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1 INTRODUCTION

shown that the load can be split up in two parts: an

In most cases, wood behaves very ductile under a
compression load perpendicular to the grain. Once
the elastic limit is passed, only a small load increase
can be measured with increasing deformation. Even
if large deformations occur, a decrease of the load is

effective compression stress perpendicular to the
grain in the contact area itself and an additional
part that can be described as the influence of the
contributing grain length. For an overview of different
models see (Leijten 2016).

rarely detected.
The design model in Eurocode 5 (EN 1995-1-1:2010-12)
is based on the work of (Madsen 2001) and further on
(Blaß and Görlacher 2004). The load carrying capacity
per-pendicular to the grain can be calculated with eq.
(1).

Fc,90,d
≤kc,90·fc,90,d
Aef

2 TESTS
To evaluate the model in EC5 and to create a basis
for the development of a deformation based design
approach, 386 tests (101 on glulam, 134 on softwood
LVL beams and 151 on hardwood LVL beams) were

(1)

performed. In the case of glulam, the contact

Aef is an effective contact area calculated with the

in Figure . In tests with LVL the veneer orientation

existing contact length and a supporting grain length
up to 30 mm per side. The factor kc,90 depends on the
support situation and is differentiated between sills
and beams. For sills a value up to kc,90=1.5 and beams
a value up to kc,90=1.75 is possible. Even though a real
failure does not occur, the main focus of the model is
on the ultimate limit state (ULS).
While the deformation of timber members may be
easily calculated based on stiffness parameters E or
G, and the deformations of mechanical connections
are described by the slip moduli Kser or Ku, timber
design codes generally do not provide information
regarding deformations in contact areas under
loads perpendicular to grain. In consideration of
the non-linear ductile behaviour and the reached
deformations, a displacement based design model

length and the load situation were varied as shown
was additionally varied. Standard tests according to
(EN 408:2012-10) were performed for all materials to
generate the basic fc,90 strength value for the sample.
The tests were carried out with a loading speed of 3
mm/min up to a deformation of 15 mm over the beam
height.
2.1 Tests with Glulam
In the glulam tests, the contact length was varied
from 50 to 200 mm with a constant beam width of 100
mm and a height of 300 mm. An overview of the tests
is given in Table 1. The deformations were measured
in three ranges: The upper 50 mm directly beneath
the support were measured separately from the rest
because plastic deformations only appear in this
section. The lower 200 mm of the total measurement

seems desirable.

range of 250 mm were divided in two 100 mm long

Such a model is presented in the following which is

to avoid bending failure in the beam tests QM and QE.

derived from load deformation curves of tests. It is
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sections. The lowest lamella was made of beech LVL
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Figure 1: Tested load situations

Table 2 shows the measured deformations in the

Table 1: Performed tests on glulam
Number of tests

Total

separate sections. The main part of the deformations

Contact length [mm]

50

100

150

200

Tests according to EN 408 (QN)

-

-

-

20

20

the top section is by far the biggest in all test series,

Beam, two sided (QM)

6

6

6

6

24

and decreases with increasing contact length. In the

Beam, one sided (QE)

6

6

-

-

12

Sill one sided (SE)

5

6

4

6

21

following, the deformations over a beam height of 250

Sill, two sided (SM)

6

6

6

6

24

occurs in the top part of the beam. The percentage in

mm are considered taking into account deformations
that occur in the middle and lower beam depth.

Every beam was loaded on different positions with a
minimum clearance of 150 mm between contact areas
to avoid influences of the neighboured contact areas.
The tests which were performed according to EN 408
(series QN) provided a strength value of fc,90,mean = 3.24
MPa and a modulus of elasticity of E90,mean = 326 MPa. By
means of (EN 14358:2013-09) a characteristic strength
value of fc,90,k = 2.75 MPa was calculated. A decrease
of the load with increasing deformation values could
not be measured.

