BENDING STRENGTH OF CROSS LAMINATED TIMBER BEAMS

LOADED IN PLANE

Marcus Flaig*, Hans Joachim BlaR?

ABSTRACT: A computer aided numerical model for the simulation of the in-plane bending strength of CLT beams is
presented. The model uses the Monte-Carlo-Method to generate mechanical characteristics of board lamellae and is suitable
for the investigation of statistical effects such as homogenisation and size effects. Six different types of CLT beams, varying
in size and in layup, were tested to validate the model and except for beams with only one lamella in direction of the beam
height good agreement was found between the experimental results and the model’s simulations.
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1 INTRODUCTION

Today, the range of applications of CLT products mainly
covers planar components, such as wall, floor or roof ele-
ments. But the material is also suitable for beam type
members and, moreover, due to transversal layers CLT is
less susceptible to cracks than other solid timber materials
such as glulam. But the transversal layers which are an
integral part of the material do not contribute to the bend-
ing strength of CLT beams. Nonetheless, the results of
numerous tests with CLT beams have shown that the re-
duction of the load-bearing cross-sectional area due to
transversal layers is compensated by an increased in-plane
bending strength compared to glulam made of equivalent
lamellaec. The high bending strength of CLT beams is
mainly due to homogenisation effects resulting from the
parallel arrangement of multiple longitudinal lamellae at
the most stressed edges of a cross section. In addition, the
transversal layers, although reducing the cross section, also
positively influence the bending strength by impeding the
progression of cracks in longitudinal lamellae.

The comprehensive description of homogenisation effects
in CLT beams, which are of statistical nature, requires
extensive data on the bending strength of CLT beams that
either can be obtained through experimental investigations,
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or by means of numerical simulations. The latter, in addi-
tion to much lower costs, offers the possibility to investi-
gate statistical effects on a broad scale.

2 COMPUTATIONAL MODEL

2.1 GENERAL

Since CLT is composed of the same lamellae as glulam,
major parts of an existing glulam model could be used for
the numerical simulation of the bending strength of CLT
beams. The employed glulam model, presented by Frese
(2008) and based on the work of Colling (1990) and Gor-
lacher (1990), consists of two major parts: a material
model and a structural model.
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Figure 1: Functional scheme of the computational model

Both parts of the model have been adapted to the simula-
tion of CLT beams. The material model, that so far in-



cluded only algorithms to generate tensile and compressive
strength and stiffness properties of boards and finger
joints, was complemented with regression equations for the
edgewise bending strength. The structural model, on the
other hand, needed to be completely replaced due to the
fundamentally different assembling of lamellae in glulam
and in CLT, respectively.

2.2 PRICIPLE FUNCTIONING

The computational model takes into account not only the
variation of mechanical properties between entire boards,
but also accommodates the scatter within single boards. In
the model, boards are divided into short sections with a
length of 150 mm and individual mechanical properties are
generated for each section. Like in real lamellae finger
joints are interposed between subsequent boards. Strength
and stiffness properties are calculated by means of regres-
sion equations using Monte-Carlo-Method and empirically
obtained distribution functions of physical and morpho-
logical board characteristics, e.g. the density, the knot area
ratio (KAR), the arrangement of knots and distance be-
tween finger joints.

The structural model represents the geometry of the simu-
lated CLT beam and the test setup according to EN 408 by
means of finite elements and is used to calculate bending
stresses in longitudinal lamellae. Each lamella is modelled
with beam elements and connected to transverse lamellae
in the intersections by means of springs. Beam elements
representing longitudinal lamellae have a consistent length
of 150 mm to meet the conditions of the material model
and each element can be assigned the strength and stiffness
properties generated in the material model. Three spring
elements connecting longitudinal and transversal beam
elements in each intersection represent the stiffness of
crossing areas between orthogonally bonded lamellae and
permit the corresponding mutual displacements and rota-
tions (cf. Figure 2). In the model the spring constants were
calculated with a constant slip modulus of 5 N/mm?.
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Figure 2: Interconnection between longitudinal and trans-
versal lamellae

