k Kvol,t ’ Kdis,t ' f,t,O,L,d
1
h - 1
2 1 (1 B E)
n: :I h n 092 " fmLflatwisex  Kvort " Kaist * ftoLa
20— =
A
M_
W= Om,GLVL

In order to consider the stress distribution in primary LVL laminations, the Weibull theory is applied [9].
The value kdis according to Eq 12 and Eq 13 applies to the outermost LVL lamination in LVL G members loaded in
flatwise bending according to EN 408.

LVL G-S
1
f (LVL G-S)m,0,flatwise,k = 1
1 N ( B E)
n 0,925 . SON mmZ 0,075
L / (33&) .1,18 - 35N /mm?
LVL G-X
1
f (LVL G-X)m,0,flatwise,k = 1
1——
1 N ( n )
n 0,925 . 36N mmZ 0,075
L / (33&) -1,18 - 26N /mm?
with
fave 6ym,o,flatwise k Characteristic flatwise bending strength of LVL G
froLd Characteristic tensile strength parallel to grain of the primary LVL
fmLfiatwise k Characteristic flatwise bending strength of the primary LVL
np Number of LVL laminations over the depth of LVL G member
Kyolm Volume factor for flatwise bending of primary LVL K, = L

n,0.075
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. . . 3000\0.075

Koot Volume factor for tension parallel to grain of primary LVL K, = (T)

Kais t Factor taking into account tension parallel to grain stress distribution of primary LVL
lamination

Kdism Factor taking into account bending parallel to grain stress distribution of primary LVL
lamination Kqism, = 1

L Length of LVL G member loaded in flatwise bending

Design strength:

LVL G-S
kmod : f(LVL G-S),m,0,flat,k

f (LVL G-S),m,0,flat,d =
YmLvL-s

fave 6-s)mo,flat,a Design bending strength for LVL G-S (flatwise)

kmod Factor, according to EN1995-1-1, Table 3.1, taking a load duration (permanent — very
short) and the service class (1-3) into consideration

fave 6-5)mo.flatk Characteristic bending strength of the LVL G-S material, according to [5]

Ym,LvL—s Partial safety coefficient, applicable for LVL, according to either EN1995-1-1, Table 2.3, or
some local regulations.
kh,flat,LVL G-S Already InC|Uded |n kaVL G—S),m,O,flat,k
LVL G-X

kmod ' f(LVL G-X),m,0,flat,k

Vi (LVL G-X)m,0,flat,d =
YmLvL-x

fave 6-x)mo,flat,d Design bending strength for LVL G-X (flatwise)
favie-xv)mosack ~ Characteristic bending strength of the LVL G-X material, according to [5]

YmLvL-X Partial safety coefficient, applicable for LVL, according to either EN1995-1-1, Table 2.3, or
some local regulations.
kn fiat.ve 6-x Already included in fi,yL, g-x)m.o,flatk

5.1.2 Edgewise bending strength

/(lF

54

—_—

L A4
Edgewise bending strength for primary LVL may be used.

LVL G-S
kmod " J(LvL—S),m,0,edge,k * kh

f (LVL G-S),m,0,edge,d =
YmLvL-s

fave 6-s)moedgea  D€SIGN bending strength for LVL G-S (edgewise)

Kimod Factor, according to EN1995-1-1, Table 3.1, taking a load duration (permanent — very
short) and the service class (1-3) into consideration
favi-s)moedgei Characteristic bending strength of the LVL-S lamination material, according to [3]
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Ymivi-s Partial safety coefficient, applicable for LVL, according to either EN1995-1-1, Table 2.3, or
some local regulations.
k, Depth factor in bending according to EN 1995-1-1, item 3.4 (3)
LVL G-X
kmod ' f(LVL—X),m,O,edge,k ) kh Eq 17

f(LVL G-X)m,0,edge,d =
Ym.Lvi-x

favLc-x)moedgea  D€SIGN bending strength for LVL G-X (edgewise)

Characteristic bending strength of the LVL-X lamination material, according to [2]

Partial safety coefficient, applicable for LVL, according to either EN1995-1-1, Table 2.3, or
some local regulations.

f(LVL—X),m,O,edge,k
Ym,LvL-x

5.1.3 Bending stress
YA ZN

‘.“". \\
N A
oy A
'\
—‘ \\
\
B “‘.“_‘szd \\Gm v.d
h | b
The extreme fiber stress may be calculated as
E;-z;- My(x)
. =— - Eq 18
GJ’,L (x, Z) EIeff
o, (6 y) = E;i -y - My(x)
zi\X, Y —Eleff
s, My -z Eq 19
L
0. = M,y
V4 Iz
. h3
W, = Ilzb h E Eq 20
Yooz 12 h
I, h-b3 2
27y 12 b
M
vd Eq 21
Omyd = q
Wy
Mz,d
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Omy.d Design bending stress at distance x and about the principal axis Y shown in Figure 7 [N/mm?]
Omza Design bending stress at distance x and about the principal axis Z shown in Figure 7 [N/mm?]
E; Young’s Modulus [N/mm?]

M, 4 Bending moment My at location x (positive when upper part is compressed)

M, 4 Bending moment M; at location x (positive when upper part is compressed)

z; Coordinate z of the point “i” where the stress is being analyzed (distance to neutral axis [mm])
Vi Coordinate y of the point “i” where the stress is being analyzed (distance to neutral axisjmm])
w, Section modulus about Y axis [mm§3]

w, Section modulus about Z axis [mm3]

Elsr Effective flexural rigidity [N/mm?]

The stress analysis shall be performed at the top and bottom extreme fibers of the LVL bending member as
presented in Figure 7.

Verification (acc to EN1995-1-1 clause 6.1.6)

C’-m,y,d Gm,z,d <1

fm,z,d B

Jm,y,d + Gm,z,d <1

" fm,y,d fm,z,d B

+ e, -
fm,y,d m

k

k., should be taken as follows

For rectangular sections: k,,, = 0.7
For other cross sections: k,, = 1.0

k., Factor making allowance for re-distribution of stresses and the effect of the inhomogeneities of the material
in the cross section

fm,y,d and fm,z,d refer to fm,o,edge,d and fm,O,flatwise,d Of LVL G.

5.2 Bending perpendicular to the grain
5.2.1 Flatwise bending strength

o
77

L L

Flatwise bending strength perpendicular to the grain for primary LVL may be used.

kmod ' f (LVL—-X),m,90,flat,k

f (LVL G-X),m,90,flat,d =
YmLvi-x

favic-x)moorfiata Bending strength flatwise perpendicular to grain for LVL G-X

Komod Factor, according to EN1995-1-1, Table 3.1, taking a load duration (permanent — very
short) and the service class (1-3) into consideration

favi—x)mo0 flat.k Characteristic bending strength flatwise perpendicular to grain of LVL-X, according to
VTT-S-05550-17)

YmLvL-X Partial safety coefficient, applicable for LVL, according to either EN1995-1-1, Table 2.3, or
some local regulations.
krmoa Partial safety coefficient, applicable for LVL, according to EN1995-1-1, Table 2.3
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Bending moment in cross direction is
2
qa S
M =
Ed,90 3
Mgq90 Design bending moment on single span case with uniformly distributed loads [kN.m/m]
qq Design load [kN/m?]
s Spacing between supports in cross direction [m]
5.3 Tension parallel to the grain
5.3.1 Tensile strength
F —_— F
|
Tensile strength for primary LVL may be used.
kmoa 'f(LVL—s),t,o,k- ke,
f(LVL G-S),t,0,d =
Ym,LVL-S
kmoa 'f(LVL—X),t,o,k- ke,
f(LVL G-X)t,0d =
Ym,LVL-S
Where
fave 6-s)60d Design tensile strength for LVL G-S [N/mm?]
fave e-x)t04 Design tensile strength for LVL G-X [N/mm?]
kmoa Factor, according to EN1995-1-1, Table 3.1, taking a load duration (permanent — very
short) and the service class (1-3) into consideration
favi-s)tok Characteristic tensile strength of the LVL-S lamination material, according VTT-S-05710-
17)
favi-x 0k Characteristic tensile strength of the LVL-X lamination material, according to VTT-S-
05550-17
Ym,LVL—S Partial safety coefficient, applicable for LVL, according to either EN1995-1-1, Table 2.3,
or some local regulations.
k, Member length factor in tension according to EN 1995-1-1, item 3.4 (3), given in Eq 5

5.3.2 Tensile stress and verification

_ Fioa
0t0,d = a4

Otoa < froa
Where
F.oq  Design tensile force in grain direction [N]

A Cross sectional area of the LVL G member A = b - h [mm?]
or0a  Design tensile stress along the grain [N/mm?]
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5.4 Tension perpendicular to the grain
5.4.1 Edgewise tensile strength

IF

e

LF
Tensile strength perpendicular to the grain edgewise for primary LVL may be used.

kimoa 'f(LVL—s),t,go,edge,k

f(LVL G-S),t,90,edge,d —
Ym,LvL-s

kmoa - f (LVL-X),t,90,edge,k

f (LVL G—X),t,90,edge,d —
Ym,LVL-s

The cross veneers of LVL-X improve the tensile strength perpendicular to the grain in edgewise direction and is
better than LVL-S where tension perpendicular to the grain is involved. This is strength property is an advantage
in suspended connections and between main beams and secondary beams or with diagonal struts.

5.4.2 Flatwise tensile strength
F

4

- |

\F
Upon connection of tensile forces transverse to the element plane, the low transverse tensile load bearing capacity
must be observed. Tension strength flatwise perpendicular to the grain of LVL-S and LVL-X is low and it is not
recommended to design a structure so that the stress in this direction would become critical.
The strength value in this direction declared in the DOP fq¢ fiaex = O, 20N /mm? can be used in the design.

Best suited are connections, with which the force is transferred through the element and load application takes
place under pressure on that opposite side of the element facing away from the tensile force.

In case of tension perpendicular to the grain, fully threaded screws are suited, screwed into the entire panel
thickness, if possible. (Connection design in LVL G is presented in chapter 9)

e —

R
IRAEI ARRAA

4[_ T

RS BaREE]

I
]
I
|
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5.4.3 Tensile stress and verification

_ Fio0,a
at,90,edge,d - A

_ Fi90,a
0t,90,flat,d — A

Ot90.d < fto0edged

Ot90.d < ftoo,fiata
Where

Fr904 Design tensile force perpendicular to the grain direction [N]
A Area of the LVL G member being in tension perpendicular to the grain [mm?]
O:00q Design tensile stress perpendicular to the grain [N/mm?]

5.5 Compression parallel to the grain
5.5.1 Compressive strength

F — F
.

Compression strength parallel to the grain edgewise for primary LVL is used.

LVL G-S
kinoa * (LVL=-5),c,0,k

f (LVL G=S),c,0,d =
Ym,LVL-s

Design compressive strength for LVL G-S (strength values in SC1 and SC2 are different : see
Table 2)

Factor, according to EN1995-1-1, Table 3.1, taking a load duration (permanent — very short)
and the service class (1-3) into consideration

Characteristic compressive strength of the LVL material, according to VTT-S-05710-17)
Partial safety coefficient, applicable for LVL, according to either EN1995-1-1, Table 2.3, or
some local regulations.

f(LVL G-5),c,0,d
kmod

favi-s)cok
Ym,vi-s

LVL G-X
kmoa * f (LVL-X),c,0,k

fi (LVL G=X),c,0,d =
Ym,LvL-X

Design compressive strength for LVL G-X (strength values in SC1 and SC2 are different : see
Table 2)

Factor, according to EN1995-1-1, Table 3.1, taking a load duration (permanent — very short) and
the service class (1-3) into consideration

Characteristic compressive strength of LVL-X, according to VTT-S-05550-17

f(LVL G-X),c,0,d
kmod
f(LVL—X),c,O,k

Ymivi-x Partial safety coefficient, applicable for LVL, according to EN1995-1-1 [8], Table 2.3
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5.5.2 Compressive stress and verification

Feoa Eq 37
g =
c,0,d A
0c0a S kez feoa Eq 38
Where
F.oq Design compressive force in grain direction [N]
A Cross sectional area of the LVL G member A = b - h [mm?]

oc0q Design compressive stress along the grain [N/mm?]
ke, Instability buckling coefficient (see chapter 5.9.3)

by by by

In the example presented in Figure 9:
r ‘E ZAi=(A1+A2+A3)

Where
YA; indicates the sum of the vertical lamella’s areas carrying
the compressive load.

The corresponding design capacity N, p4 of the LVL G column
when all layers are from the same LVL grade and in the same
direction is

L 1 1 1 Nega = kc,z ' fc,o,d ‘XA Eq 39

The design equation for pure compression is Nz < N¢ pg

Figure 9: Cross-section of LVL G column. Example with 3 lamellas (b1=b2=bz)
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5.6 Compression perpendicular to the grain
5.6.1 Edgewise compressive strength

Compression strength perpendicular to grain edgewise for primary LVL is used.

LVL G-S
kmoa f(LVL—S),c,QO,edge,k

f (LVL G-5),c,90,edge,d =
Ym,LVL-s

favLc-s)co0edgea D€SIGN €dgewise compressive perpendicular to grain strength for LVL G-S

Kmod Factor, according to EN1995-1-1, Table 3.1, taking a load duration (permanent — very short)
and the service class (1-3) into consideration

fwvL=s),c,90.edge,k Characteristic edgewise compressive perpendicular to grain strength of the LVL material,
according to VTT-S-05710-17)

YmLvL-S Partial safety coefficient, applicable for LVL, according to either EN1995-1-1, Table 2.3, or
some local regulations.

LVL G-X

_ kmod ' f(LVL—X),c,‘)O,edge,k
f(LVL G—-X),c,90,edge,d —

Ym,LvL-x

fave 6-x)c90edgea DESIGN edgewise compressive perpendicular to grain strength for LVL G-X

kmoa Factor, according to EN1995-1-1, Table 3.1, taking a load duration (permanent — very
short) and the service class (1-3) into consideration

favi-x),c,90,edgek Characteristic edgewise compressive perpendicular to grain strength of LVL-X, according
to VTT-S-05550-17

Ymivi-x Partial safety coefficient, applicable for LVL, according to EN1995-1-1 [8], Table 2.3

5.6.2 Flatwise compressive strength

F

—

TF

Compression strength perpendicular to grain flatwise for primary LVL is used.

LVL G-S
kmoa f(LVL—S),c,90,flat,k

fi (LVL G-S5),¢,90,flat,d —
Ym,LvL-s

favic-s)co0rata DeSIgN flatwise compressive perpendicular to grain strength for LVL G-S
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Komod Factor, according to EN1995-1-1, Table 3.1, taking a load duration (permanent — very short)
and the service class (1-3) into consideration

favi-s)co0 etk Characteristic flatwise compressive perpendicular to grain strength of the LVL material,
according to VTT-S-05710-17)

YmLvL-S Partial safety coefficient, applicable for LVL, according to either EN1995-1-1, Table 2.3, or
some local regulations.

LVL G-X

kmoa f(LVL—X),C,QO,flat,k

f(LVL G-X),c,90,flat,d —
VYm,LVL-X

favic-x)c90r1aca  Design flatwise compressive perpendicular to grain strength for LVL G-X

kmod Factor, according to EN1995-1-1, Table 3.1, taking a load duration (permanent — very short)
and the service class (1-3) into consideration

favi-x,c90r1at  Characteristic flatwise compressive perpendicular to grain strength of LVL-X, according to
VTT-S-05550-17

Ymivi-x Partial safety coefficient, applicable for LVL, according to EN1995-1-1 [8], Table 2.3

5.6.3 Compressive stress and verification of bearing pressure strength

The following expression shall be satisfied

Edgewise

Oc90d = kc,90 'fc,90,edge,d
Flatwise

Oc00,d < Kcoo * feo0,fiata

Where

k.o  Factor considering the load configuration, the possibility of splitting and the degree of compressive
deformation
feooa Design compressive strength perpendicular to the grain [N/mm?]

/ (
| 1 |

R D

M

|
|

. I = Eurocode 5 does not include the parameters
: kco0 and A.; for LVL in different orientations
-]
SN

1

of the material yet.

The value of k.4, should be taken as 1,0 for
LVL in the edgewise loading direction and in
the flatwise loading direction, k. g0 = 1,4

I
‘ ¢¢u¢ may be used, when the distance l; > 2h ..