2.2 Tests with softwood LVL
Tests were carried out only with sills and according
to EN 408. In total, 134 tests were performed with
contact lengths from 50 to 400 mm. Additionally
the veneer orientation was varied: The load was
applied either parallel or perpendicular to the
veneer orientation. The beams with a perp. veneer
orientation had a height of 280 mm and a width of
100 mm (89.25 mm in the case of LVL type P┴). Those

Table 2: Measured deformations in the separate sections on glulam
Series

8

Max. Mean

Deformation [mm]

Deformation [mm]

Percentage of Max. Deformation [mm]

Top

Middle

Bottom

Top

Middle

Bottom

Q50

7,9

6,5

1,1

0,2

83,2

14,4

2,4

Q100

7,9

5,9

1,5

0,5

74,5

19,5

6,0

Q150

7,6

5,5

1,7

0,3

73,0

22,9

4,1

Q200

7,6

5,5

1,7

0,4

72,3

22,2

5,5

QE50

6,6

5,1

1,3

0,2

77,3

19,3

3,3

QE100

5,6

3,9

1,3

0,3

69,4

24,0

6,6

SM50

6,8

5,6

0,9

0,3

82,4

13,4

4,3

SM100

7,6

5,4

1,7

0,5

71,6

21,6

6,8

SM150

8,0

5,5

1,9

0,6

69,0

23,6

7,4

SM200

8,6

5,5

2,3

0,8

64,1

26,5

9,4

SE50

7,8

5,6

1,7

0,5

71,5

21,8

6,7

SE100

8,6

5,5

2,3

0,9

63,5

26,0

10,4

SE150

9,2

5,4

2,7

1,1

58,8

28,8

12,3

SE200

10,9

5,3

4,1

1,5

50,1

36,5

13,4
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Table 3: Performed tests on softwood LVL

Type C

┴

‖

Type P

┴

‖

Contact length [mm]

Type

Total

50

100

200

400

SE

5

5

5

5

20

SM

5

5

5

4

19

QN

-

-

5

-

5

SE

5

2

5

5

17

SM

5

5

5

4

19

QN

-

-

5

-

5

SE

2

3

4

3

12

SM

4

2

2

-

8

QN

-

-

3

-

3

SE

3

4

3

-

10

SM

3

4

3

-

10

QN

-

-

6

-

6

with a veneer orientation parallel to the load had a
height of 220 mm and a width of 80 mm (105.5 mm in
the case of LVL type P‖). LVL with only parallel (type
P) and with 20 % cross laminated (Type C) veneers was
tested. Table 3 shows an overview of the tests. Tests
according to EN 408 with specimens loaded perp. to

Figure 2: Failure of parallel loaded LVL due to buckling
(left)

the veneer orientation resulted in fc,90,mean = 3.6 MPa
independent of type P or Type C. With EN 14358 fc,90,k
= 3.0 MPa (Ec,90 = 170 MPa) for type P ┴ and fc,90,k =
3.2 (Ec,90 = 180 MPa) for Type C ┴ was calculated. The
stress direction parallel to the veneer orientation
resulted in fc,90,mean = 8.9 MPa (fc,90,k = 8.0 MPa, Ec,90
= 460 MPa) for LVL-P and fc,90,mean = 9.3 MPa (fc,90,k
= 8.2 MPa, Ec,90 = 1800 MPa) for LVL-C. If the beam
was loaded perpendicular to the veneer orientation
no decrease in the load could be detected on type P
and Type C beams. In contrast, the specimens loaded
parallel to the veneers show a decreasing load as a
result of veneer buckling (Figure 2).
2.3 Tests performed on hardwood LVL
For hardwood LVL the same geometries and contact
lengths were tested as for softwood LVL.
Only for hardwood LVL Type C the contact length of
400 mm was not considered. An overview of the tests
is shown in Table 4. For hardwood LVL type P loaded
perpendicular to the veneers a decrease of the load
with increasing deformation could be observed. The
same applies to hardwood LVL Type C with a one sided
projecting end (Test SE). Type P shows a rolling shear
failure (Figure 3). One reason for this failure mode
could be the use of a spherical calotte. Because of the

Figure 3: Failure of hardwood LVL Type P loaded
perpendicular to the veneers

high loads it was necessary to use a different testing
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machine for which only a spherical calotte could be

calculates as fc,90,mean = 16.3 MPa (fc,90,k = 14.6 MPa, Ec,90

used. If the load was oriented parallel to the veneers

= 800 MPa) and for Type C ‖ as fc,90,mean = 21.2 MPa (fc,90,k

on type P only the tests according to EN 408 showed a

= 18.5 MPa, Ec,90 = 3100 MPa).

decreasing load. This behaviour could not be detected
during tests performed with sills.

orientation is also characterised by buckling of the

tion

Orienta-

Table 4: Performed tests on hardwood LVL

Type C

┴

‖

Type P

┴

‖

veneers (Figure 4).