transversal lamellae

To determine the bending strength of simulated CLT
beams, loads are applied in the third points of the span and
increased stepwise. After every load step bending stresses
in longitudinal lamellae are calculated from the internal
forces of respective beam elements and for each section the
stresses are compared to the strength properties generated
in the material model. The failure of a board section or

finger joint is identified by means of a stress based failure
criterion F' according to equation (1) assuming a linear
interaction of stresses resulting from bending moments and
normal forces. If the failure criterion reaches the value 1,
the stiffness of the corresponding beam element is severely
reduced and the element remains nearly stress free in sub-
sequent load steps.

o
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Then, the load is further increased until the next section fails
and the procedure is repeated until either the beam collapses
or a predefined abort criterion, e.g. the global deflection, is
met. Subsequently, the bending strength of the simulated
beam is calculated from the maximum load that has been
applied during the whole process.
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2.3 INPUT DATA

Input data modelling is the most essential component of the
numerical simulation. Therefore, the basic components of
the material model, i.e. distribution functions and regression
equations that describe the properties of boards and finger
joints, need to be derived from representative samples. The
distribution functions and regression equations adopted from
the glulam model are based on several thousand data sets
and meet this requirement. An overview of the parameters
taken from the glulam model is given in Table 1. A more
detailed description can be found in Frese (2008).

Table 1: Input data adopted from the glulam model

Distribution functions

board length

proportion of sections with knots
knot area ratio

density

Regression equations
MOE in tension
tensile strength
MOE in compression
compressive strength

In contrast to glulam beams where normal stresses are
more or less constant throughout the thickness of
individual lamellae normal stresses vary significantly
within the width of lamellae of CLT beams loaded in
plane. Therefore, the edgewise bending strength of boards
and finger joints needed to be introduced to the model and
since no adequate data was available, that would have
allowed for the calculation of regression equations, the
edgewise bending strength and the correlated board prop-
erties were determined by tests.

3 EXPERIMENTAL INVESTIGATIONS

3.1 GENERAL

The experimental investigations described below include
bending tests with CLT beams and edgewise bending tests
with individual boards and finger joints. The test series
with CLT beams were performed in order to determine the
in-plane bending strength depending on the number of



longitudinal layers and the number of lamellae in direction
of the beam height. Test series 2-1 through 6-1 were in-
tended to investigate homogenisation effects in beams with
only one lamella in direction of the beam height where the
lamellae are subjected to pure edgewise bending whereas
test series 2-2 and 3-2 were designed to validate the failure
criterion used in the computational model.

To determine the edgewise bending strength of boards at
first, bending tests with single boards without cross layers
were performed (cf. section 3.3), but the simulated bending
strength of CLT beams obtained on the basis of the regres-
sion equation derived from these tests proved to be too low
compared to experimental values.

To find out, if the cross layers of CLT beams have any
positive effect on the edgewise bending strength of longi-
tudinal lamellae a small test series comprising 29 boards
with a cross layer glued on one side was performed (cf.
section 3.4). The results showed that cross layers signifi-
cantly increase the edgewise bending strength especially in
boards with large knots. Therefore, a third and more exten-
sive test series was performed to determine the edgewise
bending strength of boards with cross layers and to derive
a regression equation to be used in the numerical model
(cf. section 3.5).

The specimens of all test series described below were
made from Norway spruce (Picea abies) with a mean mois-
ture content of 10+1%. The material samples consisted of
ungraded boards. For the bonding of CLT beams a two-
component melamine-formaldehyde adhesive (MUF) was
used.