-
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Design compressive stress may be calculated as
0¢,90,d = @
’ ) Aef
Where
o.904 IS the design bearing pressure, in the effective contact area perpendicular to the grain [N/mm?]
F.904 1S equal to design compressive force perpendicular to the grain,(e.g reaction support) [N]
Aes is the effective contact area in compression perpendicular to the grain [mm?]

The effective contact area perpendicular to the grain, A., should be determined considering an effective contact
length parallel to the grain, where the modified contact length, L., at each side is increased. But not more than a,
lorl,/2.

The factors ke,90 is taken as follows:

Direction k.90 | Increase of the contact length
Compression perpendicular to the grain [mm]
Edgewise
fc,90,edge,k 1,0 ll,edge = 15mm
Parallel to the grain of the surface
Flatwise veneers 1,4 li fiar = 30mm
[0 flatk Perpendicular to the grain of the surface
veneers l, =15mm

The increased contact length and factor k.4, are less favorable for LVL in edgewise direction, than in the flatwise
direction or compared to other wood products, due to the failure behavior of the product. LVL in the flatwise direction
has ductile behavior under compression perpendicular to the grain.

The effective contact area may be calculated as follows:

lep1 =Ly + 1y prae For end support in grain direction (flatwise)

lesa = Ly + Lieage For end support in grain direction (edgewise)

lep1 =1y + 2 L frae For intermediate support in grain direction (flatwise)

lea = lsg + 2y eage For intermediate support in grain direction (edgewise)

lep =z + 1, For point edge support in cross direction (flatwise)
lepo =l +2-1, For point central support in cross direction (flatwise)
leg1 =1+ 1 piae For end point load, in grain direction (flatwise)

lpr =1+ beage For end point load, in grain direction (edgewise)

lep1=1+2 154 For intermediate point load, in grain direction (flatwise)
lopr =1+ 21 eage For intermediate point load, in grain direction (edgewise)

Where

lefa is the effective spreading length in grain direction [mm]

lef2 is the effective spreading length in cross direction [mm]

g1 is the width of the support in grain direction [mm]

lg, is the width of the support in cross direction [mm]

liriae  Increased contact length parallel to the grain on LVL flatwise [mm]

lieage Increased contact length parallel to the grain on LVL edgewise [mm]

[, increased contact length in cross direction on LVL flatwise [mm]

l is the length of the applied force in grain/cross direction when the member is loaded from the top [mm]

See Figure 11 for members supported on full width and Figure 15 & Figure 16 for point discretely supported member.
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5.6.4 Effective spreading length of a supported and loaded beam member

Type Flatwise

o1 LVLG beamﬂ\ jeﬂ ;

a) Effective spreading
length of a supported

beam
|
/ / / /
e, G beam—\ M. G
b) Effective spreading
length of a supported and
loaded beam b
c) Effective spreading
length of a supported and b
opposite loaded member
Support Support
Effective contact Effective contact
area area

/ 1.fat s, 1flat

Figure 11: Effective spreading length of a supported and loaded flatwise beam in different configurations
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Type Edgewise

a) Effective spreading
length of a supported

beam h

b) Effective spreading

length of a supported and i

loaded beam

c) Effective spreading

length of a supported and

opposite loaded member h

Support Support

Effective contact Effective contact
area area

Figure 12: Effective spreading length of a supported and loaded edgewise beam in different configurations
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LVL G edgewise beam with an end support
Eq57

Aef,edge = b-(lsl + ll,edge)

Compressive stress

G¢,90,d

LVL G edgewise beam
(Type B)

Effective contact area

Support

Figure 13: Load bearing contact surface on LVL G edgewise beam

LVL G flatwise beam with an end support
Eq 58

Act flat = h- (lsl + ll,flat)

Compressive stress

Gc90d

LVL G flatwise beam
(Type A)

Effective contact area

Support
11 Jat |

Figure 14: Load bearing contact surface on LVL G flatwise beam with continuous support
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LVL G flatwise beam with an end point support: in grain and cross direction

Aef,flat =l (Up+2-L)+ ll,flat gy Eq 59

Support

Effective contact area

LVL G flatwise beam
(Type A)

Compressive stress
O¢,90,0

/’ s

! S e \

\ S~ - S
S B "’l

Figure 15: Load bearing contact surface on LVL G flatwise beam with point support

In Figure 13, Figure 14 and Figure 15 is shown the effective contact surface at the supports.
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5.6.5 Effective spreading length of a point discretely supported and loaded member

o1 LVL G slab \ ]e i1 :
% "' 'l

a) Effective spreading
length of a point

supported member b
?w 9 .
// /A , L1y |
/ / /
et LVL G slab —\J‘f'afl A
b) Effective spreading
length of a point b
supported and loaded
member
|
]I,ﬁ'al » ]leI , I
/ / / / /
1,flat LVL G slab \ 1,flat 1,flat ,
c¢) Effective spreading
length of a point
supported and opposite b
loaded member
Support
Effective contact
area

N

1 fat

'—H
Effective contact
area

Support s

Figure 16: Load bearing contact surface of LVL G slab with point supports (edge and central location)
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In Figure 16 and Figure 17 is shown the effective contact surface at the supports.
flatwise in both direction

Dec-20
LVL G slab with end and intermediate point support in edge and central location (Figure 16):
Aef,flat =l (g + 1)+ ll,flat s

Aerriat = lsi U2 +2-1) + 2 1y e Lo

At edge location Eq 60
At central location Eq 61
Fe904 Fe o0,
| /7 Compressive stress o_g, 4 ~\
Grain direction \ / VY

Cross direction

Cc90.d

Figure 17: Load bearing contact surface of LVL G slab with point supports in both direction ( at edge and central location) -
Compressive stress
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5.7 Bending stress at an angle a to the grain

The bending stresses at an angle « to the grain should satisfy the following expression Eq 62:

fm,O,d
Gm,a,d < f f
fL;O"; -sin2a+"f1+(:i'd -sina-cosa+cos?a
m,90, v,
where
Omad is the design bending stress at an angle a to the grain [N/mm2]
fm.e0.4d is the design tensile strength perpendicular to grain value f; 49 4 Which should be used as f, 904
for LVL G (edgewise) [N/mm?]
fm.o0a is the design bending strength parallel to grain for LVL G (edgewise) [N/mm?Z]
foa is the design shear strength for LVL G (edgewise) [N/mm?]

(See Annex 14.2 for equation derivation)

5.8 Compressive and tensile stress at an angle a to the grain
5.8.1 Compression strength at an angle to the grain

Both compressive and tensile stresses can also occur under an angle to the grain, whereby the angle between the
load and grain directions is termed angle a.. Hankinson (1921) proposed the following equation Eq 63 for the strength
values f , assuming linear interaction. (For the derivation of the Hankinson equation, see Annex 14.2.)

fc,o,a 'fc,9o,a
n?a+ foo0q " cos®a

<
fc,a,d B fc,O,d - si

For small angles a, the strength significantly depends on changes to the angle. Small changes in the slope of grain
result in a considerable change in strength, particularly for tensile strength. [11]

To determine the tension strength at an angle a to the grain, a corresponding expression is used, when replacing
f- with f; (see Eq 64).
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5.8.2 Verification of compressive stress at an angle a to the grain

When verifying compression at an angle to the grain, equation Eq 64 applies, which corresponds to the Hankinson
equation Eq 63, although in this case, coefficient K q, is also considered - (can also be found in EN1995 1-1
clause 6.2.2):

fc,O,d

-sinfa+cos?a

Oca,d <

fc,O,d

Kc,90 ' fc,90,d

where

o.qa IS the design compressive stress at an angle a to the grain [N/mm?]

feooa IS the design compressive strength perpendicular to grain for LVL G (edgewise) [N/mm?]
feoa s the design compressive strength parallel to grain for LVL G [N/mm?]

K.90  See chapter 5.6

The verifications for compression stress cited here only apply to members not at risk of buckling.
Shear strength £, 4 is not used in equation Eq 64, but is used in next equation Eq 65 to verify tensile stresses at an
angle to the grain.

5.8.3 Tension at an angle to the grain

EC 5 does not specify any means of verifying tensile capacity perpendicular to the grain (o = 90°), except that the
member size has to be taken into consideration. Tensile stresses perpendicular to the grain tend to occur in curved
beams, double tapered beams, notched beams, beams with holes or joints loaded perpendicular to the grain.

EC 5 also excludes details on tension at an angle « to the grain, although some NA propose a means of verifying
this type of stress.

Stresses at an angle to the grain result in combined stress conditions, under which both tensile stresses parallel
and perpendicular to the grain and shear stresses occur, which is why the Hankinson equation Eq 63 was expanded
to encompass shear strength (For the derivation of the Hankinson equation, see Annex 14.2.) and is then used to
convert longitudinal tensile strength to tensile strength at an angle a to the grain:

1
at,a,d < Ka ) ft,O,d = f f
204 L gin?2q +24%4 ging - cosa + cos?a
ft90,a fo.a

* fi t,0,d

where

o.eaq IS the design tensile stress at an angle a to the grain [N/mm?]

ftoo,a is the design tensile strength perpendicular to grain for LVL G (edgewise) [N/mm?]
ftoa is the design tensile strength parallel to grain for LVL G [N/mm?]

foa is the design shear strength for LVL G (edgewise) [N/mm?]

To verify tension in the grain direction, see chapter 5.3.
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5.9.1 Members subjected to combined bending and axial compression or tension

Combined bending and axial compression
Verification (acc to EN1995-1-1 item 6.2.4)
k Om,z,d

g, 2
c,0,d

il + .
()c,o,d ) }m,z,d

2
Gc,O,d Jm,y,d
+k,- +
fc,O,d km,a : fm,y,d

kmn is given in chapter 5.1.3

Omy.d

<1
km,a ' fm,y,d

Om,z,d
AT <1
fm,z,d

Kin,a

Combined bending and axial tension
Verification (acc to EN1995-1-1 item 6.2.3)

0t,0,d Om,y,d Om,z,d

( + 2 k25 <1
ft,o,d km,a : fm,y,d fm,z,d
0t,0,d Omy,d Om,z,d

( + ke - 4 <1
ft,O,d km,a ' fm,y,d fm,z,d

5.9.2 Obligue bending

is the factor for combined stresses in tapered beams (See chapter 6) : k,, , = 1 for straight beams

If LVL G elements with an inclined pitch are used, as for example, pitched roof elements, then as a consequence
of vertical load, the stress consists of one portion of bending about Y axis and one portion of bending about Z axis.

(see chapter 5.1.3)

4y =q-sina

qz; =q-cosa

THE RENEWABLE MATERIALS COMPANY

Force component in Y direction
[kN/m]

Force component in Z direction
[kN/m]
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Verification of combined bending (acc to EN1995-1-1 clause 6.1.6)

Om,y,d ko - Om,zd <1
m =
fm,y,d fm,z,d

Jm,y,d am,z,d

K - +
" fm,y,d

<1

fm,z,d -

k., should be taken as follows:

For rectangular sections: k,,, = 0.7
For other cross sections: k,, = 1.0

k,,  Factor making allowance for re-distribution of stresses and the effect of the inhomogeneities of the material
in the cross section

fm,y,d and fm,z,d refer to fm,o,edge,d and fm,O,flatwise,d of LVL G.

When the LVL G element longidudinal X-axis is inclined, the panel will be under combined bending and axial
compression. In this case, the design equation presented in the chapter 5.9.1 should be applied.

5.9.3 Buckling of LVL G columns subjected to either compression or combined
compression and bending

Condition according to EN1995-1-1 [8], item 6.3.2 needs to be fulfilled. Column stability and lateral torsional
stability shall be verified using the characteristic properties Eox. This applies to the LVL G-X as well as to the
LVL G-S.

Verification (acc to EN1995-1-1 clause 6.3.2)

When both 4,.,,, < 0,3 and 4,,,, < 0,3 the stresses should satisfy the equations Eq 66 and Eq 67 of combined
bending and axial compression, meaning that in this case, buckling will not have any effect.

In all other cases when 4,.; > 0,3 the stresses, which will be increased due to deflection, should satisfy the following
expressions Eq 72 and Eq 73:

( 0c,0,d ) n Om,y,d t ko Omzd <1
m <
kc,y ' fc,o,d km,a ' fm,y,d fm,z,d

g, 0, 0,
( c,0,d ) + km i my,d + m,z,d < 1

kez feoa ko fm,y,d fmza
Where

The relative slenderness ratios should be calculated as

1 — A_y i fc,O,k
rel,y T EO,OS,y

fc,O,k

Arel,z -

El Ry

EO,OS,Z

Where

Ay and 4., Slenderness ratios corresponding to bending about y axis (deflection in the z direction)
A, and A,,;, Slenderness ratios corresponding to bending about z axis (deflection in the y direction)
Eo 05 Characteristic value of the modulus of elasticity parallel to the grain.
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1
kC’y B 2 2
ky + k)% = Ay,

1

kc,z =
kz + "kzz - Arel,zz

key = 0,5 (14 8.+ (Arery — 03) + Arery?)
k,=05" (1 + .- ()lrel,z - 0'3) + Arel.zz)

B, is a factor for members within straightness limit
B. = 0,10 for LVL within the straightness limit of L/500
The limit is defined in Eurocode5 section 10 as the deviation from straightness measured midway between the

supports of members where lateral instability can occur.
k. is the instability buckling coefficient calculated according to the equations above and EN1995-1-1 [8] (6.3.2).

Radius of gyration:

o |Eler |y
y~ [EA ~ |4
Ely |l

The moment of inertia should be taken according to the direction of the buckling analysis.

Slenderness ratio:

_ lef.y
Ay ==
L
y
l
ef,z
2, =22
lZ
Jirrs 27774
22000 p@ %
/ | !
! / I !
1 / ! \ 1
/ ! I \ ]
/ 1 ' \ I
1 I | \ h
I 1 K \ !
I \ \ i
! ' ' 1 I
\ \ ! I
\ \ ! I
\ \
\ \
\
\j
7777 77477 77777 -
V77775
lef =0,71 lef = 0,851 lef =1 lef =1,21 lef = 2,251
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Ned Ned

\ »

\ Examples of values for the buckling lengths that can be used

Vo in practical design are given in Figure 20.

Vo The values are slightly higher than the theoretical values given
- by Euler theory because consideration has to be taken to
L uncertainties in boundary conditions.

=
|
2
o\
777

lef  Effective length [mm]

Buckling will occur about the axis with the highest slenderness
ratio. The effective length [.r (or buckling length) of a

I

I

I

I compression member is the distance along its length between
: " adjacent points of contra-flexure, where the bending moment
| in the member is zero.

e T T
b h

Figure 21: LVL G column buckling

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

Figure 22: Axis of designation and associated buckling
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5.9.4 Lateral torsional buckling (LTB) of LVL G beams subjected to either bending
or combined bending and compression

Buckling length:
let is the buckling length of the beam, according to the Table 9.

Beam type Loading type les/l 2

Simply supported Constant moment 1,0
Uniformly distributed load 0,9
Concentrated force at the middle of the span 0,8

Cantilever Uniformly distributed load 0,5
Concentrated force at the free end 0,8

a The ratio between effective length les and the span | is valid for a beam with torsionally restrained supports

and loaded at the centre of gravity. If the load is applied at the compression edge of the beam, lef should be

increased by 2h and may be decreased by 0.5 h for the tension edge of the beam.

If the compressed side of the LVL G member is laterally supported with spacing “a” that may be used as effective
length taking account the note in the Table 9 (usually les = a + 2h).

Condition according to EN1995-1-1 [5],item 6.3.2 (3) needs to be fulfilled. Column stability and lateral torsional
stability shall be verified using the characteristic properties Eox.This applies to the LVL G-X as well as to the LVL
G-S.

The K_,; factor which takes into account the reduced bending strength due to lateral torsional buckling shall be
calculated according to EN1995-1-1 [8] (6.3.3).

Lateral torsional stability shall be verified both in the case where only a moment M, exists about the strong axis and
where a combination of moment M,; and compressive force N, exists.