Contact length [mm]

Type

The failure of Type C loaded parallel to the veneer

Total

3 DISPLACEMENT BASED DESIGN APPROACH

50

100

200

400

SE

5

5

5

-

15

SM

5

5

5

-

15

QN

-

-

5

-

5

SE

5

5

5

-

15

SM

5

5

5

-

15

QN

-

-

5

-

5

SE

5

5

5

3

18

SM

5

4

5

2

16

QN

-

-

15

-

15

SE

4

5

3

-

12

SM

5

5

-

-

10

QN

-

-

10

-

10

3.1 Introduction
For the comparison of the test results with the
calculated values according to EC5 a total deformation
of 5 mm is assumed. This corresponds to a strain of
2 % over the measured 250 mm which is a common
value for the load carrying capacity perpendicular
to the grain. Figure 5 shows the calculated load
carrying capacities according to EC5 compared to the
test results at a total deformation of 5 mm. For the
calculation the fc,90,mean-value was used. It is apparent
that the calculated values for the configuration SM
(triangles) agree well with the test results. But for
every other configuration the values according to EC5
are higher than the test results and deviate up to 24
%. Considering all investigated load situations, the
mean ratio between EC5 and the tests is 1.11 with a
standard deviation of 0.09 (COV = 8.5 %).

Figure 5: Calculated values according to EC5 in comparison
to the test results at 5 mm deformation

Table 5: Calculated values for kc,90 and according to EC5
Series
Figure 4: Veneer buckling at hardwood LVL Type C loaded
parallel to the veneers

The tests according to EN 408 on type P ┴ resulted
in fc,90,mean = 16.5 MPa (fc,90,k = 14.8 MPa, Ec,90 = 790

kc,90
EC5

Tests

QM

1,75

1,52

QE

1,75

1,37

SM

1,50

1,50

SE

1,50

1,37

MPa) and type P ‖ in fc,90,mean = 18.2 MPa (fc,90,k = 16.3
MPa, Ec,90 = 860 MPa). The strength value for Type C ┴

10
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In EC5, the value for kc,90 is distinguished between the

The effective compression perp. to grain stresses for

support situation of sills or beams. If the coefficient

glulam, test series SE, are shown as an example in

kc,90 is recalculated with the test results and eq. (1)

Figure 7.

for all assessed configurations, it is evident that kc,90

It is obvious that the calculated stress deformation

depends on the load distribution (see Table 5, one
sided or two sided) rather than on the sill or beam
situation.

curves result in similar stress values. This means that
every contact area provides the same resistance,
independent of the contact length. The curves can

3.2 Derivation on the basis of glulam test results

be approximated based on the compression perp. to

Because of these observations it appears to be

grain strength fc,90 determined according to EN 408.

necessary to develop a new design approach for
perpendicular to the grain loads. In accordance with
(Madsen 2001) the load perp. to the grain is split
into two parts: an effective compression stress perp.
to grain in the contact area and a part that can be
described as the influence of projecting grain. This
is shown by comparing tests with different contact
lengths see (Figure 6). A load-slip curve from one

For this purpose, an effective stress depending on
the deformation perp. to grain is calculated with eq.
(2). The factors ka and kb are material specific and
amount to ka = 1.5 and kb = 0.4 for glulam with a one
sided load distribution. The calculated values are
pictured in Figure 7 as well. The approximated values
agree well with the calculated effective stresses. If
the effective compression stresses perp. to grain are

configuration with a certain contact length only
provides the combined resistance of contact area and
projecting ends. In order to isolate both contributions,
the following hypothesis is assumed:
Both, the contribution of the contact area as well as
the one from the projecting ends are independent of
the contact length.
Based on this hypothesis, the load deformation curves
of two test configurations with different contact
lengths are subtracted from each other. Since the
contribution from the projecting ends constitutes the
same part in each load-deformation curve, the result
from the subtraction is the pure contribution from the
contact length l1 - l2 similar to a result from a test
performed according to EN 408.