3.2 TESTSWITH CLT-BEAMS

3.2.1 Material and methods
A total of sixty CLT beams were tested in six series, each
comprising ten specimens, to determine the in-plane bend-
ing strength of CLT beams. Figure 3 shows the cross sec-
tions of the tested CLT beams.
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Figure 3: Cross sections of tested CLT beams

Before the manufacturing of the CLT slabs and the subse-
quent cutting of the test specimens from these, the density
and the dynamic MOE of all longitudinal lamellae were
measured. For a major part of the lamellae also the dimen-
sions of knots within 150 mm long sections were recorded.
This allowed for the determination of knot based visual

grading parameters and the KAR-value which is used in
the simulation program. The dynamic MOE was used to
subdivide the boards into two classes of equal size.

Class 1: Egyn > 11,550 N/mm?, pean = 455 kg/m?
Class 2: Eayn < 11,550 N/mm?, ppean = 407 kg/m?

Based on the knot measurements the lamellaec were also
visually graded according to German standard DIN 4074
(board grading) and assigned to the strength classes given
in EN 338 in accordance with EN 1912.

Table 2: Results of visual strength grading

Grading / strength class

Board Cl
oaraiiass — s7/c16 S10/C24 S13/C30
2% 39% 59%
2 19% 65% 16%

The bending tests to determine the in-plane bending strength
and the MOE of the CLT beams were carried out according
to EN 408. The specimens had a span of 18 times the beam
height and two single loads were applied in third points. The
local deflection between the load application points was
measured in the neutral axis to determine the MOE. The
complete setup is shown in Figure 4.

{f S S —

I

F b Sh r
6h _3h . 3h 6h

18h

Figure 4: Test setup to determine the bending strength of
CLT beams and boards

3.2.2 Results

In 59 of 60 specimens failure was caused by bending stresses.
One specimen from series 2-2 failed due to shear stresses in
the crossing areas. The failure rate in finger joints was 21% in
specimens consisting of boards of class 1 whereas in speci-
mens of class 2 only 7% of fractures occurred in finger joints.
For each specimen the bending strength related to the net
cross section of longitudinal layers was calculated from the
maximum load. The 5"-percentiles of the bending strength
were estimated for each test series assuming log-normal dis-
tributed values. The MOE related to the net cross section of
longitudinal layers was evaluated from the load-slip curves
between 10% and 40% of the maximum load. In Table 3 the
results of all test series are given.

3.2.3 Discussion

Despite the relatively small size of the test series the in-
crease of the 5" percentiles of bending strength and the
decrease of the variation with increasing number of longi-
tudinal layers is visible, but it is hardly possible to deduce
reliable system strength factors from the values on hand
and to describe the effect of homogenisation by means of a



parametric equation. The test results, however, are not in
contradiction to the results of numerical simulations, as
will be shown later.

The low percentage of failures in finger joints indicates
that the average edgewise bending strength of these con-
nections is higher than the average edgewise bending
strength of weak board sections. The presumption is con-
firmed by the results of the bending tests with boards and
finger joints described below.

Table 3: Bending strength and MOE of tested CLT beams

Board Series Number of ~ Jinnet B
class specimens in N/mm? in N/mm?
MEAN  STD P5 MEAN
2-1 6 41.6  7.16 31.2 12683
3-1 6 464  6.26 36.7 12835
4-1 5 41.5  4.63 345 13118
! 6-1 5 46.2 527 37.8 12830
2-2 5 450  9.63 29.0 15072
3-2 5 37.5 2.89 33.0 12856
2-1 4 38.5 12.7 20.1 9878
3-1 4 36.0 3.90 30.0 11430
4-1 5 39.0 412 32.6 11156
2 6-1 5 36.5 440 29.9 10260
2-2 5 264  6.04 18.5 9976
3-2 5 27.8 391 21.9 9654

MEAN mean value, STD standard deviation, P5 5% percentile
3.3 BOARDS WITHOUT CROSS LAYER

3.3.1 Material and methods

Bending tests according to EN 408 with the test setup
shown in Figure 4 were performed to determine the edge-
wise bending strength of boards used for the production of
CLT. 102 boards with a thickness of 40 mm and a width of
150 mm were tested. Before the tests the board density, the
dynamic MOE and the dimensions of knots were deter-
mined. In Figure 5 the frequency distributions of the
board density and the knot area ratio of board sections
where failure occurred are given.
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Figure 5: Density and KAR-values of tested boards without
cross layer