In the case where a combination of moment M, about the strong axis and compressive force N, exists, the
stresses should satisfy the following expression according to EN 1995-1-1:

2
( O-m,d ) + O-C,d <1
Kerie - fm,d K- fc,O,d B

In the case where only a moment M, exists about the strong axis, the stresses should satisfy the following
expression:

0,
—md <1
Kerie fm,d

where

Om.d Design bending stress [N/mm?Z]

K.  Factor taking into account the reduced bending strength due to lateral torsional buckling
fma Design bending strength [N/mm?]

Factor keitmay be calculated as

( 1 when Ao m < 0.75
1.56 — 0.754,¢1,n, when 0.75 < A1y < 1.4

crit = 1

k Arel,mz

when 1.4 < Ao
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The factor K,,.;; may be taken as 1,0 for a beam where lateral displacement of its compressive edge is prevented
throughout its length and where torsional rotation is prevented at its supports.

The relative slenderness ratio may be calculated as

Eq 86

Arel,m:

The critical bending stress may be calculated as

Edgewise LVL G:

o _ My crie _ T[\/EO,OS,flat "I Goos * Itoreage Eq 87

y.erit = -
m,y,Ccri VVy lef M’y
Flatwise LVL G:
o o Mz,crit _ T[\/EO,OS,edge ' Iy ' GO,OS ' Itor,flat Eq 88
m,z,crit VVZ lef M’z
where
let is the buckling length of the beam, distance between lateral supports [mm];
Eyos  Is the fifth percentile value of the modulus of elasticity parallel to the grain [N/mm?Z];
I, is the second moment of inertia about the weak axis z when having an edgewise section [mm?];
I, is the second moment of inertia about the weak axis y when having a flatwise section [mm?];
Goos is the fifth percentile value of shear modulus parallel to grain (see note below) [N/mm?];
Lior is the torsional moment of inertia [mm?];
Itor,edge = liorz
Itor,flat = Itor,y
lef is the effective length of the beam, depending on the support conditions and the load configuration,
acccording toTable 9 [mm];

W, is the section modulus about the strong axis y when having an edgewise section [mm3];
W, is the section modulus about the strong axis z when having a flatwise section [mm§3].

Note:

The moment of inertia in the square root is relating to the translator deflection (about weak axis) of the beam. If that beam is then deflecting in
a way that the “lay up” is related to the deformation edgewise, then edgewise values shall be used and vice versa.

For the shear modulus: The shear in lateral torsional buckling is relating to St. Vernant's Torsion theory and is required, as the wood fibers are
shifting against another in torsion in longitudinal direction. For LVL G-X, the shear(shifting) is causing some rolling shear issues. That's why flatwise
LVL-X has a lower shear modulus. Since rolling shear failure mechanism is activated in torsion on the LVL-X, the flatwise shear modulus shall be
used for both section type in lateral torsional buckling. For LVL G-S, since no rolling shear occurs, the shear modulus according to the respective
section type (orientation) can be used (Go s iat fOr flatwise section and G gs eqge fOr edgewise section; Go s fiat DEING the most conversative).

In Annexe 14.1, a LTB sensitivity analysis can be found.

Torsional moment of inertia for rectangular cross sections:
— . . h3
Itor,edge - Kl,edge h b Eq 89

Leor,flat = Ki fiac b+ h? Eq 90

where K, = 0,12 for squared cross sections

1 0,63-b Eq 9l
Koape = 3 (1-=5) )

1 0,63-h Eq 92
Kogs = 37 (1-75 )
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5.10 Shear parallel to the grain
5.10.1 Flatwise shear strength

v F

From the characteristic values determined for different tested cross sections, the characteristic flatwise shear
strength for different LVL G thicknesses may be determined using the size effect as:

Sv,flat
0
fv,flatwise,k(b) = fv,flatwise,k (bo) (b >

Where

fo.flatwisek Characteristic flatwise shear strength of LVL G according to [5]

b Depth of the LVL G member in flatwise direction

b, Reference depth of the LVL G in flatwise direction

Sy flat Size effect factor considering the dependence on the depth b in flatwise direction according to [5]

As written in Table 2 :

Sv.flatvec-x = 0,13

LVL G-S
f(LVL G-S)v,0,flatwise,k (b) = f(LVL G-S)v,0,flatwise,k (b())

f(GLVL—s)v,o,flatwise,k (b) = 2,3N/mm2

Size effect factor is not used for the design of LVL G-S in shear.

kmoa * f(LVL—s),v,o,flat,k

f (LVL G=8),v,0,flat,d =
Ymvi-s

Design shear strength for LVL G-S (flatwise)

Factor, according to EN1995-1-1, Table 3.1, taking a load duration (permanent — very
short) and the service class (1-3) into consideration

favi-s)v,0,flatk Characteristic shear strength of the LVL-S material, according to [5]

Partial safety coefficient, applicable for LVL, according to either EN1995-1-1, Table 2.3, or
some local regulations.

f(LVL G-S)v,0,flat,d
kmod

YmLvL-s

LVL G-X

b Sv.flat,LVL G-X
f(LVL G—X)v,o,flatwise,k(b) = f(LVL G-X)v,0,flatwisek (bo) ) (b )

. 90mmy 13
f(LVL G—X)v,o,flatwise,k(b) = 1,3N/mm2 rmin [12( b ) ]

kmod " J(LVL G-X)v,0,flat,k

f (LVL G-X),v,0,flat,d =
Ymvi-x
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fave 6-x)v,0,f1at,d
fave 6-x)v,0,flatk
YmLvi-x

kvol,v,flat,LVL G—-X

Dec-20

Design shear strength for LVL G-X (flatwise)

Characteristic shear strength of the LVL G-X material, according to [5]

Partial safety coefficient, applicable for LVL, according to either EN1995-1-1, Table 2.3, or
some local regulations.

0,13
Already included in fiyy ¢—x)v0s1atx With the factor (%mm)

5.10.2 Edgewise shear strength

F
yas

A

=

v

Shear strength for primary LVL may be used in edgewise direction.

LVL G-S

fv(LVL G-S),0,edge,d =

fv(LVL G-S),0,edge,d
kmod

kcr
fv(LVL—S),O,edge,k
Ym,LvL-s

LVL G-X

fv(LVL G-X),0,edge,d =

fv(LVL G—X),0,edge,d
kmod

ker
fv(LVL—X),O,edge,k
Ym,LvL-x

kinoa * ker - fv(LVL—S),O,edge,k

Ym,Lvi-s

Design shear strength for LVL G-S

Factor, according to EN1995-1-1 [8], Table 3.1, taking a load duration (permanent — very
short) and the service class (1-3) into consideration

Crack coefficient according to EN 1995-1-1, item 6.1.7 (Consideration for LVL k., = 1.0 )
Characteristic shear strength of the LVL-S, according to [3]

Partial safety coefficient, applicable for LVL, according to EN1995-1-1, Table 2.3, or local
regulations.

kinoa * ker - fv(LVL—X),O,edge,k

Ym,LvL-x

Design shear strength for LVL G-X

Factor, according to EN1995-1-1 [8], Table 3.1, taking a load duration (permanent — very
short) and the service class (1-3) into consideration

Crack coefficient according to EN 1995-1-1, item 6.1.7 (Consideration for LVL k., = 1.0)
Characteristic shear strength of the LVL-X, according to [3]

Partial safety coefficient, applicable for LVL, according to EN1995-1-1, Table 2.3, or local
regulations.
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5.10.3 Shear stress and verification

Shear stress of the section needs to be checked at the center of gravity COG location as presented in Figure 7
and Figure 23.

YN ZN
A\‘Ez!d \\j[y,d
\ \
—\.\ \
\ \
COG \|/y —I‘| \|/z ‘l‘
LN i N
b \ Z h Y
- | T 7
ﬁJ ;“I
| ﬁ y
‘ /,
h b
Shear stress:
_Sa Vya
Tz(y)d = I.-h
z
Ty@d = 2@ Vat
z),
y Iy b
T2(y)d Design shear stress at a given coordinate “y” about Z axis [N/mm?] (see Figure 7)
T Design shear stress at a given coordinate “z” about Y axis [N/mmZ] (see Figure 7)
y(2).d
S:) Static moment at the coordinate “y”, about the Z-axis [mm?]
Sy Static moment at the coordinate “z”, about the Y-axis [mm3]
V,a Design shear force about Z axis [N]
Vya Design shear force about Y axis [N]
I Effective moment of inertia about the z-axis [mm?]
I, Effective moment of inertia about the Y-axis [mm?]
b Width of the section when having an edgewise section [mm]
h Width of the section when having an flatwise section [mm]

S:p = Z A;-ey;
7

S,@) =) 4;-ey
i

A; Area of the partial surface “i” [mm?]

e, Eccentricity of the partial surface “” = distance between partial C.O.G. of partial surface “”
and the C.O.G. of the entire section about Z axis [mm]

ey Eccentricity of the partial surface “i” = distance between partial C.O.G. of partial surface “i”

and the C.O.G. of the entire section about Y axis [mm]
Verification:

Tyyod < fave 6)w,o flat,a

To0d < favi 6yo.edged
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5.11 Shear perpendicular to the grain
5.11.1 Flatwise shear strength : Rolling shear

7

ot

v
F

LVL G-X
favi—xyv,90,flatk

f(LVL G-X)v,90,flat,d = kmoa *
YmLvi-x

fove 6-x)90,flatd Design shear strength for LVL G-X flatwise perpendicular to the grain

kmod Factor, according to EN1995-1-1 [8], Table 3.1, taking a load duration (permanent —
very short) and the service class (1-3) into consideration

fovi—x),90,flatk Characteristic shear strength of the LVL-X, according to [2]

YmLvL-X Partial safety coefficient, applicable for LVL, according to EN1995-1-1, Table 2.3, or

some local regulations.

5.11.2 Shear stress and verification

The stress calculation has to be carried out in the same way as described in chapter 5.10.3

Shear force in cross direction is

Qq " S
Voo = —=—
Ed,90 2
Veago Design shear force in single span case [kN/m]
qa Design load [kN/m?]
s Spacing between supports in cross direction [m]
Verification:

T(y)90,d < fave 6)w90,flat,a
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6. Tapered beams

6.1 Single tapered beams

m,a,d
——
al }
1
LVL G by Stora Enso }
!
hg i
|
A - e

" 2z & G od

Bending at the critical cross section h(x)

For small pitch of the tapered edge, say o < 10°, which covers the major part of practical cases, the effect of tapering
on the bending stress is small. For design purposes, therefore, the maximum bending stress can be calculated as

for a beam with constant cross sectional depth (that is 0,04 = % ) both at the tapered edge and at the straight
edge. However, the bending strength £, ; is reduced by a reduction factor k,, , at the tapered edge to take into

account that shear stress and stress perpendicular to the grain which are acting simultaneously with bending stress
at the tapered edge, see Figure 30.

The influence of the taper on the bending stresses parallel to the surface shall be taken into account.
The design bending stresses, o, .4 and o, o 4 may be taken as:

6M,
am,a,d = Gm,o,d = bhz

At the outermost fibre of the tapered edge, the stresses should satisfy the following expression:

Omad = km,a ' fm,d

where

Om.qa 1S the design bending stress at an angle to grain [N/mm?];

Omoq IS the design bending stress at the straight edge [N/mm?];

fma is the design bending strength [N/mm?];

h is the corresponding depth of the beam at the critical section at the position of maximum bending stress [mm];
kn. s the factor for combined stresses in tapered beams calculated as follows:

For tensile stresses parallel to the tapered edge:
1

1+ ( fma tan a)z + ( fmd tan?® a)z
a- fv,d ft90,a

Kim,a

Where
_ {0,75 for LVL — S
" 11,0 for LVL — X

For compressive stresses parallel to the tapered edge:

" 1
ma = 2 2
fmd ) ( fmd 2 )
1+ ( — tan + —— tan
b foa %) T \fosoa ¢
where
b= {1,5 for LVL — S
" 1,0 for LVL — X
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It is not necessary to take k,, , into consideration in the resistance against lateral torsional buckling of the beam as
written in Eq 84. The effects of combined axial force and bending moment shall be taken into account.

Table 10: Strength reduction factor Km,q for tensile and compressive stress parallel to the tapered edge

I K Stress parallel to Angle a |
" CECUCUICIN 0 5°  10°  15°  20°  25° 30° 35° 40° 45°
Taperededgein 1,00 060 031 018 011 007 005 003 002 0,02
. . tension 1,00 085 062 045 034 027 021 0417 0,13 0,10
Tapered edge in 100 08 062 045 034 0,26 0,20 0,16 0,23 0,10
compression 1,00 085 062 046 036 028 023 019 015 0,12

TENSILE STRESSES PARALLEL TO TAPERED
1,00 EDGE
0,90
0,80
0,70
0,60
0,50
0,40
0,30
0,20
0,10
0,00
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Figure 25: Strength reduction factor Km,o, for tensile stress parallel to the tapered edge
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Reduction factor Km,o.

0 5° 10° 15° 20° 25° 30° 35° 40° 45°
Angle a
Figure 26: Strength reduction factor Km,o. for compressive stress parallel to the tapered edge

Tensile stresses perpendicular to the grain form at a tapered tensile edge and compressive stresses perpendicular
to the grain at a tapered compressive edge. As a general rule, cut wood fibres should preferably be arranged in the
compression zone of beams, so that the lamellae run parallel to the beam edge in the tensile zone.

When the tapered edge is under tension stress, k,,, is used to reduce the bending strength in the equations for
combined stresses as written in Eq 68 and Eq 69.
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When the tapered edge is under compression stress, k,, , is used to reduce the bending strength in the equations
for combined stresses as written in Eq 66 and Eq 67.

Since both the moment and the depth vary along the axis of the beam, maximum bending stress as a rule occurs
not where the moment is greatest but at a section nearer the supports. The position of this section can be determined
analytically from the condition:

do(x) d (M(x)) 0

dx  dx \W()

For simply supported single tapered beams or symmetrical double tapered beams with uniformly distributed loads,
the critical section is at the distance:

~ 2-hy,

x from the support, where h, is the depth of the beam at the support and h,, is the maximum beam depth.

-l

X

The corresponding depth of the beam (critical section) is:
h(x) =hy+x-tana

The distribution of bending stresses in tapered beams is non-linear already due to the beam geometry, since the
slope of the beam edge results in additional shear stresses 7 and stresses perpendicular to the grain ggq.

For small angles of inclination, « up to around « < 10, however, this non-linearity is small . Accordingly, the bending
stresses in the outer fibres and shear stress can be determined more simplistically in accordance with the Euler-
Bernoulli beam theory.

Moreover, for such beams the highest shear stress is in general not at the neutral axis. The location of maximum
shear stress is, in fact, closer to the tapered edge (see Figure 27 and Figure 29).

The strength of the beam in Figure 27 must hence be verified in two cross-sections: in cross-section hy , in which
the shear stresses peak and cross-section h(x), in which the bending stresses peak.

For high pitched roof beams (o = ~10°) the maximum shear stress t,,,,, 4 and tension perpendicular to the grain
O90,max,a Shall be calculated at the point of the maximum bending moment stress with the equations:

Tymax,d = Om,0,max,d " tan &

— . 2
G90,max,d - O-m,O,max,d tan” o

edge on the compressive side,
especially for LVL G-S, since the
tension perpendicular to grain strength
fto0.eagex 1S lOW, which can lead to
cracks and brittle failure.

: : : It is recommended to have the tapered
LNV N

LVL G by Stora Enso

LVL G-X may be used for special
, shapes, also when the tapered edge is
A o Ty on the tensile side, as its f; 90 cagex IS
m,d A higher due to the cross veneers and it

I 2 | behaves more ductile.

G Tension perpendicular to grain should
therefore be kept as low as possible.

In  addition, shear stress and
compression perpendicular to the grain

,max,d at the supports must be verified in
cross-section hy, .
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6.2 Double tapered beams

For double-tapered beams, the requirements for single tapered beams apply to the parts of the beam which have a
single taper and design instruction are given in EN1995-1-1 clause 6.4.3 with the additional information:

= Factor K, = 1 for LVL in the edgewise direction, as the shape of the beam is cut directly from a panel and no
reduction due to bending of the laminates during production is needed.

= Kpn . is not used together with the equations for checking the stresses at the apex zone.

= |tis not necessary to take K; into consideration in the resistance against lateral torsional buckling of the beam
(Eq 84), it is used only for bending in the apex zone.