Figure 7: Calculated effective stresses for Glulam series SE

Figure 6: Procedure for the calculation of the effective compression stress perp. to the grain
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calculated with the characteristic strength value

To keep the calculation of the load simple, the

fc,90,k, the values are as expected on the lower end of

contributing grain lengths is approximated as well.

the array of curves (see Figure 7).

In a range of 5 mm to 15 mm of deformation, a

σc,90,eff(u)=ka·(1-e-kb·u)·fc,90=kc,90(u)·fc,90

(2)

In the next step, the contribution of the projecting
grain length ldis is determined. For this purpose, the
contribution from the contact area is deducted from
the load-displacement curves from the tests. In the
subsequent calculation of the load the strength value
according to EN 408 is used. Therefore, the contributing
grain length is calculated with this value. Eq. (3)
results in the contributing grain length for each step
of deformation. These values are pictured in Figure 8.

constant share of 60 mm can be assumed. For smaller
deformations the values may be interpolated with u =
0 mm and λdis = 0 mm.
The same calculation process is performed for a
middle loaded sill (two sided load distribution)
resulting in ka = 1.7, kb = 0.6 and ldis = 40 mm. For
simplicity, the same contributing grain length of ldis =
40 mm per support side is proposed, even though the
calculated length for a one sided load distribution is
larger than for a two sided distribution.

It is apparent that with increasing deformations the

For the calculation of the deformation dependent

contributing grain length increases as well. This seems

load perp. to the grain both contributions are added

plausible since the continuous wood fibres provide

resulting in eq. (3.3). For the determination of ldis

higher resistance for larger deformations perp. to the

a distinction between one or two sided projecting

grain. Because of the nonlinearly increasing values, an

member ends is necessary.

elastic-plastic material behaviour of the contributing
grain length is assumed as well.

F(u)-σc,90,eff(u)·b·l
ldis(u)=
fc,90,mean·b

Fc,90,R(u)=b·(l·kc,90(u)+ldis)·fc,90

(4)

Figure 9 shows the calculated values according to

(3)

eq. (4) compared to the test results in steps of 1 mm
deformation. The values are calculated with fc,90,mean
= 3.24 MPa. A good agreement is evident and the
deviations of the model to the test values are lower
compared to the EC5 values. The overall mean ratio is
0.99 with a standard deviation of 0.08 (COV = 7.8 %).
3.3 LVL
The same approach is used for softwood and hardwood
LVL. In the following, the different test series are
considered and the design approach is applied.
3.3.1 Softwood LVL Type P
At first, a load perpendicular to the veneer orientation

Figure 8: Contributing grain length depending on the
deformation for glulam, series SE

is considered. Figure 10 shows the calculated effective
stresses of an end loaded sill for a load perpendicular
to the veneers. The same applies as for glulam. All
the calculated stress values are between 4 MPa and
5.5 MPa for large deformations. The calculation of
the factors for Eq. (2) results in ka = 1.6 and kb = 0.2
for a one sided load distribution and ka = 1.8 and kb
= 0.2 for a two sided load distribution (not shown).
The contributing grain length ldis is calculated with the
procedure given above as 46 mm for a one sided and
41 mm for a two sided load distribution in a range
of 5 to 15 mm deformation. A constant value of ldis =
40 mm is used in the model whereas the values are

Figure 9: Comparison of model values and test results for
glulam in a range of 1 to 12 mm deformation

12

interpolated in a range of 0 to 5 mm deformation.
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distribution. A constant value of 40 mm is assumed in
the model for deformations between 5 and 15 mm.
In Figure 13 a comparison between the calculated
values according to eq. (4) and the test results at a
deformation from 1 mm to 15 mm is shown. All tested
contact lengths are included. The mean ratio is 0.98
and the standard deviation 0.08 (COV = 8.2 %).