3.3.2 Results

96 of 102 boards failed due to bending stresses, in the re-
maining six boards failure was caused by shear stresses. In
93 boards fracture started in the tension zone. Only three
boards showed compressive wrinkles before the ultimate
load was reached. From the ultimate load and the measured
deflection the bending strength and the MOE were deter-
mined for each specimen. Figure 6 shows the obtained fre-
quency distributions of both characteristics. The obtained
data was used to calculate regression equations (2) and (3)
by means of multiple regression analyses.
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Figure 6: MOE and bending strength of tested boards
without cross layer
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Using the recorded knot measurements the boards were
visually graded according to German standard DIN 4074
and assigned to the strength classes given in EN 338. In
Table 4 the results are given for the three grading and
strength classes covered by the tested sample.

Table 4: Test results by strength class

Pu Enet KAR fm,mean fm,OS
Number of in in in in
specimens kg/m* N/mm? N/mm? N/mm?

MEAN MEAN MEAN MEAN  P5
S7/C16 18 408 10211 0.414 21.2 7.7
S10/C24 48 428 11568 0.265 325 15.8
S13/C30 30 471 14119 0.184 441 22.1

Grading /
strength
class

MEAN mean value, P5 Sthpercentile

3.3.3 Discussion
The test results given in Table 4 clearly show that the
experimentally obtained 5" percentiles of the bending



strength are significantly lower than the characteristic
bending strengths of the corresponding C-classes given
in European standard EN 338. This is not surprising, since
the criteria given in DIN 4074 that were used for the visual
grading of the tested boards are based on tension tests and
therefore do not allow for a classification into strength
classes referring to the bending strength. This problem, of
course, only affects countries where DIN 4074 is applied
for strength grading.

Nonetheless, the test results demonstrate the large difference
between the edgewise bending strength of boards and the
bending strength of CLT beams and thereby indicate the
strong effect of homogenisation occurring in CLT beams.

3.4 BOARDS WITH CROSS LAYER - PRELIMI-
NARY TESTS

3.4.1 Material and methods

The test material consisted of 29 boards with a width of
150 mm and a thickness of 35 mm. The boards were cut
from longitudinal layers of CLT slabs in such a way that a
cross layer with a thickness of 5 mm remained on one side
resulting in a total thickness of the specimens of 40 mm.
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Figure 7: Cutting of boards with cross layers from CLT slabs

The density, the dynamic MOE and the measurements of
knots on the three visible surfaces of the boards were de-
termined before testing. After testing the cross layers were
removed to measure knots on the hidden surface. In Figure
8 the frequency distributions of the board density and the
knot area ratio of board sections where failure occurred
are given.
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Figure 8: Density and KAR-values of tested boards with
cross layer (preliminary test series)

3.4.2 Results

In all 29 boards failure was caused by bending stresses in
the tension zone. The frequency distributions of bending
strength and the MOE calculated from the test results are
given in Figure 9.
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Figure 9: MOE and bending strength of tested boards with
cross layer (preliminary test series)

3.4.3 Discussion

Density, KAR and MOE of the tested board samples with
and without cross layers show good agreement in extreme
and average values. Two-sample Kolmogorov-Smirnov
tests also revealed no significant differences in the empiri-
cal distribution functions at a level of 0.05, so that the two
tested samples can be considered equivalent both
objectively and in statistical terms. Figure 10 shows the
bending strength obtained from both test series plotted
against MOE and KAR-values and the regression lines
determined separately for each sample.
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Figure 10: Edgewise bending strength of softwood boards
with and without cross layer plotted against In(E) and KAR

The distance between the two regression lines in the left
diagram shows that on average the bending strength of
boards with cross layers is higher than for boards without
cross layers. The influence of the MOE, however, is scarcely
influenced by cross layers resulting in regression lines with
almost identical slope. The cause of the upward shift of the
regression line for boards with cross layers can be seen in
the diagram on the right side. Here, the different slopes of
the two regression lines show that in boards with cross lay-
ers the influence of knots is significantly smaller than in
boards without cross layer which results in the observed
higher mean bending strength of boards with cross layers.