Apex zone

LVL G by Stora Enso

e

Bending at the critical cross section h(x)
See chapter 6.1 Single tapered beams.

Bending stress in the apex zone

The bending stress in the apex zone must also be checked, even though it seldom governs the design.
In the apex zone of double tapered beams, the bending stress distribution is complex and non- linear. The bending
stress at the apex will be zero and the bending stress distribution will be as shown in Figure 29.

In the apex zone (see Figure 28), the tensile bending stress shall be magnified by a factor K; to take into account
of the fact that the depth of the beam is not constant, but varies linearly and has a singularity at the apex.

The bending stress is calculated according to the following expression:

Map,d _ . 6" Map,d
- I\
Wop bhay”

Oma = K; -

h hg\2 ho\2
K=kt ke () + 46 (52) + K (S2)

r = oo in double tapered beam > K, = K;

where

K, is a factor determined by finite element analysis that takes into account the tapering of laminations. The
magnification factor K, increases with increasing roof slope and it can be obtained from EN1995-1-1
clause 6.4.3 .

Mgy, q is the design moment at the apex [N.mm]

b is the LVL G beam width [mm]

hap is the LVL G beam height of the section at the apex [mm]

Wap is the section modulus of the beam at the apex [mm?3].

According to EN1995-1-1, the stresses should satisfy the following expression:

Om,d < fLvi 6 mo.edge,d

storaenso

THE RENEWABLE MATERIALS COMPANY



LVL G by Stora Enso Page 50 of 96

DESIGN MANUAL Dec-20

Tensile stress perpendicular to the grain in the apex zone

In the apex zone, the greatest tensile stress perpendicular to the grain o, 994 due to bending moment is calculated
according to the following expression:

Map,d —K. - 6" Map,d

Wop P bhyy”

When designing double-tapered beams, it is crucial to take a volume and stress distribution effect in the apex zone
into consideration, since this is where, based on geometry, high tensile stresses perpendicular to the grain frequently
occur with a simultaneous large volume.

The design tensile strength perpendicular to the grain must be reduced to take into account the volume effect.
According to EN1995-1-1, the stresses should satisfy the following expression:

0,01,
Ot90,a = Kais - Kyor * ft,90,edge,d < Kgis - v 'ft,90,edge,d

O0t,90,d = Kp )

where
is a factor determined by finite element analysis, defined as the ratio between perpendicular to grain
stress and bending stress at the apex (can be calculated according to EN1995-1-1 clause 6.4.3).

h hap\ 2
Ky = K5+ Ko (52) + Ko (52)
Kyis is a factor which takes into account the effect of the stress distribution in the apex zone K;;; = 1,4 for
double tapered beams;
0,2
Kyor = (@) is a volume factor; with all veneers parallel to the beam axis

Vs is the reference volume of 0,01ms3;

% is the stressed volume of the apex zone subject to tension perpendicular to the grain, in m3 (see
Figure 28) and should not be taken greater than % where V, is the total volume of the beam.

ft00,eage,d is the design tensile strength perpendicular to the grain;

For combined tension perpendicular to grain and shear stresses according to EN1995-1-1, a combined verification
is performed with linear stress interaction and should satisfy the following expression:

T(2)d 0t,90,d <1
fv,o,edge,d Kyis - Kyor * ft,90,edge,d

Q4

LVL G by Stora Enso

ho Ik —

Om,d Tq Tq T4 A

(6

)
|
|
|
|
1
1
1
m,max,d m,max,d

- Gt90,d

Ot90,d
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In addition, shear stress and compression perpendicular to the grain at the supports must be verified in cross-
section hy .

When the angle between loading and the grain is large (a = 10°), shear stress at the point of maximum bending
moment stress may become more critical than the shear stress at the support.

o=0
7=0
-

| I
‘ | ‘ %%%%%%%%
Zﬁ | MMM MY

| 0

|

|

|

Y

MT

90

Grain direction

As shown in Figure 30, close to the tapered edge there are both stresses perpendicular to the grain g9, and shear
stresses parallel to the grain T additionally to the axial stresses. The magnitude of such stresses increases with
increasing slope of the tapered edge.

Knowing the stress component o, , 4 parallel to the tapered edge (Figure 30, left), the stress acting on the planes
parallel to the grain and perpendicular to the grain respectively (Figure 30, right) for uniaxial tension under an angle
o to the 1-axis, can be calculated from the equation of statics:

Oy = O COS%a

090 = O g Sin?a =0, - tan®a

T =0p" tana =0, ,* sina-cosa

(see equation derivation in Annexe 14.3)

In situations where the design tensile strength for stresses perpendicular to the grain is exceeded, mechanical
fastenings such as glued-in rods or fully-threaded screws may be used as reinforcement.

6.2.1 Climate action on double-tapered beams

The specified tensile stress verifications perpendicular to the grain (Eq 121 and Eq 122 ) for the apex zone of
double-tapered beams only apply for non-reinforced beams. All verifications are performed with design loads;
stresses due to swelling and shrinking processes, which, in turn, are triggered by climatic fluctuations are not taken
into consideration.

However, the beam shape is very vulnerable to tensile stresses perpendicular to the grain, which may also be
triggered by ,climate change and which may cause additional strain on the beams, additionally to the pre-existing
external forces.

Accordingly, it's recommended that such beams should be reinforced to take into account the additional climate-
related tensile stresses perpendicular to the grain.

According to the relevant national annex, double-tapered beams should be reinforced from a limit utilisation rate %
(80% in Germany) in equations Eq 121 and Eq 122.

In situations where the design tensile strength for stresses perpendicular to the grain is exceeded, mechanical
fastenings such as glued-in rods or full-threaded screws may be used as reinforcement.
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7. Notched beams

The effects of stress concentrations at the notch shall be taken into account in the strength verification of members
according to EN1995-1-1 chapter 6.5.2 . The effect of stress concentrations may be disregarded in the following
cases:

* Tension or compression parallel to the grain;
* Bending with tensile stresses at the notch, if the taper is not steeper than 1:i = 1:10, that is i=10, see Figure

31)
* Bending with compressive stresses at the notch, see Figure 31 B)
A | B I
M M M M
|
h . Iy
ef ~ I h h
hef

When the taper at the notch at tensile side is steeper than 1:10, it can be located only at the support. For beams
with rectangular cross sections and where the grain runs essentially parallel to the length of the member, the shear
stresses at the notched support should be calculated using the effective (reduced) depth hef, see Figure 31). It
should be verified that

1, 5 " Vd
Tqg = b- hef < kV ' fv,O,edge,d

Where Ky, is a reduction factor defined as follows:

= For beams notched at the opposite side to the support, see Figure 31 B), K, =1
= For beams notched on the same side as the support, see Figure 31 A)

1,5
o (14 2122
Ky, =min| 1; Vh
Vi (JorG-o)) + 08 /é_az
where
i is the notch inclination (for rectangular notches i = 0);
h is the beam depth in [mm];
X is the distance from line of action of the support reaction to the corner of the notch [mm];
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Kneage = 4,5 for LVL in general

(Although it is written in EC5 that K,, = 4,5 for LVL in general, that value has not been determined in flatwise direction
yet. The K, ¢4 factor will be determined by means of testing and will be integrated in the future version of EN1995-
1-1. Therefore it is currently valid only for notches in edgewise direction).

At supports, the contribution to the total shear force of a concentrated load F acting on top side of the beam and
within a distance h or h,, from the edge of the support may be disregarded. For beams with notches, at the supports,
this reduction in the shear force applies only when the notch is on the opposite side to the support. For uniformly
distributed loads, the determining shear force maybe taken at a distance of the member h from the support.

Maximum design shear force capacity V4 is given by:

ky - fv,O,edge,d b- hef

vV, <
d 1,5

8. Holes in edgewise beams

Holes are openings with a clear dimension d= h/10 with h, being the
height of the beam or d=80mm.

According to ONORM B 1995-1-1:2015 [8] the application of
unreinforced circular and rectangular holes is restricted to service
class 1 and 2.

In general, it is not allowed to carry out on the building site openings
not planned in design.

Until more specific rules are determined for Stora Enso LVL by
experimental tests, relevant rules for reinforced holes (and notches)
can be found in National Annexes to EN 1995-1-1 (e. g. ONORM B
1995-1-1).

8.1 Geometric boundary conditions

In the current European standard for the design of timber structures EN 1995-1-1 [12] no explicit rules for the
verification of holes in beams (loaded in bending) are given. Nevertheless, rules for the handling of this important
topic are defined in a few National Annexes of the mentioned standard.

In Figure 32 and Figure 33, the geometric boundary conditions regarding holes in beams are shown.

The rules given in the further sections of this chapter are only valid if the following geometric boundary conditions
are respected.

General boundary condition :
*l,=h
* l,=205h
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Additionally for circular holes :
* When the hole centre is situated at neutral axis:
h.,, =20.15-hand h,,, 2015 h
* When the hole centre is situated eccentrically to the neutral axis (eccentricity) :
h., =025-hand h,,, =025 -h
1.00-h
I, = max{ 5.4
ly d I d
| 1 | | |
| ! | ! |
: : : T T
LVL by Stora Enso o : o = 1
' // -\\_ \’<; \\\l /
* ‘ | Y | G y = =
1 / \ / /
:\m _,/ N~ ] e
; =
: N =1 1
I, b
e =]
Figure 32: Definitions of geometric dimensions related to circular holes
Additionally for rectangular holes: The radius of curvature at each corner shall be at least 15 mm.
* hy £03-hforLVLG-S; hy <0.4-hfor LVL G-X
*a<15-h
* h, =035 -handh,, =035-hfor LVLG-S ; h,, = 0.30-hand h,,, = 0.30 - h for LVL G-X
*1,=>215-h
ly a l; a
| | | | |
| | I | |
1 I ’ N E
LVL by Stora Enso : : : M)
* r=15 mmJ % F\O! ] (// : J:“__ <
: \ =

A

14 |
Figure 33: Definitions related to rectangular holes.

h Depth of the beam [mm] ;

hy Diameter or height of the opening [mm] ;

L, Distance between two holes [mm];

a Length of the rectangular opening [mm]; for circular holes a = h, .
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8.2 Size and location of the holes

- Beams with circular holes (LVL G-S and LVL G-X) loaded in bending

Geometrical limitations for circular holes in LVL-S and LVL-X by Stora Enso beams.

Dec-20

Center of the hole not on neutral axis

MIN MIN MIN
BEAM  LSTANCE  DISTANCE DISTANCE MAXIMUM  DISTANCE FROM MAXIMUM DISTANCE FROM
HEIGHT  °OMTHE  FROM THE BETWEEN  DIAMETEROF  THE EDGES OF DIAMETER OF THE EDGES OF
BEAM END SUPPORT HOLES THE HOLE THE BEAM THE HOLE THE BEAM
h Lv min La min Lz min d hro and hry min d hro and hry min

[mm] [mm] [mm] [mm] [mm] [mm] [mm] [mm]

200 200 100 280 140 30 100 50

240 240 120 336 168 36 120 60

300 300 150 420 210 45 150 75

350 350 175 490 245 52,5 175 87,5

400 400 200 560 280 60 200 100

450 450 225 630 315 67,5 225 112,5

500 500 250 700 350 75 250 125

600 600 300 840 420 90 300 150

- Beams with rectangular holes (LVL G-S and LVL G-X) loaded in bending

Geometrical limitations for rectangular holes in LVL-S and LVL-X by Stora Enso beams.

MIN
DISTANCE
FROM THE
BEAM END

MIN
DISTANCE
FROM THE
SUPPORT

MIN DISTANCE
BETWEEN
HOLES

MAXIMUM
LENGTH OF TWO
HOLE

MAXIMUM
HEIGHT OF THE
HOLE

BEAM

HEIGHT

DISTANCE FROM THE
EDGES OF THE BEAM

h Lv min La min Lz min a max ha max hro and hry min
[mm] [mm] [mm] [mm] [mm] [mm] [mm]

200 200 100 300 300 60 (S) / 80 (X) 70 (S) / 60 (X)
240 240 120 360 360 72 (S) /96 (X) 84(S) /72 (X)
300 300 150 450 450 90 (S) / 120 (X) 105 (S) / 90 (X)
350 350 175 525 525 105 (S)/ 140 (X)  122,5(S)/ 105 (X)
400 400 200 600 600 120(S)/ 160 (X) 140 (S)/ 120 (X)
450 450 225 675 675 135(S)/ 180 (X)  157,5(S)/ 135 (X)
500 500 250 750 750 150 (S) /200 (X) 175 (S)/ 150 (X)
600 600 300 900 900 180 (S)/240(X)  210(S)/ 180 (X)

As a conservative approach in the design of unreinforced holes the initiation of the first crack is recommended to
be considered as the “ultimate” load and stress level accordingly. The difference between the load level at the
occurrence of the 15t crack and the maximum load has to be seen as a “buffer” for the missing interaction of stresses
(e. g. simultaneously acting stresses due to tensile stresses perpendicular to the grain and shear stresses) as well
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as loading effects from temperature and moisture content (shrinkage / swelling) in the vicinity of the hole not
considered explicitly in the verification.

The following equations and design steps for unreinforced holes are based on the report from holz.bau forschungs
gmbh [14]. The equations for the determination of the shear factor k. considering the stress concentrations at the
contour of the circular and rectangular openings shall be used. This method is also based on a multitude of tests
on LVL beams by Stora Enso with openings [15]. This includes alternatives to the method in the standard [16] for

the verification of the tensile stresses perpendicular to grain which makes it possible to justify bigger ratios 7‘1 as
given there.

Approach of Ardalany

The underlaying mechanical model is based on a beam on elastic foundation assuming that the lower part of the
cracked beam is infinitely stiff in bending according to the approach of Ardalany [14].

\ Foundation _ .7

(a) (b)

8.3  Verification of the tension perpendicular to grain (approach of Ardalany)
8.3.1 dueto pure shear

The tension force perpendicular to grain for loadings in pure shear can be computed as follows:

b 'ft,90

Fertooy = 5 Kb
V&5 e

With

The total shear resistance of the hole is twice this force as follows:

Fcr,V =2 Fcr,t,90,V

Ferrooy Shear resistance of the beam section for pure shear (at crack initiation), splitting force [N];
Foy Total shear resistance of the beam section for pure shear [N] ;

K Spring stiffness in a beam on elastic foundation [N/mm?3] ;

Gy Fracture energy in mode | (opening) [N/mm] (see chapter 8.3.4);

ft90 Tensile strength perpendicular to grain [N/mm?];

b Width of the beam [mm] ;

E Modulus of elasticity [N/mm?] ;
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. . b-hel

I Moment of the inertia [ = X [mm4];
Rer Height of a portion of a beam above potential crack surface [mm];

For circular opening : he = g - %- cosa ,with @ = 45°

. h h

For rectangular opening : her = > 7‘1
A Parameter in beam on an elastic foundation theory [1/mm] ;
G Shear modulus of the beam section [N/mm?] ;
A Shear area (A = b - h,,).

8.3.2 due to pure bending
With the denotations used in standards , the local moment in the upper part of the beam on elastic foundation at

crack initiation is as follows:

b
Mgy o0 = 22 ’ ft,90

The total moment is composed two parts:
a. Constant (rectangular) stress distribution
he +hyg - cosa

Oy = 0y
hCT

with the resultant compression force
N =>b: 0y (hy +hy-cosa)

b. Triangular stress distribution
The triangular stresses are given by:

_ M cr,t,90
Ocrt,90,M = W

Considering the moment of both portions of the beam (upper and lower portion) as well as from the resultant axial
forces the total moment is given. Due to the different lever arm of circular and rectangular holes it is given by:

- forcircular holes:
Mcr,M =2 Mcr,t,90 +b: OcrtooM * (her + hg-cosa)  (h—he)

- for rectangular holes:
Mcr,M =2 Mcr,t,90 +b: OcrtooM * (her + hg) - (h—hg)

where
b Width of the beam [mm];
. b he?
w Cross section modulus W = —=—[mm?3] ;
Rer Height of a portion of a beam above potential crack surface [mm];
Ocr t.90.M Stress due to bending moment [N/mm?];
Myt 90 Moment resistance of the section [N-mm];
My Total resistance moment of the beam section for pure bending [N-mm].
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8.3.3 Beam subjected to combined shear and bending moment (Splitting)

In general combined actions form shear and bending moment occur in the beam. Thus an interaction equation
has to be taken into account. The following empirical relationship shall be fulfilled:

2
(Vcr>+<Mcr> _
Fcr,V MCT',M
where

M, Design bending moment [N-mm] ;
V..  Design shear force at the location of the hole [N].