Figure 10: Calculated effective stresses for softwood LVL P
┴, series SE

3.3.2 Softwood LVL Type C
Softwood LVL Type C behaves similarly for both load
configurations as softwood LVL type P. Due to the cross
laminated veneers, the behaviour is stiffer, especially
if the load is applied parallel to the veneers.
If the load is applied perpendicular to the veneers,
no load decrease can be detected. Therefore, the
deformation based design approach is suitable. Figure

Figure 12: Contributing grain length for softwood LVL type
C ┴, series SE

11 shows the effective stresses for an end loaded sill
depending on the deformation. The effective stresses
in the contact area are in a range of 4 MPa to 5 MPa
as well. If the factors ka and kb for the use with eq.
(2) are set to ka = 1.4 and kb = 0.2, a good agreement
with the calculated stresses is evident (see Figure 11).

Figure 13: Comparison of the calculated load carrying
capacities to the test results for softwood LVL ┴ in the
range of 1 to 15 mm deformation

3.3.3 Hardwood LVL Type P
A decrease in load was not observed for hardwood
Figure 11: Calculated effective stresses for softwood LVL
type C ┴, series SE

LVL type P ‖. Figure 14 shows the calculated effective

Figure 12 shows the contributing grain length for

deformation of 14 mm, values of 20 MPa to 25 MPa are

softwood LVL Type C with a load perpendicular to the

reached whereby the behaviour at large deformations

grain. At the beginning, a linear increase is visible.

is stiffer than for glulam or softwood LVL. With ka =

Plastic effects occur when the loads are above the
proportional limit. The negative value for the series

stresses for hardwood LVL type P ‖, series SE. For a

1.6 and kb = 0.15, a good fit is reached. For larger
deformations, the approximated values deviate from

SE400 can be explained with slip in the experimental

the calculated stresses. This is because the chosen

setup. A calculation of ldis results in a value of 45 mm

value for the contributing grain length ldis in the model

for a one sided distribution and 40 mm for a two sided
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deviates from the calculated value for a one sided
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load distribution. The values for the contributing grain
length are pictured in Figure 15. A constant value of
37 mm for a one sided and 28 mm for a two sided
distribution can be calculated, and a value of ldis = 30
mm is chosen for the model in a range of 5 to 15 mm
deformation. For a two sided distribution the same
values for ka and kb are valid.
Figure 16 shows a comparison between the calculated
and the measured loads for hardwood LVL type P ‖.
This leads to a mean ratio of 0.99 with a standard
deviation of 0.09 (COV = 9.1 %).
Figure 16: Comparison of the calculated load carrying
capacities to the test results for hardwood LVL type P ‖ in
the range of 1 to 15 mm deformation

A consideration of the contributing grain length
shows a very low scattering of the calculated values
independent of the deformation and contact length
(see Figure 18). Even at large deformations no
completely plastic behaviour is visible. A constant
value of ldis = 40 mm is calculated for a one sided load
distribution for larger deformations. For a two sided
load distribution the values ka = 2.0 and kb = 0.1 can be
used for an approximation of the effective stresses. A
Figure 14: Calculated effective Stresses for hardwood LVL
type P ‖, series SE

value of ldis = 40 mm results for a two sided distribution
for deformations between 5 and 15 mm as well. Figure
19 shows the calculated loads in comparison to the test
values in a range of 3 mm to 15 mm. The mean ratio
is 0.99 with a standard deviation of 0.08. Due to the
higher residual stiffness at larger deformations and
the assumption of a constant share of the contributing
grain length, the deviations increase with increasing
deformations, but are conservative.
3.4 Materials with a decreasing load at larger
deformations
Some of the tested materials show decreasing loads

Figure 15: Contributing grain length for hardwood LVL type
P‖, series SE

3.3.4 Hardwood LVL Type C
As stated in section 2.3, hardwood LVL Type C
behaves like softwood LVL Type C. Therefore, the
load configuration perpendicular to the veneers is
considered first. Figure 17 shows the calculated
effective stresses of hardwood LVL Type C ┴, series
SE. At 14 mm deformation an effective stress of 20
MPa is reached. With the factors ka = 1.5 and kb =
0.15 for eq.(2), the values for a one sided distribution
can be approximated depending on the deformation.