Since the bending strength of boards with large knots is
usually rather small this effect is even stronger on the level
of 5™ percentiles.

3.5 BOARDS WITH CROSS LAYER - WITHIN
MEMBER VARIABILITY

3.5.1 Material and methods

The test material to determine the bending strength of
boards with cross layers consisted of 66 boards with a
cross section of 140 x 33 mm? As in the preliminary test
series the boards were cut from CLT slabs and a cross
layer with a thickness of 7 mm was left on one side result-
ing in a total thickness of the specimens of 40 mm. For the
numerical simulation it is important not only to know the
overall variability of the bending strength but also the
variability within individual boards. To determine the
within and the between member variability several “weak”
sections were tested within each board so that the residuals
resulting from a subsequent regression analysis could be
divided into two respective parts. The “weak” sections to
be tested were identified by means of knots and cut from
the boards with a length of 1 m. The number of test sec-
tions obtained from individual boards varied between two
and four resulting in a total of 154 test sections. Again the
density and the knot measurements were determined be-
fore testing.
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Figure 11: Density and KAR-values of tested boards with
cross layer (main test series)

To determine the bending strength four point bending tests
with a reduced span of twelve times the board width were
performed. To obtain a sufficient length the test sections
were extended at both ends by LVL-strips connected with
finger joints.

weak section
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Figure 12: Test setup to determine the bending strength of
boards with cross layer (main test series)

3.5.2 Results

In 46 specimens (30%) failure occurred in finger joints.
The bending strength obtained from these specimens var-
ied between 19.1 and 60.0 N/mm? with a mean value of
44.8 N/mm? whereas the bending strength of specimens
that failed between the finger joints varied between 7.0 and
62.2 N/mm? with a mean value of 38.2 N/mm?.
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Figure 13: MOE and bending strength of tested boards
with cross layer (main test series)

To ensure that high bending strengths are adequately rep-
resented by the regression equations specimens that failed
in finger joints were considered in the regression analyses
if the bending strength was higher than 45 N/mm?. Alto-
gether, the data of 128 tested board sections were used to
calculate regression equations (4) and (5).

In(E,)=8.1143.50-107 - p, —0.608 - KAR
r=0.739 5 =0.186 )
E, in N/mm?; p, in kg/m’

m

In(f )=-4.97+0.935-In(£_)—-0.687- KAR
r=0.776 sp =0.240 (5)
f., E_in N/mm?’
In Figure 13 the logarithmised values of MOE and bend-

ing strength obtained from the tests are plotted against the
predicted values calculated according equations (4) and

(5).
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Figure 14: Actual vs. predicted values of MOE and bending
strength of boards with cross layers

The standard deviations sz given in equations (4) and (5)
describe the overall variation of MOE and bending strength.
The within member variability sg g and the between member



variability Ag resulting from residual analyses are given in
equations (6) and (7).

In(E,)): sq ~ N(0,0.1097) A, ~N(0,0.1498) (6)
In(f,): sgs ~N(0,0.1709) A, ~N(0,0.1690) (7)

3.5.3 Discussion

Although the tested sample covers a wide range of material
properties, board sections with high bending strength are
underrepresented by the regression equations, first of all
because only “weak” sections were chosen for testing but
also because the better ones of the tested “weak™ sections
did not fail. For the numerical simulation, however, the
accurate description of weak sections is most important
since the strength of a board is always governed by these
sections.