8.3.4 Fracture energy rate G, in mode | (opening)

The determination of the fracture energy rate G, described in [17] is based on test configuration of CIB-W18
standard draft proposed by Larsen and Gustafsson [21].

The experimentally determined values for LVL by Stora Enso are:

Mean value: Gi,fmean = 0.875 N/mm
Characteristic value: Girx = 0.625 N/mm

Since the fracture energy value G,  is a material parameter used in ULS verification, the modification factor K;,4
(considering the moisture content and duration of load of the members) as well as a partial safety factor y,, have to
be considered for the computation of the design value G, ¢ 4.

kmod : GI,f,k

Gl,f,d = Y
m

8.4  Verification of shear stresses for circular and rectangular holes in beams

In addition to the tensile stresses at the circumference (contour) of the hole also the shear stresses have to be
verified in the design steps. In a first approximation these stresses can be determined applying the equation from
the Beam Theory for the net cross section, but it is obvious that due to the redistribution of stresses in the vicinity
of the hole stress peaks will occur at the corners.

By considering these concentration peaks in the design, the maximum shear stress at the contour of the hole can
be multiplied by the factor for the shear stresses k. applicable for circular and rectangular holes.

The shear stress at the hole location should satisfy the following expression:

Va

=k -15-—2% <
Td k‘L’ 1’5 b . (h _ hd) — fv,d

Since the redirection of stresses is expected to be more smooth for circular holes and thus lead to minor pronounced
stress peak at the contour of the hole, a different k. factor shall be applied for each shape.

The following equations were determined by means of linear elastic FEM-simulations and shall be applied:
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Rectanqgular holes

# NORMALSPANNUNGEN r,,. LAGERREAKTIONEN
i

Sparvungen Tasry
Uagurmcrangi], B

Vertical section at the
edge of the hole
closer to the supports

Dec-20

For the computation of the maximum shear stresses,
the shear factor k, at the corners of rectangular holes
shall be determined according to [17] and [19].

as follows:

a hd 0.2
ke=185-(1+ E) : (—) Eq 143

h

With: 0.1 <2< 1.0and 0.1 < };—d <04

3
h
The maximum shear stress value should be
determined in the vertical section at the edge of the
hole closer to the supports.

Figure 35: Shear stress distribution at the contour of a rectangular hole

Circular holes

Vertical section at the
edge of the hole
closer to the supports

M Ty 40991, M T 40133 Nt

For the computation of the maximum shear stresses,
the shear factor k, of circular holes shall be determined
as follows:

h
k, =062 [4,00 - (7‘1)] Eq 144

Remark:

(Compared to the currently given equation in ONORM
B 1995-1-1:2015 [19] this equation given by Stora
Enso leads to value for k, that are about 1/3 lower for

circular holes of th =0,7)

Figure 36: Shear stress distribution at the contour of a circular hole

8.5 Verification of longitudinal stresses- Bending

# NORMALSPANNUNGEN o.

s B 90544 U Bgma 150,90 o

Figure 37: Longitudinal stresses at the contour of the hole and
the edge of the beams

M,
Tma =y Kuyo

THE RENEWABLE MATERIALS COMPANY

Vertical ~ section
through the centre
of the circular hole

Eq 145

For circular holes:

while the longitudinal stresses for ha/h ratios up to ~

0.30 are greater at the edge of the beam (see ), for
higher ha/h values strongly increasing stresses at the
circumference in the vertical section through the
centre of the circular hole occur (see in Figure 37).

Thus if ha/h ratios < 0.7 shall be applied, in addition to

the verification of the longitudinal stresses at the edge
of the beam, given e. g. in the standard [19] , also the
longitudinal stresses at the contour in the vertical
section through the centre of the circular hole have to
be verified (See Figure 37) .

The verification of the longitudinal stresses in the
vertical profile can then be verified using the equation:

L h2
with W:b h
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hqg hg
Ko = (7) 6.20 (7)

For rectangular holes: Similar to circular holes also at the contour, in particular at the corners of rectangular holes,
pronounced stress peaks of the longitudinal stresses occur.

2

ha
— 4,30 (7) + 4,45

Verification at the edges of the hole:

The bending stress at the hole location presented in Figure 35 for rectangular and Figure 36 for circular depending

h . : . .
on the -2 ratio should satisfy the following expression:

h
M
W
0 <1
fm,d
and
& + Mu,d
Wo Wu g
fm,d
where
M Ao y,.8
T AL+ A, t 2
My =ty 8
YT A+ A, 2
A, =Db"hy
A,=Db"hy
b hy.o°
VVO — 67‘0
b-h.”
Wu — 6Tu
with
My Design value of the bending moment at the edge of the opening [N.mm];
W, Effective cross section modulus of the beam at the position of the opening [mm?];
V4 Design value of the transversal force at the edge of the opening [N];
fma Design value for the edgewise bending strength of the beam [N/mmZ];

Ryos Ay Remaining heights of the net cross section [mm] According to the figures Figure 32 and Figure 33.

For circular holes it is sufficient to verify the bending stresses from the beam theory effect at the edges under
consideration of the net cross section.

The bending stress at the location of a circular hole has to be verified by the equations:

My
W, <1
fm,d

The verification of the resistance against tension perpendicular to the grain stresses can be the most critical
condition to fulfil in the design of holes in LVL G-S beams. LVL-X beams, on the other hand, offer a significant
advantage for beams with holes, as the cross veneers act as reinforcement around the holes preventing cracking
due to tension stresses perpendicular to the grain.

It is critically mentioned that in the known design standards no interaction of stresses, i.e. tensile stresses
perpendicular to grain and shear stresses as well as longitudinal stresses within the verification process is required
although they are simultaneously acting at the contour of the hole.
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9. Connections with fasteners in LVL G’s edge
and wide face

The design of connections with metal fasteners is specified in Section 8 of Eurocode 5. However, the design
instructions do not fully cover LVL products. This section therefore provides additional definitions for LVL based on
expert document [9].

For the connection design of LVL members it is essential to note that the behaviour of the product may differ
depending on whether the connections are on the wide face (flatwise) or on the edge face (edgewise) of the LVL,
see Figure 38.

S The edge face of LVL is more sensitive to
axd splitting, which must be taken into
consideration  when  determining the
geometry and maximum fastener sizes of
connections.

LVL-X, on the other hand, has the advantage
of ductile behaviour of connections on the
wide face due to its cross veneers, thus
eliminating a number of wood failure modes
related to connections and enabling denser
groups of fasteners.

A connection may be laterally loaded, axially
loaded, or both laterally and axially loaded.
For the determination of the characteristic
lateral loadbearing capacity of connections
with  metal dowel-type fasteners, the
contributions of the vyield strength,
embedment strength, and withdrawal
strength of the fastener shall be considered.

\‘ 1] - ~ CQWW@@M@W

Section 8.2 of Eurocode 5 provides equations for calculating the characteristic load-carrying capacity of nails,
staples, bolts, dowels and screws for different failure modes according to the Johansen yield theory. The minimum
value, based on the relevant failure modes for the connection type, should be taken as the capacity per shear plane
per fastener.

The equations for determining the characteristic embedment f;, ,, , withdrawal £, , and pull-through f}.44 » Strengths
in Stora Enso LVL G which are needed for the capacity calculation of laterally and axially loaded connections, are
defined in the followings sections.

For other information like yield moment Myrk, they are defined in sections 8.3-8.7 of EN1995-1-5. Alternatively,
fastener suppliers provide their own design instructions for connections using their products in their ETA
assessment documents.
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9.1 Fastener angles, spacings, edge and end distances

9.1.1 Laterally loaded fasteners in wide and edge faces

Figure 39: Definitions of angles a, 8 and ¢ for screws (A) in the wide face and (B) in the edge face of LVL. With 1) wide face, 2)
edge face and 3) end grain.

a is the angle between the load and grain direction of laterally loaded connections.
B is the angle between the screw axis and wide face.
€ is the angle between screw axis and grain direction

9.1.2 Axially loaded fasteners
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a is the angle between the shear plane and screw axis.
B is the angle between the screw axis and wide face.
€ is the angle between screw axis and grain direction. (modified from EC5 Figure 8.11a)

9.1.3 Minimum spacings, end distances and edge distances

The rules for fastener connection geometry without predrilling of LVL G-S on the wide face (flatwise connections)
are similar to solid wood. In LVL G-X connections, the spacing between fasteners as well as end and edge distances
can be smaller because the product is not sensitive to splitting, due to its cross veneers.

Connections at the edge face (edgewise), however, have a risk of splitting and require larger fastener spacing and
end and edge distances for both LVL-S and LVL-X. Predrilling reduces the risk of splitting and smaller spacing and
end and edge distances can be used.

A = 444

. -
| |
| |
& — @
| |
| |
o — @
d | &

-90°< @ < 90° 90°< a < 270° 0°<a < 180° 180°< o < 360°
(1) ) ) (4)

(A) Spacing parallel to grain in a row and perpendicular to grain between rows; (B) Edge and end distances;
(1) Loaded end, (2) Unloaded end, (3) Loaded edge, (4) Unloaded edge;
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Minimum spacing or end/edge distance
(See Figure 41 and Figure 39) without predrilled holes with
LVLor LVLG LVLor LVLG LVL-X or LVL G-X wide predrilled
Laterally loaded connections Angle a wide face edge face face when pointside holes
Spacing or distance penetration length of at
least 10d %
Spacing a1 (parallel to grain) 0°<a<360° d<5mm: (7+8|coso(|)d (5+2|coso(|)d (4+|cosa|)d
(5+5|coscx|)d
d25mm:
(5+7]|cosal)d
Spacing a: (perpendicular to grain) 0° <a<360° 5d 7d 5d (3 +| sin al )d
Distance a3+ (loaded end) -90° < a <90° (10+5cosa)d (15+5cosa)d (4+3cosa)d (7+5cosa)d?
Distance as.(unloaded end) 90° < a<270° 10d 15d 5d 7d
Distance aa.(loaded edge) 0°<a<180° d<5mm: d<5mm: (3+4sina)d d<5mm:
(5+2sina)d (7+2sina)d (3+2sina)d
d25mm: d25mm: d25mm:
(5+5sina)d (7+5sina)d (3+4sina)d
Distance aa.(unloaded edge) 180°<a<360° 5d 7d 3d 3d
3 When pointside penetration length is less than 10d, the rules in the column LVL or LVL G wide face apply
b for LVL-C or LVL G-C wide face and pointside penetration length of at least 10d: (4 + 3 cos a) d
9 for LVL-C or LVL G-C wide face and pointside penetration length of at least 10d: 5d
Minimum spacing or end/edge distance
(See Figure 40) without predrilled holes with
LVLorLVLG LVLorLVLG LVL-X or LVL G-X wide predrilled
Axially loaded screws wide face edge face face when pointside holes
Spacing or distance penetration length of at
least 10d
Spacing a1 (parallel to grain) 7d 10d 7d 7d
Spacing a: (perpendicular to grain) 5d 5d 5d 5d
Minimum end distance of the centre of gravity of 10d 12d 10d 10d
the threaded part of the screw in the member a1
Minimum edge distance of the centre of gravity of 4d 4ad 4ad ad
the threaded part of the screw in the member azce

Note: EN 1995-1-1:2004 (Eurocode 5) has a limit of def<6 mm which corresponds with 9 mm outer thread diameter. For shorter distance and
spacing limits, ETA assessment document of screw manufacturers shall be consulted.
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(See Figure 41 and Figure 39)

Minimum spacing or end/edge distance

LVL-S /LVL G-S or

LVL-X/ LVL G-X wide face

Laterally loaded connections Angle a LVL-X/ LVL G-X edge face
Spacing or distance
Spacing a:(parallel to grain) 0° <a<360° (4+3| cosot| )d? 4d
Spacing a2 (perpendicular to grain) 0° < a<360° 4d 4d
Distance as:(loaded end) -90° < a < 90° max (7d; 105 mm)® max (4d; 60 mm) ©
Distance as.(unloaded end) 90°<a<150° (1+6sina)d 4d
150° < a < 210° 4ad 4d
210° < a<270° (1+6sina)d 4d
Distance aa:(loaded edge) 0°<a<180° max [(2 + 2 sin a) d; 3d] max [(2 + 2 sin a) d; 3d]
Distance aa.(unloaded edge) 180° < a <360° 3d 3d

3 minimum spacing a: may be reduced to 5d if fnox is multiplied by\/a1 /(4 + 3 | cos a | )d

5 minimum end distance as:may be reduced to 7d for d < 15 mm if fnok is multiplied by as:/105 mm
9minimum end distance as:may be reduced to 4d for d < 15 mm if fuooxis multiplied by as+/ 60 mm

Note: EN 1995-1-1:2004 has a limit of def < 6 mm which corresponds with 9 mm outer thread diameter.

(See Figure 42)

Spacing and end/edge distances on
circular patterns for double shear
moment-resisting connections

Minimum spacing or end/edge distance

LVL-S /LVL G-S wide face

LVL-X/ LVL G-X wide face

Side member
LVL-S / LVL G-S wide face

Middle member
LVL-S, LVL G-S or LVL-X wide face

Spacing a: (spacing on circle) 6d ad 5d

Spacing a: (spacing between circles) 5d ad 5d

Distance as:(loaded end) 6d ad 6d in middle member
4d in side member

Distance aa.(loaded edge) ad 3d 4d in middle member

3d in side member

(See Figure 41 and Figure 39)

Minimum spacing or end/edge distance

LVL-S /LVL G-S or

LVL-X/ LVL G-X wide face

Laterally loaded connections Angle a LVL-X/ LVL G-X edge face
Spacing or distance
Spacing ai(parallel to grain) 0°<a<360° (4+3| cosal)da' (3+ |cosa|)d
Spacing a: (perpendicular to grain) 0° <a<360° 3d 3d
Distance as:(loaded end) -90° < <90° max (7d; 105 mm)® max (4d; 60 mm) ©
Distance a3c(unloaded end) 90°<a<150° 03t | cos a| (3+ | cos a| )d
150° < a < 210° 3d
210° < a < 270° a3t | cos a

Distance aa.(loaded edge)

0°<a<180°

max [(2 + 2 sin a) d; 3d]

max [(2 + 2 sin a) d; 3d]

Distance aa.(unloaded edge)

180° < a <£360°

3d

3d

3 minimum spacing a1 may be reduced to 5d if fnox is multiplied by\/a1 /(4 + 3 | cos a | )d

5 minimum end distance as: may be reduced to 7d for d < 15 mm if fnok is multiplied by as:/105 mm
9minimum end distance as:may be reduced to 4d for d < 15 mm if fooxis multiplied by as+/ 60 mm
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9.2 Nailed connections
9.2.1 Laterally loaded nails

For nails with diameters between 3 mm up to 8 mm arranged perpendicular to the grain, the following characteristic
embedment strengths in Stora Enso LVL G apply:

Without predrilled holes:
0,082 - p;, - d~°3

-cos?f + sin?f

fh,p’,k = K,

With predrilled holes:
0,082 - (1 —-10,01-4d) - py,
fh,ﬁ,k = . 2 in2
K. - cos?f + sin?f

Where

fur is the characteristic embedment strength [N/mm?];

pr  is the characteristic density [Kg/m®];

B is the angle between nail axis and face veneer plane;
d is the nail diameter [mm].

K.=1 for LVL G-S
K. = min{%/ (dg_ 2) for LVL G-X

To prevent splitting failure mode, for one row of n nails parallel to the grain, unless the nails of that row
are staggered perpendicular to grain by at least 1d, the load-carrying capacity parallel to the grain should
be calculated using the effective number of fasteners n,; = n¥¢/.

For nails in the edge face of LVL G, the parameter K., in EN 1995-1-1 equation (8.17) should be assumed
as:

1
— P a
Key = min {1 ~0.03 (20 - j)
for LVL-X:
Kef = 1
for LVL-S:

K. in table 8.1 of EN1995-1-1 applies.

For smooth nails in pre-drilled holes in the edge face of LVL G the point side penetration length should
be at least 12d.