14

Figure 17: Calculated effective stresses for hardwood LVL
Type C ┴, series SE
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This results in a value of ldis = 25 mm and a kc,90 = 1.3
can be calculated at this point.
Due to the ductile rolling shear failure in hardwood
LVL type P ┴ at higher deformations, a decreasing load
was observed. A calculation of ldis results in 30 mm
per side as well. Although the load can be increased
up to a deformation of 14 mm, only one value of kc,90
= 1.6 is proposed for hardwood LVL type P loaded
perpendicular to the veneers because the damage is
not local as for glulam but can be seen throughout the
whole cross section (see Figure 3).
As stated in section 2.3, a decreasing load with
Figure 18: Contributing grain length of hardwood LVL Type
C ┴, series SE

increasing deformation for hardwood LVL Type C ‖
could be detected. Therefore, the approach is not
suitable. Nonetheless, the contributing grain length
can be calculated to 30 mm as well. The maximum
load carrying capacity occurs at a total deformation
of 10 mm. For this, a kc,90 of 1.35 can be calculated.

4 DISCUSSION
The currently valid design model for the load carrying
capacity perpendicular to the grain does not allow
assessing deformations. A pure ULS is assumed. Also a
Figure 19: Comparison of the calculated load carrying
capacities to the test results for hardwood LVL Type C ┴ in
the range of 1 to 15 mm deformation

consideration of the load carrying capacity depending
on the strain (see (van der Put 2008)) seems not
suitable. A short example is supposed to illustrate this:

at larger deformations. For these, the presented

On a beam with a height of 400 mm 4 % compression

approach is not suitable. The maximum load carrying

result in a deformation of 16 mm while on a 100 mm

capacity, however, can be expressed in a similar way.

high beam the same compression results in only 4 mm

For this purpose, a factor kc,90 is introduced that can

of deformation. Therefore, a limitation of the beam

be calculated with the maximum effective stress and

height needs to be performed as proposed by (Leijten

the compression strength perp. to the grain.

2016), where a maximum height of 140 mm is stated.

In the case of softwood LVL type P ǁ, a decreasing load

In many cases the consideration of an ULS for

due to veneer buckling (see Figure 2) with increasing

specific wood products seems not necessary. This

deformation was observed. Therefore, the calculation

particularly applies to sills. Exceptions are locally

of kc,90 is only suitable up to a deformation of 6 mm

supported beams, e.g. intermediate supports in

because the maximum value is reached in this point.

continuous beams, where a local deformation reduces

A value of kc,90 = 1.0 is appropriate for softwood LVL

the effective beam height required for the bending

type P ‖. A calculation of the contributing grain length

and shear capacity. Therefore, a large deformation

ldis with the same method is possible up to the start

caused by a load perpendicular to the grain may lead

of the load decrease. This results in a value of ldis =

to a failure not perpendicular to the grain but in

25 mm.

bending. On the contrary, for continuously supported

For softwood LVL Type C ‖ a decreasing load with

beams or end supports of locally supported beams,

increasing deformation was observed as well. As for
LVL type P ‖, it is possible to calculate the contributing
grain length ldis until the maximum load carrying
capacity is reached at a deformation of 2 to 3 mm.
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a serviceability limit state (SLS) is more suitable
because no failure under compression perpendicular
to the grain occurs. So in every case the engineer
needs to decide if a secondary failure caused by
deformation perpendicular to the grain is possible

15

or not. In both cases it is possible to limit the load

The advantage of the proposed model is obvious as

by a restriction of the allowed deformation. Due to

well: The partial safety factors on the load and the

the lower partial safety factors (γ = 1.0) in the SLS

resistance side need to be considered in EC5. But

it is possible to transfer loads that are significantly

in the proposed model a conversion of the load into

higher without risking wood failure. Of course

design values is not necessary because a real failure

the probability of an occurrence of the assumed

of the wood does not occur. Therefore, in many cases

deformations are significantly higher than in an ULS.