3.6 TESTSWITH FINGER JOINTS

3.6.1 Material and methods

To determine a regression equation for the edgewise bend-
ing strength of finger joints bending tests with finger
jointed boards were performed. The test material consisted
of 362 softwood lamellae, each composed of two boards
connected by finger joints in the middle of the length. The
test material was provided by five German CLT producers
who use different finger joint profiles and orientations.
Specimens of test series A to D were finger jointed flat
wise, i.e. in such a way that the fingers were visible in flat
sides, whereas in specimens of series E fingers were visi-
ble in edge sides. In order to determine a possible influ-
ence of the board width on the edgewise bending strength
of finger joints, lamellae with four different widths were
tested. Table 5 gives an overview on the different finger
joint profiles and the dimensions of specimens.

Four point bending tests as illustrated in Figure 15 were
performed to determine the edgewise bending strength of
the finger jointed connections. In the test setup the distance
between the two single loads was kept small to minimize
the risk of failure apart from finger joints. As a conse-
quence local deflections between the load application
points were too small to be measured. Instead, the global
deflection in the load application points and the vertical
displacements at the supports were measured to determine
the MOE of the specimens.
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Figure 15: Test setup to determine the bending strength of
finger joints

Table 5: Finger joint profiles and board dimensions

Producer finger joint profile boards Number
L/ t5/ bg /s d/b of specimens
40/100 24
A 20/62/1.0/f 40/150 20
40/200 20
40/100 20
B 15/3.8/042/fF 40/150 20
33/250 20
30/100 22
C 20/62/1.0/f 30/200 22
30/250 22
30/150 20
D 15/3.8/0.54/fF 30/200 20
30/250 19
17/143 19
17/195 18
27/143 20
E 15/3.8/03/¢
27/195 20
33/143 19
33/195 17

g finger length, #; pitch, by tip width, s orientation of finger
joints (f flatwise, e edgewise), d board thickness, b board width

After performing the bending tests the densities of the
boards on both sides of the finger joints were determined.
In Figure 16 the frequency distributions of the minimum
and the maximum board density in a connection are given.
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Figure 16: Minimum and maximum board density of tested
finger joints

3.6.2 Results

In 264 specimens failure occurred in or emanated from the
finger joint. 98 specimens failed apart from finger joints,
mostly due to shear stresses. The bending strength and the
MOE calculated from the test results are given in Figure 17.
Since the local deflection could not be measured the MOE
was evaluated from the global deformation. In the evaluation
the proportion of bending deformation was calculated by
subtracting the shear deformation, which was calculated with
a shear modulus of 650 N/mm?, and the displacement at the
supports from the measured global deflection.
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Figure 17: MOE and bending strength of tested finger joints
Regression equations (8) and (9) were derived from multi-
ple regression analyses. In Figure 18 the measured values

are plotted against the values calculated by the respective
regression equation.
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r=0.717 sp =0.149 (8)

E,, in N/mm?; p, . .pg.. inkg/m’

In(f,, ) =-3.93+0.813-In(E,, ) ~1.56-10" - (h—150)
7 =0.640 s, =0.195 9)

mit f, ., E . in N/mm?; h in mm
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Figure 18: Actual vs. predicted values of MOE and bending
strength of finger joints in board lamellae

3.6.3 Discussion

The comparison of the edgewise bending strength of finger
joints with the edgewise bending strength of boards with
cross layers shows that both distributions have similar
mean values but the minimum values differ significantly.
The absence of values below 16.7 N/mm? for finger joints
explains the relatively low percentages of failures in finger
joints that were observed in tests with CLT beams.

4 NUMERICAL SIMULATION

4.1 GENERAL

In a first series of simulations the tests described in section
3.2 were reproduced. For these simulations distribution
functions of the board density and the KAR-value were
derived from the recorded test data and used as input data.

The aim of these simulations was to validate the newly
implemented parts of the computational model, in particu-
lar, the regression equations for the edgewise bending
strength and the linear interaction of tensile stresses and
bending stresses used as failure criterion in the tension
zone.