In the edge face of LVL G-X the minimum nail diameter d is 3mm.

Member thickness

LVL-S or LVL G-S with nails in the wide face should be pre-drilled when the thickness of the timber
members is smaller than

{ 7d
t = max Pr
(13d - 30) 200

t is the minimum thickness of timber member to avoid pre-drilling [mm]

Equation Eq 159 may be disregarded for nails in the wide face of LVL-X or LVL G-X

*
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LVL or LVL G with nails in the edge face should be predrilled when the thickness of the member in nailing
direction is smaller than
14d

Pk
(13d — 30) 200

Eq 159 may be replaced by Eq 160 for edge distances a4 = 14d

t=max{

9.2.2 Axially loaded nails

For smooth nails without predrilled holes and with a point side penetration of at least 12d in Stora Enso LVL G, the
following characteristic values of the withdrawal and pull-through strengths apply:

faxe =20-107° - p,? For wide face of LVL G
faxk =032-d+0,8 For edge face of LVL G

The characteristic head pull-through parameter of axially loaded nails with head diameter d;, = 1,8 - d in Stora Enso
LVL G is calculated according to EAD 130118-00-0603 section 2.2.5.1 Method 1:

freaa = 70-107% - p,?
freaax = 12N/mm2

However, smooth nails shall not be used to resist permanent or longterm axial loading.
The following information should be taken from the nail supplier’'s DoP:
= Characteristic yield moment My,x [N.mm]
Characteristic withdrawal parameter faxx [N/mm?]
Characteristic head out-through parameter fhead.x [N/mm?]
Characteristic tensile capacity ftensk [KN]
Nail diameter [mm]
Nail head area [mm?]
Nail length [mm]
For threaded nails also length of threaded part (Ig) and length of point (Ip)

9.3 Bolted and doweled connections
9.3.1 Laterally loaded bolts or dowels

For bolts or dowels up to 30 mm diameter arranged perpendicular to the grain, the following characteristic
embedment strength values in Stora Enso LVL G should be used:

3 0,082 - (1 —-10,01-4d) - pg
Frapr = (Kgo- sin? @ + cos?a) - (K. - cos?f + sin?f)
Where

frnox s the characteristic embedment strength parallel to grain [N/mm2];
Dk is the characteristic density [Kg/m3];

B is the angle between bolt axis and face veneer;
o is the angle between load and grain direction; for X-grade and o > 45°, o may be set as 45°;
d is the bolt diameter [mm].

Koo = 1,15 + 0,015d

d/(d—2)

1,15
The minimum spacing a, should be (4 + 3 | cos a| ) - d and the minimum distance to the loaded end, a;z, should
not be lower than 105 mm.

K. = max{
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9.4 Screwed connections

Screw suppliers also have their own design instructions for their fasteners documented in their ETAs and DoPs.
These must be treated as separate supplier-specific instructions unless they make direct reference to Eurocode
design. The following information should be taken from the screw supplier’s DoP:

= Characteristic yield moment Myk [Nmm]

= Characteristic withdrawal parameter faxx [N/mm2]

= Characteristic head out-through parameter freadx [N/mm2]
= Characteristic tensile capacity ftensk [KN]

= Screw outer thread diameter d [mm]

= Screw inner thread diameter d1 [mm]

= Screw head diameter dn [mm]

= Screw length L [mm]

= Thread length L [mm]

9.4.1 Laterally loaded screws

The effect of the threaded part of the screw shall be taken into account in determining the load carrying capacity by
using the yield moment capacity of the screw determined in accordance with EN 14592. The outer thread diameter
d shall be used to determine the embedment strength, the spacing, edge and end distances and the effective
number of screws.

The embedding strength for screws in Stora Enso LVL G should be taken as follows.

Screws with an outer thread diameter d < 12 mm in non-predrilled LVL G members:
0,082 - p; - d~°3

Tuper = (K, - cos2B + sin2B)- (2,5 cos?e + sin2¢)

Screws with an outer thread diameter d < 12 mm in predrilled LVL G members:
0,082 - (1 —10,01-4d) - px

Frpex = (K, - cos2B + sin2B)- (2,5 cos?ec + sinZ¢)

Screws with an outer thread diameter d > 12 mm in predrilled LVL G members:
B 0,082 - (1 —-0,01-d)-py
Fraper = (Ko + sin?a + cos?a) - (K, - cos?f + sin?B)- (2,5 cos?e + sin?¢)
Where
Kgo = 1,15 + 0,015d

K. =1 for LVL G-Sand d <12 mm
K. =min{%/ (d3_ ) for LVL G-X and d < 12 mm
K. = min {d/(ldlg 2) ford > 12 mm

d is the outer thread diameter [mm];

frnox s the characteristic embedment strength parallel to grain [N/mm?2];
Pk is the characteristic density [Kg/m?3];

o is the angle between load and grain direction;
B is the angle between screw axis and wide face;
€ is the angle between screw axis and grain direction.

Different types or sizes of screws must not be combined in the same connection. All screws must be positioned at
the same inclination angles € and 3 in a member. The screws must be positioned centrally to the connection force
and screwed deep enough so that the screw head is in full contact with the member surface. The minimum pointside
penetration depth of the threaded part should be 6d. The members should be compressed together so that no gaps
are present.
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Figure 43: Left: Bolted connection for LVL G columns in production (Wood city project, Finland); Right: Screwed connection
for LVL G trusses in production (Ydalir project, Norway)

Figure 44: Left: Bolted connection for LVL G columns on construction site (Wood city project, Finland); Right: Screwed
connection for LVL G trusses in delivery (Ydalir project, Norway)
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9.4.2 Axially loaded screws

For connections in LVL / LVL G with € = 15° of screws in accordance with EN 14592 with:

= 6mm=<d<12mmand0,6 <d:/d < 0,75
d is the outer thread diameter; and d1 is the inner thread diameter

The following failure modes should be verified when assessing the load-carrying capacity of connections with axially
loaded screws:

= the withdrawal capacity of the threaded part of the screw;

= for screws used in combination with steel plates, the tear-off capacity of the screw head should be greater
than the tensile strength of the screw;

= the pull-through strength of the screw head,;

= the tension strength of the screw;

=  for screws used in conjunction with steel plates, failure along the circumference of a group of screws (block
shear or plug shear);

Note: Failure modes in the steel or in the timber around the screw are brittle, i.e. with minimal ultimate deformation
and therefore have a limited possibility for stress redistribution.

Minimum spacing and edge distances for axially loaded screws should be taken from Table 11 and Table 12.
For screws in the edge face of Stora Enso LVL G, the following characteristic withdrawal and pull-through capacities
apply:

f _ Fegy - fax,90,k . (p_k)o's
ax,e,Rk (1,5-cos?pB + sin2B) \p,

_ Mep kax ' fax,90,k d- lef ) (p_k)o's

F =
axeRk ™ (1,5-cos?B + sin2B) \p,

F _ nef'kax'14-,5'd'lef
axeRk ™ (1,5 cos?B + sinZpB)

05-¢ For 15° < € < 45°
Kax =05+ =
Ky =1 For 45° < £ < 90°
where
6-d
lef = min sing’
20-d
Foxerk is the characteristic withdrawal capacity of the connection at an angle ¢ to the grain [N];
fax.00k is the characteristic withdrawal strength perpendicular to the grain determined in accordance with EN
14592 for the associated density p, [N/mm?];
Nes is the effective number of screws, n,; = n%° where n is the number of screws acting together in a
connection;
d is the outer thread diameter [mm];
les is the penetration length of the threaded part [mm];
Pk is the characteristic density [Kg/m?3];
Pa is the associated density for f,, ; [kg/m?3];
B is the angle between screw axis and and the LVL’s wide face veneer, 0° < § < 90°;
Koy is a factor to consider the influence of the angle ¢ between screw axis and grain direction and the

long-term behavior;
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€

is the angle between the screw axis and the grain direction, with € > 15°.

For screws in LVL G, the characteristic withdrawal parameter may be assumed as f,,90x = 15 N/mm? when p, =
500 kg/m? and screws 6 mm < d < 12 mm in Stora Enso LVL G.

The characteristic pull-through resistance of connections with axially loaded screws should be taken as:

2 [Pk 08
Fax,s,Rk = Mgy - fhead,k ' dh ' (_>
Pa

where

Fax,E,Rk
fhead,k

dp

is the characteristic pull-through capacity of the connection at an angle € to the grain with € = 30° [N];
is the characteristic pull-through parameter of the screw determined in accordance with EN 14592
for the associated density p, [N/mm?];

is the diameter of the screw head [mm]

9.4.3 Tension screwed connection

J
|

NN XN\ -
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In a joint consisting of only screws in tension, contact between the wood members is required. Tension screw
connection should not be used in conditions where wood drying could cause a gap of over 0,2-d. The gap is
determined from the shrinkage (See chapter 3.4) at a thickness of the LVL G members in the screw length (L -
sin a).
The characteristic withdrawal capacity of the screw is calculated by the following equation:
Prc\*8
(fax,s,l,k “dly1 + freadk dp” - <p_)
a

Rr = min

Tk fax,s,z,k d- lg,2

ftens,k

When the screwing direction in the beam is € =90° to the grain direction (eventhough the angle S is inclined between

the edge face and the wide face), it is not allowed to add the tension capacity of the head to the withdrawal capacity
of the treaded part in the beam. Therefore the characteristic withdrawal capacity Ry, of the screw is calculated by
the following equation:

2 [Pk 0.8
(max faxo01k" A" lg,1F freaai - dn” (p_)
a
Rry = min{
fax,e,z,k d- lg,2

L ftens,k

The characteristic load-carrying capacity of the tension screw connection, (see ) is calculated by the equation:
R, =n% Ry -(cose + p-sine )

where

faxex IS the characteristic withdrawal strength for a screw at the head side or pointside member of the
connection at an angle € to the grain direction according to Eq 173 [N/mm?];

n is the number of screws in the connection;

is the penetration length of the threaded part in the head side member [mm];

g,1

lg is the penetration length of the threaded part in the pointside member [mm];
Ry is the characteristic withdrawal capacity, see or [N];

a is the angle between screw axis and the shear plane (30° < a < 60°);

ftenske IS the characteristic tensile capacity of the screw determined in accordance with EN 14592 [N];

J is the kinetic friction coefficient between the members, the following values may be used:
* 0,26 for untreated LVL edgewise or LVL to timber connections
* 0,30 for steel-to-timber connections
* 0,40 for untreated LVL flatwise connections
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10. Serviceability Limit States

10.1 Deflection

The deformation of a structure resulting from the effects of actions (such as axial and shear forces, bending
moments and joint slip) and from moisture shall remain within appropriate limits, having regard to the possibility of
damage to surfacing materials, ceilings, floors, partitions and finishes, and to the functional needs as well as any
appearance requirements. Limiting values for deformation are taken from EN1995-1-1 and the applicable national
annex.

Deformation need to be also limited so that action of the adjacent structures and the intended operation of the
building is not disturbed.

B /7”. A
inst ,j - T
_ Wnet,fin

A
y

Normally limiting deflections for the beams are according to the limits below:

For the instantaneous deflection limit is used

_ L L
Winst =300 ° 500

and the final net deflection limit
L L
Whet,fin = 550 to 350
The final net deflection limit for slab between the ribs
L

Whet,fin < m

These limits shall be used in design according the suitable National Annex.

The instantaneous deflection may be calculated as:

Winse = Z Winst,c,j T Winst,01 T Z Yo.i " Winst,Q,i

jz1 i>1

characteristic load combination

The final deflection may be calculated as:
Wrin = Wring + Wringa T 2 Wrino,i

Wrin = Winst + Wereep
—_— —_—
characteristic load combination  quasi permanent load combination

inst,G,j inst,Q1 i~ Winst,Q,i inst,G,j 21 Winst,Q,i| " Rdef,i
w; i+ w; + Yoi W + w, + Vi W, kaer

=1 i>1 =1 i>1

characteristic load combination quasi permanent load combination
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The creep deformation should be calculated using mean values of the appropriate moduli of elasticity, shear moduli
and slip moduli and the relevant values of kder given in Table 5: Values of the deformation factor Kger.

with:
Final deflection caused by permanent action
Wring = Winst,G(l + kdef)

Final deflection caused by the leading variable action
Wrino1 = Winsto1(1 + V21 - Kaer)

Final deflection caused by the accompanying variable action
Wrin,i = Winst,Q,i(ll)o,i + ;e kdef)
The net final deflection may be calculated as:

Whet,fin = Z Winst,G,j + Winst,o1 T z Yo" Winst,0,i T z Winst,G,j + Z Vo' Winst,0,i| kdef,i

jz1 i>1 j=1 i>1
characteristic load combination quasi permanent load combination
- w,
)
camber

Winst,g iS instantaneous deformation for action G
Winst,0,1 iS instantaneous deformation for action Q1
Winst,0,i IS iInstantaneous deformation for action Qi

When calculating instantaneous deformation , shear deformation shall be considered and mean values of stiffness
properties shall be used in the analysis.

As an example, the deflection of a single-span beam under a “1.0kN/mm” uniformly distributed load is calculated
from equation:

5t N "2
384 (Ey-1) 8- (GA)of

Wy

and for a a “1.0 kN” point load in the middle of the span:
"3 "1 2

wy = +
1748 (Ey- D) 4+ (GA) o
With

G ‘A5
(GA)ef = Gpean " A" K = %

5
K= 3 is the shear deformation factor for rectangular cross section
- Instantaneous deflection winst due to the characteristic load combination

Winst = Wiinst * (gk + i + Z Yo’ qi,k) *S

i>1
- Net final deflection w netfin due to the characteristic and quasi-permanent load combinations

( h
Whet fin = <wl_mst |Gk + G T Z Yo" dik| T Wiinst = |9k + Z Voi® Qi,k] “Kae } S
i>1 i21
k characteristic loading quasi permanent loading J

s being the tributary of the beam
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10.2 Vibration

The vibration control is made by setting limits to the natural frequency and on the flexibility.
The vibration analysis shall be executed according to EN1995-1-1 and the applicable national annex.

In case an applicable national annex to a Eurocode standard is deviating from given recommendations in this
document, automatically the national annex is governing.

In the basic edition of EN 1995-1-1, the vibration design is very poorly regulated. Currently the Austrian national
annex of EN1995-1-1 contains the most extensive vibration design guide lines.

The following criterions on vibration design are available — most of them being mandatory to meet — others only
optional:

m Class criterion:

Floor class | Floor class I

One floor element spanning across different | One floor element spanning within the same occupancy
occupancy units (apartments with different owners) on | unit (apartments with same owner) on the same level

the same level
Wet floating screed installed on top of light or heavy | Wet screed installed with or without granular fill below
granular fill.

Dry screed installed on top of heavy granular fill (> 60 kg/m?)

m  Frequency Criterion:

Floor class | Floor class I

One floor element spanning across different | One floor element spanning within the same occupancy
occupancy units (apartments with different owners) on | unit (apartments with same owner) on the same level
the same level

f1=28Hz f1=26 Hz
Fundamental frequency fi of the section may be calculated as:

£ = T (EI)z,eff ) 14 (L>4 ) (El)b,eff,lm
17202 m bg/  (EDyeffam

accounting for rigidity in cross direction

£ First fundamental frequency [Hz]

(ED et 1m Flexural rigidity in longitudinal direction for 1m wide (if spacing is not exactly 1m — extrapolation
to a 1m wide element) in Nm2%m. The flexural rigidity is based on the mean value of the Young's
modulus and the effective moment of inertia. If a floating screed is present in the floor layup, the
rigidity of the screed Elscreed Can be added too.

(EDb et m Analogous to (El)iefr,1m, Only in cross direction (perpendicular to the span direction [Nm2/m]. This is
the flexural rigidity in cross direction of the horizontal structural floor + the screed rigidity, if any.

m Mass of the structure in kg/m? = ;. Gy ; [kg/m?]
br Width of the entire floor (not necessarily limited to the panel width — usually width of a room)
] Span [m]
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m Acceleration criterion (optional, if frequency criterion is not met):

Floor class |

Floor class Il

One floor element spanning across different
occupancy units (apartments with different owners)
on the same level

One floor element spanning within the same occupancy
unit (apartments with same owner) on the same level

fi=24,5Hz

fi=24,5Hz

arms < 0,05 m/s?

arms < 0,10 m/s?