it is not necessary to consider an ULS. The calculated

Similar to connections with mechanical fasteners

loads in SLS seem low but it should be noticed that

a maximum deformation of 15 mm is used for an

the partial safety factors γF on the load side can be

example on glulam: In some cases, this deformation

set to 1.0. Therefore, the applied load will be much

will be reached in a SLS due to the partial safety

higher than in EC5. If a deformation of 15 mm is

factors of 1.0 whereas in an ULS only 1.5 to 3.0 mm

compatible with the structure, the characteristic

deformations are to be expected under service loads.

load can be increased by up to 90 % for glulam and

The deformation is limited due to the assumption of

by 130 % for hardwood LVL type P ‖ compared to the

maximum for kc,90 and the partial safety factors γF and

EC5 under consideration of all partial safety factors.

γM.

For LVL especially, different loads are calculated for

The proposed design model gives a reasonable
approach because a direct calculation of the load
perpendicular to the grain depending on a certain
deformation is possible. The main part of the
deformations is limited to a close range of the contact
area. This also applies to higher beams whereas for
shallow beams conservative load carrying capacities
are calculated. A two sided load distribution can be
assumed if the distance to the beam end is at least

a deformation of 5 mm compared to 15 mm because
of the high residual stiffness at large deformations.
If a deformation of 5 mm is compatible with the
structure, a load of 235 kN can be applied whereas
the characteristic load according to EC5 calculates
to 201 kN/γF = 143 kN. Even under the consideration
of rather small deformations, the characteristic load
can be increased by 65 % in a deformation based
calculation compared to the EC5.

200 mm because this configuration was examined in
the tests and is part of the proposed values. For the
contributing grain length ldis the same limits as in EC5
apply. Nevertheless, an independent evaluation of
this model with regard to a bigger sample and the
application to beams higher than 250 mm is planned.

5 EXEMPLARY CALCULATION
An exemplary calculation on glulam and hardwood LVL
type P is supposed to show the differences between
EC5 and the proposed model. For both materials a sill
with projecting ends on both sides, a contact length
l = 100 mm and a width of 100 mm is considered. The

6 CONCLUSION
On the basis of 386 tests it was shown that the factor
Table 6: Exemplary calculation for glulam
EC5
Aef

= 100 · (100 + 2 · 30) = 16000 mm2

kc,90

= 1.5

fc,90,k

= 2.75 MPa

Fc,90,k

= Aef · kc,90 · fc,90,k = 66.0 kN
= 1.0
1.3 · 66.0 = 50.7 kN

Fc,90,d
Model
u

= 15 mm in ULS

kc,90

= 1.7 · (1 - e-0.6·u) = 1.70

F

Fc,90,d

= 100 · (1.70 · 100 + 80) · 2.75 = 68.7 kN
= 1.0
1.3 · 68.7 = 52.9 kN

here. For this case the model according to EC5 depicts

u

= 15 mm in SLS

the load carrying capacity for middle loaded sills made

F

= 100 · (1.70 · 100 + 80) · 2.75 = 68.7 kN

load configurations there will be larger differences

u

= 5 mm in SLS

in the deformations because EC5 overestimates the

kc,90

= 1.7 · (1 - e-0.6·u) = 1.62

load carrying capacity perpendicular to the grain.

F

= 100 · (1.62 · 100 + 80) · 2.75 = 66.5 kN

beam height is 250 mm. For this example, kmod is set
to 1.0.
It is apparent that the model is able to reproduce the

ULS
c,90

reached deformations in the test for the sill considered
SLS
c,90

of glulam very well (see Table 6 and Table 7). For other
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SLS
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grain. The consideration of a serviceability limit

Table 7: Exemplary calculation for hardwood LVL type P‖

state design for all materials mentioned in Table 8 is

EC5
Aef

= 100 · (100 + 2 · 30) = 16000 mm2

possible. Generally, an ultimate limit state design is

kc,90

= 1.0

not necessary because the materials do not show a

fc,90,k

= 16.3 MPa

decrease of the load with increasing deformations.