In a further series of simulations the bending strength of
beams with a height of 600 mm was determined to be able
to compare the bending strength of CLT beams and glulam
beams. In these simulations the material properties for
visually graded boards of grading class S10 were used
which result in beams of strength class GL24h when used
for the production of glulam beams. To investigate the
influence of the beam layup on the bending strength of
CLT beams the number of longitudinal layers » and the
number of lamellae within longitudinal layers m was var-
ied within the series

A third series of simulations was performed to study size
effects in CLT beams. In four sub-series two different la-
yups, one with two and another with four longitudinal lay-
ers, and longitudinal lamellae of two different widths, 100
mm and 150 mm, were considered. Within each sub-series
the width of longitudinal lamellae was kept constant
whereas the number of lamellae in longitudinal layers varied
between four and twelve, i.e. the beam height was increased
by increasing the number of lamellae in longitudinal layers.
In all sub-series again the material properties for visually
graded boards of grading class S10 were used.

4.2 SIMULATION RESULTS

The results of the performed simulations are given in Table 6
to Table 9 below. All bending strengths given in the tables
are related to the net thickness of longitudinal layers and
expressed in N/mm?. Each value represents 1000 simulated
beams with a span of 18 times the beam height.

In Table 6 and Table 7 the results of the first series of simu-
lations and the results of the respective test series are
summarized. The simulated bending strength fi,0ssm and
system strength factors kg, calculated as the ratio of the
bending strength of the considered beam type and the
bending strength of a single board are quoted. In the lower
part of the tables the values derived from tests are opposed.
The given characteristic values fxen Were calculated
according to EN 14358 whereas the 5™ percentiles Jm,05,Jog
and the upper (UCL) and lower (LCL) 95%-limits of a
two-sided confidence interval were estimated on the as-
sumption of lognormal distributed values.

Considering the small size of the tested samples the agree-
ment between the simulated and the experimentally obtained
characteristic bending strength is fairly good for single
boards (series 1-1) and for beams with two lamellae per
longitudinal layer (series 2-2 and 3-2). For beams with one
lamella in direction of the height (series 2-1 to 6-1) the
strong homogenisation that is observed in the test results
cannot be reproduced by the model and the characteristic
bending strengths obtained from simulations are signifi-
cantly lower than the experimentally obtained values.



Table 6: Simulated and experimentally obtained bending
strength for CLT beams of class 1 (Egyn = 11550 N/mm?)

series -1 2-1 31 41 51 6-1 22 32

S faossm 23.1 241 249 253 254 257 274 282
@ ky, 100 1.05 1.08 1.10 1.10 1.11 1.19 122
foxen 260 275 332 315 - 343 236 310
é foosiee 263 312 367 345 - 37.8 290 33.0
B LCL 259 197 253 235 - 250 120 252
UCL 30.6 362 415 383 - 423 37.0 355

keys system strength factor, UCL/LCL 95% confidence limits

Table 7: Simulated and experimentally obtained bending
strength for CLT beams of class 2 (Eqyn < 11550 N/mm?)

series -1 21 31 41 51 6-1 22 32

S fuosem 17.6 186 192 19.6 19.6 199 21.1 21.6
@ kg 100 1.06 1.09 111 112 1.13 120 123
foxen 151 131 265 299 - 272 157 196
g fonosie 15.9 201 30.0 326 - 299 185 21.9
D LCL 134 32 176 226 - 199 9.1 135
UCL 18.0 294 33.6 361 - 335 225 250

kyys system strength factor, UCL/LCL 95% confidence limits

In Table 8 the 5™ percentiles of the bending strength obtained
from the second series of simulations are given. The curves
and values clearly show that the bending strength of CLT
beams not only depends on the number n of longitudinal
layers in a cross section but also on the number m of lamellae
within longitudinal layers. The comparison of the values with
the characteristic strength properties of the boards, 15.8
N/mm? in bending and 14 N/mm? in tension, reveals the
strong homogenisation occurring in CLT beams. The result-
ing bending strengths of CLT beams are 8% to 32% higher
than the characteristic bending strength of glulam beams
composed of lamellae of the same strength class.