0,4 e 0% Fy

Arms =
m-l-b
o [
modal mass M*
£ First fundamental frequency [Hz]
F, Weight of 700N (defined in [8], Austrian NA, ...related to the average weight of a human)
7 Damping ratio. a damping ratio of 4% shall be assumed (0,04)
m Mass of the structure in kg/m? = ;.1 Gy ; [kg/m?]
br Width of the entire floor (not necessarily limited to the panel width — usually width of a room)
] Span [m]
[ Stiffness criterion:

Floor class |

Floor class Il

One floor element spanning across different
occupancy units (apartments with different owners)
on the same level

One floor element spanning within the same
occupancy unit (apartments with same owner) on the
same level

wikn < 0,25 mm

wikn < 0,50 mm

F-3

F-l

Wign = +

£ First fundamental frequency [Hz]

(E])I,eﬁf]m

1 *|(EDpeffim I *|(EDpefram
48+ (EDverram” |17 I(E—z)l,eff,lm 4 CAverram | TT" [ED)urram

Flexural rigidity in longitudinal direction for 1m wide (if spacing is not exactly 1m — extrapolation
to a 1m wide element) in Nm2/m. The flexural rigidity is based on the mean value of the Young's
modulus and the effective moment of inertia. If a floating screed is present in the floor layup, the
rigidity of the screed Elscreed can be added too.

Analogous to (El)ief,1m, Only in cross direction (perpendicular to the span direction [Nm2/m]. This
is the flexural rigidity in cross direction of the horizontal structural floor + the screed rigidity, if any.

Shear stiffness of the rib panel in longitudinal direction for a 1m wide rib panel (if rib spacing is

(EDbefrim
F for 1 section Point load of 1 kN
GA
(GA)verpam not exactly 1m — extrapolation to a 1m wide element)
/ Span [m]
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The vibration design according to Austrian NA shall be summarized in the following flow chart:

Layering

Reguirement | met

FI'EQUEI'ICY fl o Requirement not met
ClassI: f; 28 Hz
Class1l: f; 26 Hz

Min. Frequency:
f, > 4,5Hz

Requirement | met

Acceleration:
Class I: < 0,05 m/s?
Class I: £ 0,10 m/s?

Requirement met

Rigidity:
Class I: wyy £ 0,25 mm
Class Il: wy,, = 0,5 mm Requirement met

Requirement not met

Requirement not met
Requirement not met
Requirement not met

Requirement | met

¢

Vibration OK

Vibration NOT OK

4,5 Hz 6 Hz 8 Hz

Frequency
X
Class |
X
0,25 mm—
X
X —\> Class Il
X \
0,50 mm— e
Class Il
Woor W Classification possible via
Deflection acceleration arms
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11. Safety in case of fire

Char Pyrolysis Normal wood
I I3
A—4

400°C

300°C

200°C

\ .

| T 7 T T T - 0°C
20 30 40 50

Distance from charring layer [mm]

LVL is a combustible material. It starts to burn at the surface at a temperature of 270°C when exposed to flame.
However, self-ignition does not occur at temperatures below 400 °C. According to structural fire design part of
Eurocode 5 (EN1995-1-2) [22], the start of charring is defined as the point at which the temperature of timber surface
reaches 300 °C. At 200—300 °C, the long-chain molecules in the cell walls split, producing gaseous and flammable
compounds and the gas subsequently enters the surface of the wood where it reacts with oxygen in the air, and
combusts. These chemical compounds decompose in a process known as “pyrolysis” (whereby gas emissions from
combustible components in the wood burst into flame), gradually spreading along the wood, leaving a charring area
behind it. Burning creates a char layer on the surface of wood products. The char layer acts as an insulation layer,
which slows the burning and protects the rest of the cross section, see Figure 47.

However, the high temperature prior to burning reduces the strength and stiffness properties of the wood even
before charring, see Figure 48, which must be taken into account in structural fire design.

1 1 I I
. TN - . —
s N — , ) ompression
@ 08 N~ Tension ] ® 0,8 \{- 5 — =~ Tension I
] Y Compression x s N_| (100;0,65) | ... ..
u AN 5 Y V% Shear
o - \ < X [
o 06 N g 06 ™ ~_ |
3 — (100; 0,50) g ‘. .
5 ~ o 1] ~| ~ (100; 0,40)
g 04 ) S Y g 04 R
© (100; 0,35) T~ "~ 3 \ i S
5 02 T~ T o2 =
© \\\\ (100; 0,25) e
0 0 !
0 50 100 150 200 250 300 0 50 100 150 200 250 300
Temperature [°C] Temperature © [°C]
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For compression perpendicular to grain, the same reduction of strength may be applied as for compression parallel
to grain.

For shear with both stress components perpendicular to grain (rolling shear), the same reduction of strength may
be applied as for compression parallel to grain.

The resistance to fire behaviour of wood products is highly predictable and can be calculated according to the
structural fire design specifications of Eurocode 5.

11.1 Reaction to fire

Reaction to fire requirements are specified for wood surfaces to control the risk of flame spread in buildings. They
set boundary conditions for the use of visible wood in claddings and structures. In some cases fire retardant
treatments or sprinkler systems can allow more visible wood structures to be used in architectural design.

LVL G by Stora Enso in relation to its reaction to fire behaviour is classified as D-s1, d0 according to the European
classification system defined in EN 13501-1:2018 [23].

The format of the reaction to fire classification is:

Fire behaviour Smoke production Flaming droplets

D - S 1 , d 0

This classification [24] is valid for the following end use applications:
o with or without an air gap between the product and a wood based product or any substrate of classes Al and
A2-s1,d0 with density of at least 337,5 kg/m3

The reaction to fire classification can be improved by fire retardant treatments or with inorganic surface laminates
which can delay the combustion of derived timber products and reduce the subsequent release of energy.
Depending on the retardant used, the product can be classified up to a class B-s1,d0, which is the highest class for
combustible materials.

e Euro classes: Al, A2, B, C, D, E, F (Criteria: ignitability, flame propagation, heat release)

e Smoke classes: s1, s2, s3 (s1 => lowest smoke production)

e Burning droplets classes: d0, d1, d2 (dO => no flaming droplets)

Fire retardant treatment can be applied on LVL G by Stora Enso as an additional service.

11.2 Resistance to fire of LVL G based on calculations according to EN 1995-1-
2:2011 (Eurocode 5)

For resistance to fire, load-bearing performance (class R) can be determined in accordance with EN 1995-1-2 as
a part of design of works.

For the required time of fire exposure t, it must be demonstrated that:

Eqri < Raeri
where:
Eqfi is the design value of actions for the fire situation (= load effect)
(With materials other than wood, thermal expansion must also be taken into account.)
Ratri is the corresponding design resistance in the fire situation (= resistance)
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11.3 Verification method for actions in the fire situation according to EN 1995-1-
2:2011

The design value for actions in the fire situation should be determined for time t = 0 using combination factors
Y, 1 Or Y, according to EN 1991-1-2:2002, clause 4.3.1. (See also EN 1990-1-1, clause 6.4.3.3.)

Bga= ) Gif" +"P"+"Ag" +"Quy - (ry 08 20)" +" D o Qus

where
Gy,j is the characteristic value of a permanent action j
P is the decisive representative value of a pre-load
Ay is the design value of an exceptional action
Q.1 is the characteristic value of a decisive variable action 1
Qr.i is the characteristic value of a decisive variable action i
Y, is the combination factor for frequent values of variable actions
P, is the combination factor for quasi-permanent values of variable actions

It is up to the engineer to choose/use ¥, 1 Or i, ;.

For simplicity, the design value for actions in the fire situation Edsi from the calculation of the design value for
actions at normal temperature E« may be determined thus:

Eqri =Ny Eq
Where
Eqfi is the design value of actions for the fire situation
Nri is the reduction factor for the design value of actions in the fire situation
E,4 is the design value for actions at normal temperature for the fundamental combination of actions

For the load combination in accordance with EN 1990-1-1, the reduction factor n,; should be taken as follows,
whereby the smallest value is given by the following two equations:

Gt i Qe Gt it Qpa
Tri Yo G + Y1 Qra Tri Yo G+ Yo Qra
where
Gy is the characteristic value of a permanent action
Qr1 is the characteristic value of the leading variable action 1
Yy is the partial safety factor for permanent actions
You is the partial safety factor for the leading variable action
Yri is the combination factor for frequent values of variable actions in the fire situation, given either by
Y, 1 0rP,, , see EN 1991-1-1
& is a reduction factor for unfavourable permanent actions G (see EN 1990-1-1, clause A.1.3.1)

As a simplification, for the reduction factor 7;, as an alternative to the above equation, the recommended value is
N5 = 0.6 according to EN 1995-1-2:2011, clause 2.4.2. Exceptions here are areas with larger imposed loads
according to category E given in EN 1991-1-2:2002, where the recommended value is ns; = 0.7.

When comparing the options for determining actions, it is clear that the simplified assumption with the action Ed;i
results in a greater load than the actions in the exceptional design situation Ej 4.
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11.4 Verification method for mechanical resistance in the fire situation according to
EN 1995-1-2:2011

For verification of mechanical resistance, the design values of strength and stiffness properties shall be
determined from:

f20
f =K ==
af d,f
L mo A Y.M'fi
Where
fdﬂ is the design value of strength in fire
K mod fi is the madification factor in the fire situation for the reduced cross-section method:

Kmoa,ri = 1,0 (as per EN 1995-1-2) in most cases, except when the method of annex C of EN
1995-1-2 is used

f20 is the 20% fractile value of a strength property at normal temperature;
f20 = Kpi* fx

fi is the 5% fractile value of a strength property

Ky is the coefficient for converting 5% to 20% fractile values;

Kg; for LVL = 1,10 (as per EN 1995-1-2)

Yo si is the partial safety factor for timber in fire ¥, ; = 1,0 (as per EN 1995-1-2) Information on national
choice may be found in the national annex.

For the calculation in the fire situation, instead of the 5% fractile values, the 20% fractiles are used. The reason for
this assumption lies in the extremely low probability of occurrence of a fully developed fire during the lifetime of a
supporting structure, and does not depend on the material.

For stability calculations, the characteristic values of stiffness properties at normal temperature are used.

11.5 Charring rates of LVL G by Stora Enso

There are two different types of charring rates , and 3,,. For panels and wide cross sections one-dimensional
charring rate B, is used in the calculations. This is also used as the basis value in some more advanced calculation
methods.

When the characteristic density of LVL is pk = 480 kg/m?3, under standard fire exposure, the one-dimensional charring
rate 8, is 0,65 mm/min and the notional design charring rate £, is 0,70 mm/min.

The charring rates shall be used in the simplified bilinear model of clause 3.4.3 (Surface of beams and columns
initially protected from fire exposure) of EN 1995-1-2:2004 including the tabulated multiplication factors of the clause
to determine the charring depth according to time requirements, considering clause 4.2.2 (Residual cross section
method) of EN 1995-1-2:2004. For the application of the simplified bilinear method, it should be highlighted that the
fire exposed lamella shall be considered as a protective cladding of the subsequent lamella. Analogously, this
procedure also applies to beams, columns, walls and floors/roofs elements.

During exposure to fire and to the resulting effect of temperature on the LVL G cross-section, the use of polyurethane
(PUR) adhesives between individual layers can lead to softening. A possible consequence of this may be that small
sections of the heat-insulating char layer fall off, and the protective function of this layer may be lost at certain points.
Therefore, in the case of vertical members, ceiling elements and other horizontal members, possible delaminations
must be taken into account, and, for the subsequent fire-exposed layers, it is necessary to mathematically estimate
an increased charring rate until the formation of a new 25 mm-thick char layer (see Figure 49 and Figure 50) .

Additional instructions of applying the clauses 3.4.3 and 4.2.2 of EN1995-1-2:2004 have been applied for LVL G
(see LVL G European Technical Assessement [1]) .
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11.5.1 Design value of charring rates for LVL G on surfaces which are unprotected
throughout the duration of the fire

The following charring rates for LVL G by Stora Enso may be used for the calculation of the fire resistance of

constructions with different loads and/or layer thicknesses according to EN 1995-1-2 (with reference to the
respective national annex).

Ceiling (only face), roof (only face), and flatwise beam elements (horizontal members used in flatwise direction):

Bn.face
Charring
rates on ‘ 7 ‘ Bn.edge
flatwise 4

members : -

dchar,n
D\
Time t

Time t d

Wall (only face), column and edgewise beam elements (vertical components used in edgewise direction):

Charring
rates on ‘ D5mm Bn,face ‘
edgewise 1
members : ,/ B
'
. | n,edge
-— 25mm c it
()] e En LT
£ S A
l_ © //
0 } — | : —
dchar,n Time' t
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One side exposure:
o By, = 0.65 mm/min, if only one layer is affected by exposure to fire (on one side: edge or face).
o Poedage = 0.65 mm/min for the edge side

o for the face side of any additional layers affected by exposure to fire until charring
or the formation of a 25 mme-thick char layer.

Thereafter, a charring rate of can be applied up to the next glue line bonded joint.

Several sides exposure:

o B, =0.70 mm/min, if several sides of the section are affected by exposure to fire (on the face and edge
sides).

o Preage = 0.70 mm/min for the edge side.

o for the face side of any additional layers affected by exposure to fire until charring
or the formation of a 25 mme-thick char layer.

Thereafter, a charring rate of can be applied up to the next glue line bonded joint.

An advantage with LVL G by Stora Enso is that the lamination thicknesses range from 30mm to 69mm, so the
accelerated charring rate in face direction will not occur as many time.

E.g. with lamella thicknesses 30/36/42/48/60mm:
Without taking the zero strength layer do

30mm . . .
————— = 42.8min = No accelerated charring rate until 42,8min
0,7mm/min

36mm . . .
—— = 51,4min = No accelerated charring rate until 51,4min
0,7mm/min

42mm . . .
——— = 60,0min = No accelerated charring rate until 60,0min
0,7mm/min

48mm . . .
——— = 68,5min = No accelerated charring rate until 68,5min
0,7mm/min

60mm . . .

= 85,7min = No accelerated charring rate until 85,7min

0,7mm/min
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11.5.2 Design value of charring rates for LVL G on surfaces which are initially
protected from exposure to fire by gypsum plasterboard

Fire resistance rating of components is determined during exposure to fire on the inside of a room predominantly
by interior cladding. To increase the fire resistance of structures such as wall, ceiling , roof or beam elements,
plaster building materials/gypsum plasterboards are generally used as, even if they are not very thick, they provide
effective protection.

Effective protection is based particularly on the combined crystal water in the panels’ gypsum core which has a
concentration of approx. 20%. Energy is consumed by the evaporation of this crystal water, and a protective steam
curtain is also formed on the fire-exposed side of the component. In addition to delaying the spread of fire, the
dehydrated gypsum layer also acts as insulation through the declining thermal conductivity. Fire protection
plasterboard also contains glass fibre which reinforces the gypsum core and ensures structural cohesion when
exposed to fire.

Figure 51: Two-ply fire protection plasterboard cladding exposed to fire during a large-scale fire test

Figure 51 illustrates the behaviour of fire protection plasterboard when exposed to fire; in this case there are two
layers of cladding.

As it can be seen, after crazing and detaching of the char layer, as time progresses, large gaps appear between
the joints, the joint plaster compound fails and the first section of the first plasterboard layer falls off. If larger panel
sections fall away from the first layer, crazing also occurs in the second layer. After gaps appear in this layer’s joints,
the flames spread through the increasing gaps in the joints towards the underlying timber member which leads to
the production and emission of wood gas. Charring starts on the initially protected LVL G element.

In the case of initially protected members, the time of start of charring behind the protective layer or cladding tcn
and the failure time of the protective cladding tr is essential. According to EN 1995-1-2:2011, the following must be
taken into account:

=  The start of charring is delayed until time tcn ;

=  Charring can occur before failure of the fire protective cladding, however until the failure time tr, the charring
rate is lower than the value according to [22] , table 3.1;

= The charring rate after the failure time tr of the fire protective cladding until time tais greater than the value
according to [22] , table 3.1;

=  The charring rate from time ta, where the charring depth corresponds to the lowest value — either the charring
depth of a similar component without fire protective cladding or 25 mm — again takes the values according
to [22] , table 3.1.