Fc,90,k

= 261 kN
= 1.0
1.3 · 261 = 201 kN

An ULS should be considered only in cases, where

Fc,90,d

an exceeding deformation leads to a reduction of
the cross-sectional area and therefore to a higher

Model

stress in bending or shear. In contrast, the materials

u

= 15 mm in ULS

mentioned in Table 9 show a decreasing load with

kc,90

= 1.6 · (1 - e-0.15·u) = 1.43

increasing deformations and the ULS should hence be

ULS
Fc,90

verified. If the load is calculated with the proposed

Fc,90,d

= 100 · (1.43 · 100 + 60) · 16.3 = 331 kN
= 1.0
1.3 · 331 = 255 kN

u

= 15 mm in SLS

SLS
Fc,90

= 100 · (1.43 · 100 + 60) · 16.3 = 331 kN

SLS
Fc,90
(u)=b·(l·kc,90(u)+ldis)·fc,90,k·kmod

(5)

u

= 5 mm in SLS

ULS
Fc,90
(u)=b·(l·kc,90(u)+ldis)·

kmod
·f
γM c,90,k

(6)

kc,90

= 1.6 · (1 - e-0.15·u) = 0.84

F

= 100 · (0.84 · 100 + 60) · 16.3 = 235 kN

values in Table 9 and eq. (6), a deformation of two to
four mm is to be expected under service loads.

SLS
c,90

(7)

kc,90=ka·(1-e-kb·u)

The developed approach is in good accordance with

kc,90 should be differentiated for one or two sided load

the test results in a range of one to 15 mm overall

distributions. The proposed design model in eq. (5) for

deformation (overall mean is 0.99 with a COV of 8.4 %).

use in SLS and eq. (6) for use in ULS was developed

The direct consideration of the allowed deformations

based on this differentiation basically describing the

distinguishes the proposed design approach from

load deformation curves of the performed tests. The

all other models (see e. g. (Leijten 2016)). The

factor kc90 according to (7) is introduced describing

model enables the engineer a more detailed view

the adjustment of the strength value fc,90 and may

of compression perpendicular to the grain because

be less than unity for small deformations. The model

he is able to decide in any particular case which

enables the calculation of the load perpendicular to

deformation is acceptable for the structure, which

the grain depending on the allowed deformation and

stiffness is to be expected in the connection and

allows an estimation of the stiffness of a connection

further if a ULS or SLS is present. In the latter case the

under a compression load perpendicular to the

partial safety factors are assumed to be 1.0. However,

Table 8: Values for ka, kb and ldis for the use in a SLS with eqs. (5) and (7)
Material1

1
2

One sided

Two sided

ldis2

fc,90,k

ka

kb

ka

kb

[mm]

[N/mm2]

Softwood and glulam made of softwood

1.50

0.4

1.70

0.6

40

2.75

Softwood-(G)LVL-P ┴

1.60

0.2

1.80

0.2

40

3.0

Softwood-(G)LVL-C ┴

1.40

0.2

1.40

0.2

40

3.2

Hardwood-(G)LVL-P ǁ

1.60

0.15

1.60

0.15

30

16.3

Hardwood-(G)LVL-C ┴

1.50

0.15

2.00

0.1

40

14.6

P: parallel glued veneers, C: LVL with up to 20 % cross laminated veneers; ┴: load perpendicular to veneer orientation; ǁ: load parallel to veneer orientation
Valid for a deformation from 5 to 15 mm. For a smaller deformation the value can be interpolated between u = 0 mm and λdis = 0 mm as well as u = 5 mm and λdis

Table 9: Values for kc,90 and ldis for a one sided and two sided projecting end for the use in an ULS with eq. (6)
Material

kc,90

ldis

fc,90,k

[mm]

[N/mm2]

Softwood-(G)LVL-P ǁ

1.00

25

8.0

Softwood-(G)LVL-C ǁ

1.30

25

8.2

Hardwood-(G)LVL-P ┴

1.60

30

14.8

Hardwood-(G)LVL-C ǁ

1.35

30

18.5
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the factor kmod considering the moisture content and

Madsen, B. (2001): Behaviour of timber connections.

the load duration class should be applied in the SLS

In: Can. J. Civ. Eng. 28 (3), S. 546. DOI: 10.1139/l01-

as well.
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