Table 8: Simulated bending strength fy0s5sim 0f CLT beams
with a height of 600 mm

n 2 3 4 5 6
m=4 25.8 27.0 27.6 28.1 28.2
m=5 265 28.2 28.8 29.2 29.8
m=06 27.6 29.1 30.0 30.2 30.8
m=38 29.1 30.2 30.8 31.6 31.7
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m = number of lamellae per longitudinal layer n=2 to n=6

n =number of longitudinal layers

The results of the third series of simulations are quoted in
Table 9. For the calculation of the size factors k;, for the
different beam types the bending strengths of beams with a
height of 600 mm were chosen as reference values.
Starting from the reference beams the bending strength at
first rises with increasing beam height. This effect is due to
the homogenisation in direction of the beam height which
for the considered beams results in an increase of the bend-
ing strength that is greater than the loss due to the larger
size. In the diagrams given in Table 9 the size factors for
CLT beams are plotted against the beam height and the
number of lamellae in longitudinal layers. For comparison
the size factors for glulam beams that were derived from
the results of numerical simulations by Frese (2008) are
given in the upper diagram.

Table 9: Simulated 5" percentiles of bending strength and
size factors for selective CLT beams

n=4, by =150 mm

h 600 750 900 1050 1200 1350 1500 1650 1800
Jmossim 27.6 284 292 294 295 293 289 285 283
kn 1.00 1.03 1.06 1.07 1.07 1.06 1.05 1.03 1.02
n=2, by =150 mm

h 600 750 900 1050 1200 1350 1500 1650 1800
Jmossim 25.8 26.6 272 27.6 274 273 275 27.1 267
ki 1.00 1.03 1.06 1.07 1.06 1.06 1.07 1.05 1.04
n=4, by =100 mm

h 400 500 600 700 800 900 1000 1100 1200

Smossim 26.2 269 279 284 28.8 28.8 288 28.6 283
ki 0.94 096 1.00 1.02 1.03 1.03 1.03 1.02 1.01
n=2, by =100 mm

h 400 500 600 700 800 900 1000 1100 1200
Jmossim 27.8 28.6 29.8 30.1 30.5 30.7 30.8 304 30.1
ki 0.94 096 1.00 1.01 1.03 1.03 1.04 1.02 1.01
1,10 ~
1,05 A
1,00 -
0,95 -
0,90 -
0,85

size factor k&,

300 500 700 900 1100 1300 1500 1700 1900
beam height in mm

1,10 -
1,05
1,00 1 &

095 1
0,90 -
0,85 ——

3 4 5 6 7 8 9 10 11 12 13
number of lamellae in direction of the beam height

size factor k;,

CLT - 4 longitudinal layers, board width = 150 mm
CLT - 2 longitudinal layers, board width = 150 mm
CLT - 4 longitudinal layers, board width = 100 mm

4 CLT - 2 longitudinal layers, board width = 100 mm
--—glulam

» O e

n  number of longitudinal layers, # beam height in mm,
by, width of longitudinal lamellae , &, size factor



5 SUMMARY AND CONCLUSIONS

A computational model for the numerical simulation of the
in-plane bending strength of CLT beams that was devel-
oped on the basis of an established model for the numerical
simulation of glulam beams is presented and essential
modifications and supplementations with respect to the
original model are described.

By means of the model it has been shown that the bending
strength of CLT beams strongly depends on the number of
lamellae within both the thickness and the height of a cross
section. The results obtained from the numerical model so
far indicate that the bending strength of CLT beams is
considerably higher than for glulam composed of lamellae
of the same strength class. Moreover, the strong homog-
enisation in direction of the height of CLT beams results in
a reversed size effect, i.e. an increase of the bending
strength with increasing beam height.

While the simulated bending strength of relatively small
CLT beams with a height of 300 mm has already been
confirmed by tests, the respective values for larger beams
are still to be validated by further tests, especially with
beams with a reference height of 600 mm.
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