The following diagrams from EN 1995-1-2 [22] are provided to support the understanding of the points above
(Those diagrams might be updated in the next version of the EN 1995-1-2):
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40 « 1: Relationship for components which are

unprotected throughout the time of fire exposure

Charring depth 30 2b with the notional charring rate Bn (or Bo)
dcgarw . 2. Relationship for initially protected
denarn 20 1 Aenar0 = 25mm components after failure of the fire protective
(mm) S o cladding
10 2a: After the fire protective cladding has fallen
2 off, charring starts at an increased rate

0 2b: After the charring depth exceeds
25 mm or the time ta is exceeded, the charring

fime rate reduces to the normal rate.
0 . 1: Relationship for components which are
unprotected throughout the time of fire
20 1 2 exposure with the notional charring rate 3n (or
Charring depth BO)
d . . L.
et 0 L oo 2o « 2. Relationship for initially protected
9charn or components on which charring starts before
(mm) ) detarn=25mm failure of the fire protective cladding
10 a
‘ 2a: Charring starts at tcn, at a reduced rate for
0 ‘ as long as the fire protective cladding remains
. U intact
Time t 2b: After the fire protective cladding falls off,

charring starts at an increased rate

2c: After the charring depth exceeds 25 mm or
the time ta is exceeded, the charring rate
reduces to the normal value.

Charring rates for initially protected components

For time teh £t < t;, , the charring rates given in EN 1995-1-2 [22], table 3.1 should be multiplied by a factor k»; for
single layer gypsum plasterboard, type F, this is calculated as:

k,=1-0,018"h,
where:

hy is the thickness of the layer in mm

For several layers of gypsum plasterboard, type F, h, should be taken as the thickness of the inner layer.

If the timber component is protected by rock wool batts (thickness: = 20 mm, bulk density: = 26 kg/m?3, melting point:
21000 °C), the factor k. may be taken from Table 14. For thicknesses between 20 and 45 mm, linear interpolation
may be applied.
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Thickness k,
hins
mm
20 1
>45 0,6

For the stage after failure of the fire protective cladding given by tr< t < t,, according to [22], the charring rates given
in EN 1995-1-2, table 3.1 should be multiplied by a post-protection factor k; = 2.

For t = t,, the charring rates should be applied without multiplication by the factor k; .
The time limit t, (see Figure 52) should for tch = t;, in accordance with [22], be taken as:

t, = min{ 25
ks - Bn

Or for tey < t;: (see Figure 53)

+tr

25— (t — tw) ko B
ks - Bn

tq +tf

where:

Bn is the design value of the notional charring rate in mm/min.
(In the case of one-dimensional charring, B is replaced by So.)

11.5.3 Start of charring on initially protected components

= Single layer gypsum plasterboard, type A, F or H:

For claddings consisting of one layer of gypsum plasterboard, type A, F or H, according to EN 520, outside of joints
or at locations adjacent to filled joints, or unfilled gaps with a width of 2 mm or less, in accordance with [22], the
start of charring tch should be taken as:

ty, =28-h, —14

In locations adjacent to joints with unfilled gaps with a width of more than 2 mm, the time of start of charring should
be calculated as:

t, =2,8-h, —23

where:

teh | is the time of start of charring of a protected component in minutes
hp ' is the thickness of the fire protective cladding in mm

= Two-layer gypsum plasterboard, type A or H:

For claddings consisting of two layers of gypsum plasterboard, type A or H in accordance with EN 520, according
to [22], the time of start of charring tcn should be determined according to the equations above, where the thickness
h, is taken as the thickness of the outer layer and 50% of the thickness of the inner layer. This is subject to the
condition that the spacing of fasteners in the inner layer is not greater than the spacing of fasteners in the outer
layer.
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= Claddings consisting of two layers of gypsum plasterboard, type F:

For claddings consisting of two layers of gypsum plasterboard, type F in accordance with EN 520, according to [22],
the time of start of charring ten should be determined according to the equations above, where the thickness hy is
taken as the thickness of the outer layer and 80% of the thickness of the inner layer. This is subject to the condition
that the spacing of fasteners in the inner layer is not greater than the spacing of fasteners in the outer layer.

= Beams protected by rock fibre batts (Cavity insulation material):

If the timber component is protected by rock fibre batts (thickness: = 20 mm, bulk density: = 26 kg/m?3, melting
point: = 1000 °C), for the time of start of charring tch, the following equation must also be taken into account:

tch = 0,07 - (hins - 20) “\ Plins
where:

teh is the time until the start of charring of a protected component in minutes
hins | is the insulation material thickness in mm
oins | is the insulation material bulk density in kg/m?3

11.5.4 Failure time of fire protective claddings

The charring or mechanical degradation of the cladding material, the spacing of, and distances between, fasteners
and/or a possible insufficient penetration length of fasteners into the uncharred cross-section could be responsible
for the failure of the fire protective cladding.

= Cladding consisting of gypsum plasterboard, type A or H:

For gypsum plasterboard, type A or H in accordance with EN 520, according to [25], the failure time t; is equal to
the time at the start of charring tcn.

For gypsum plasterboard, type A or H, after the start of charring and after the cladding simultaneously falls off,
charring occurs at an increased rate until time t,. After formation of a 25 mm-thick char layer, the charring rate
reduces to the normal rate — see Figure 52.

tf :tch

= Cladding consisting of gypsum plasterboard, type F:

However, in the case of gypsum plasterboard, type F or fire protection plasterboard, according to [22], there is less
charring from the start of charring tch to the time t. Until the subsequent formation of a 25 mm-thick char layer,
charring occurs at double the rate, after which, the charring rate reduces to the normal rate — see Figure 53.

EN 1995-1-2:2011 [22] does not provide any information regarding the failure time of gypsum plasterboard, type F
or fire protection plasterboard.

The failure time of claddings made of gypsum plasterboards type F (according to EN 520) should be determined
with respect to the thermal degradation of the cladding and with respect to pull-out failure of fasteners due to
insufficient penetration length into the uncharred wood.

The failure time due to thermal degradation of the cladding should be assessed on the basis of tests or may be
taken from a National Annex to EN 1995-1-2:2011 [22] containing all Nationally Determined Parameters to be used
for the design of buildings and civil engineering works to be constructed in the relevant country. (According to [22],
more information on test methods is given in EN 1363-1, EN 1365-1 and EN 1365-2.)

storaenso

THE RENEWABLE MATERIALS COMPANY



LVL G by Stora Enso Page 68 of 96

DESIGN MANUAL Dec-20

According to ONORM B 1995-1-2:2011 (Austrian national specifications), the failure times tr for cladding consisting
of fire protection plasterboard in accordance with ONORM B 3410 or gypsum plasterboards, type DF according to
EN 520 and gypsum fibreboard GF-C1-W2 according to EN 15283-2 can be determined as follows:

Wall components:
t,=22-h +4

Ceiling components:
t,=14-h,+6

where:
tr is the failure time of the fire protective cladding in minutes

h, is the thickness of the fire protective cladding in mm

In determining the failure time of multiple-layer cladding consisting of gypsum plasterboard, type F, the rules
specified in section 11.5.3 apply correspondingly, according to which, the thickness hp corresponds to the thickness
of the outer layer and to 80% of the thickness of the inner layer.

= Penetration length of fasteners for gypsum plasterboard
In addition to thermal degradation of the cladding material, the fire protective cladding can also fall off due to the
pull-out failure of fasteners.
According to [22], the required minimum length of the fasteners should also be determined in order to eliminate the
fact that pull-out of the fasteners is a relevant factor for the failure of the fire protective cladding.

The minimum penetration length of the fastener [, into the uncharred cross-section should be taken as 10 mm at
least. The required penetration length of the fastener [, ..., is calculated as follows:

l‘f req = h,n + d:‘hm'.() + lu
where:
hp is the panel thickness in mm
denaro | is the charring depth in the timber component
I, is the minimum penetration length of the fastener into the uncharred wood

For more information on cladding fasteners/penetration lengths, see [22], section 7.1.2.

11.6 Determining the load-bearing capacity (R) of LVL G elements according to EN
1995-1-2:2011

When determining the load-bearing capacity (R) of timber components exposed to fire, or when calculating cross
sectional values, in addition to determining the charring area, the underlying area affected by temperature must
also be taken into account because the wood’s strength and stiffness properties decrease as the temperature
rises.

As an alternative to the calculation option specified in EN 1995-1-2, annex B, the cross-sectional values can also
be calculated using two simplified methods. We recommend the first method:

= Reduced cross-section method
For verification in the fire situation, this method uses a reduced cross-section or residual cross-section, calculated
on the basis of increased charring (roundings or corner charring), and an additional area affected by temperature
(reduction of mechanical properties due to the effect of temperature).

= Reduced properties method
As an alternative to the reduced cross-section method — calculated with charring rate and corner charring, this
method takes into account the reduction of mechanical properties depending on the type of load and cross-section.

The verification of load-bearing capacity in the fire situation is performed for LVL G on the basis of the reduced
cross-section method.
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11.6.1 Reduced cross-section method

The cross-section which is reduced by the charring depth is further reduced by removing a layer with zero strength
and stiffness k, - d, . Thus, the residual cross-section is calculated by deducting the effective charring depth des
from the original cross-section as presented in Figure 54.

—™ dchar.n il
— dchar.O r*
B 1 St
2
L —1
3
L —1
- - ¥
Deharn s ‘ be————
'c 4
k, dy X ;
j
def
def = denar + ko " dy
des is the effective charring depth
dcnar 1S the notional design charring depth:
LVL G panels LVL G columns & beams
dchar,LVLG = dchar,o =po-t dchar,LVL G = dchar,n =pp-t
Bo is the design value of the one-dimensional charring rate under standard fire exposure
Bn is the design notional charring rate under standard fire exposure
t is the time under fire exposure
ko LVL G panels LVL G columns & beams
ko =10 t<20min.: ko=t/20
t>20min.:  ko=1.0
do is the depth of a layer (close to the char line) with assumed zero strength and stiffness.

do=7 mm

For protected surfaces with a start of charring time of tch > 20 minutes, ko is assumed to vary linearly from 0 to 1
during the time interval from ¢t =0 to t = tch, see Figure 56(b). For protected surfaces with tch < 20 minutes ko is t/20.
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For timber surfaces facing a void cavity in a floor or wall assembly (normally the wide sides of a stud or a joist),the
following applies:

. Where the fire protective cladding consists of one or two layers of gypsum plasterboard type A, wood
panelling or wood-based panels, at the time of failure t; of the cladding, ko should be taken as 0,3. Thereafter ko
should be assumed to increase linearly to 1,0 during the following 15 minutes;

. Where the fire protective cladding consists of one or two layers of gypsum plasterboard type F, at the time of
start of charring teh, ko is 1. For times t < tch, linear interpolation should be applied, see Figure 56 (b).

The effective (reduced) cross section should be used for the calculation of the stiffness and fire resistance of an
LVL G member.

Note: The effective cross section method is recommended. However, depending on the National Annex, the reduced
properties method of Eurocode 5 may also be used.

When verifying the load-bearing capacity in the fire situation of LVL G by Stora Enso components, the following
must be observed:
= Charring on both sides must be taken into account on load-bearing elements with no separating function.
= Possible additional, eccentric load applications due to one-sided charring must be taken into account
particularly on thinner LVL elements.
= Residual cross-sections of layers < 3 mm are not used in the remaining calculations. (This assumption
takes into account the generally non-linear nature of the char line.)

11.7 Structural analysis in fire

According to Eurocode 5, clause 4.3 Simplified rules for analysis of structural members and components,
compression perpendicular to the grain and shear resistance may be disregarded.

The remaining calculation steps and verifications are performed in the same way as the cold calculations.
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12. Seismic evaluation

The product is only intended to be used subject to static or quasi-static actions. It is intended to be used in seismic
areas. The behavior factor of LVL G is limited to non-dissipative or low-dissipative structures (q <1,5), defined
according to Eurocode 8 (EN 1998-1:2004 clauses 1.5.2 and 8.1.3 b). In case of seismic actions, the ductile
behaviour of the final works will be guaranteed, if requested, by joints and connections appropriately designed and
realized according to the relevant national rules on design and execution of works.

13. Installation

Stora Enso LVL G shall be installed by appropriately qualified personnel, following the installation plan for each
project.

13.1 Protection against temporary moisture exposure of structural LVL G

The product shall be protected against moisture during installation.

Exposure to rain, splashing as well as water convection from other structures shall be avoided. The designer must
pay attention to the details of the construction to ensure that no water pockets will be formed. The product may be
exposed to weather for a short period during installation. During the erection of a building, structural LVL products
and elements, which are structurally glued from LVL components, have good resistance to temporary exposure to
water without damage or decay. This requires, however, that it is ensured that the products can afterwards dry to
the desired moisture content before the structural envelope is closed. The integrity of the glue bonding is maintained
according to the assigned service class throughout the expected life of the structure.

LVL products swell when the moisture content increases, and shrink when the moisture content decreases. A part
of the swelling is permanent and the extent of these dimensional changes depends on the grain direction. Wetting
can cause permanent deformations and impair the visual appearance of surface veneers, such as colour changes
due to water staining, surface cracks and falling knots due to drying shrinkage after wetting.

Joints with mechanical connectors, such as bolted connections, may become loose due to swelling and shrinking
cycles. Drying shrinkage after severe wetting may cause cracking, which often reduces the load-bearing capacity
of dowel-type connections, notched beams and beams with holes.

Outdoor use or use in high relative humidity conditions may cause mould growth on the surface of LVL G products.
During and after installation, if heaters are placed near columns and beams to help control moisture and improve
working conditions, those should not blow warm dry air directly on the timber in order to avoid the extraction of the
natural moisture from inside the LVL G section which would cause unexpected cracks on the edge surfaces.

13.2 Resistance against UV radiation

The product shall be protected against UV radiation when a storage is organised on the building site.
Like all wood products, non-treated surfaces of LVL G will slowly fade to grey due to the action of UV radiation from
the sun. This greying does not affect the strength properties.

If this natural greying is not desired, an adequately pigmented coating system or a coating containing special
additives must be applied.

13.3 Recommendations on packaging, transport and storage maintenance,
replacement and repair

Concerning product packaging, transport, storage, maintenance, replacement and repair it is the responsibility of
Stora Enso to undertake the appropriate measures and to advise his clients on the transport, storage, maintenance,
replacement and repair of the product as he considers necessary.

LVL G by Stora Enso shall be protected against harmful wetting during transport and storage and must not be lifted
or stored in such a way that excessive deformation may cause damage to them.

Before the installation it shall be controlled that LVL G by Stora Enso members are not damaged during transport
or storage. Damaged LVL G by Stora Enso shall be replaced by same ones.
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14. Annexes

14.1 Lateral torsional buckling sensitivity analysis

Relative slenderness - Type B Edgewise
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14.2 Multi axial stresses

Derivation of Hankinson equation
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From forces to stresses:

Fio Fp-cosa

Oto =

b-q  b-h
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Failure criterion — assumption of a linear interaction without shear stresses:
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Inserting Eq 215 in Eq 217
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Inserting Eq 216 in Eq 218
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Eq 222 is the so-called Hankinson equation. The derivation applies to compressive or tensile stress; namely the
index “t” for tension can be replaced with the index “c” for compression.
Accordingly, Eq 223 corresponds to the central expression in Eq 222 while the last expression is in EC 5 with

the coefficient keo applied to f. oo additionally.

fc,o ' fc,90
fc,a =

B feo-sin®a+ f.qp-cos®a

Extension with shear

The following expression is added

_ Fo  Fg-cosa Fgrcosarsina
Trb TR T h-b
sina

From forces to stresses:

_(Opq b h)-cosa-sina
B h-b

= 0pg ' COSA Sina

Failure criterion — assumption of a linear interaction with shear stresses:

Once again, assuming a linear interaction:
Oto , Otoo , T

—+ +—-=1
ft,O ft,90 ﬁ]

Inserting Eq 220, Eq 221 and Eq 225
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14.3 Beams with tapered edge
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The equilibrium of forces in both horizontal and vertical directions results in:

! Eq 228
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