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Cross Laminated Timber (CLT)
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Cross Laminated Timber (CLT)
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Verifications (ULS) of CLT plates under bending/shear (engineering level)

critical bending stress (tension)
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Overview & Cross Laminated Timber (CLT)

Research of P. Mestek (PhD at Munich University of Technology, 2011)

1100

L2330

Rolling shear stressr in [N/mm?2]

F = 200/4 = 50 kN

max 1

0,98

« T386 L DE4E
8617

2462 4524
. 3693 .6155

PhD Mestek: (punching) shear behaviour of (vacuum-pressed) CLT with

reinforcement (45° screws)

— only few tests without reinforcement

Our focus: (punching) shear behaviour of CLT without reinforcement
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Research of P. Mestek (PhD at Munich University of Technology, 2011)

: _ Control perimeter for
estimated mean value: e :
F =381 kN verification of punching
mean , through CLT plate
Fo0s=350 — 330 kN (estimated)
s Based on COV of 5 - 8%
400 - A Foeano=381,1kN
35°
by,
Z N —
é I ¢ .,{’ ! \\\.
B _h‘ts- ;})Jm'm‘ support L TR‘xéf
B in corner i |
* region L\
RS
I.,--»——f#! .}\\
\ R xz (mean:
\\\ E_R\ ; va}im;):
— R P S R \ 1z (mean value).
P 10 20 30 40 max 7y ..
Standardweg in mm
Fmax | Probenbezeichnung Serie |  Fmax
Legende| kN n=3 kN
| GG .42 189_P - A-0 X 381,12
N | 404,56 189_P - B-0 5 2040
| lEraks 189_P - C-0 v 535

Based on test results in Mestek an elastic rolling
shear strength of 2,06 — 2,25 N/mm? can be concluded.

I:> froes #2235 N/mm?2 (+80% for our investigations)
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" Test configuration
* bending configuration geometry, typ of CLT plate, chosen cross sections
* linear elastic analysis

ULS verifications (bending, shear), expected failure modes

Outlook: shear configuration
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Parameters of test configuration

* Failure mechanism (bending
failure, shear (punching) failure)

* Size and thickness of test
elements

* Number of layers (CLT 5s, CLT
7s)

* Support of CLT (two-four side
boundary condition, ...)

* Load introduction (local
reinforcement)

Numerical study (FEM) for
investigation of these
parameters ....

Test configuration Phd Mestek

reinforcements for the bearing
calotte ﬂ strength perpendicular to the grain
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Test configuration in Graz
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162 mm

bending configuration geometry * type of CLT plate
* chosen cross sections
CLT 7s . .
* chosen load introduction
i Chomn 5‘0 P }L (25/25 cm and reinforcement with screws)
: 1 ; 4 :
e 1 * solution of support
adpne % ?FT (tension rods)
CLT 5s
. e Cross section X . Cross section

g 25m in main direction | N 25m v in main direction
8 g V 8 g
: 2 . E = | g

i S ) EH— g §k B¢

e = o o e £
N el I 2f © o—c il %
i | BJE < & F
L i ] 3N AR

7-layered build up || 5-layered build up
g boundaries at all 3 boundaries only at
I | sides J e | short sides
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ULS verifications (bending, shear), expected failure modes

type calulated m, m, d, qa,
max load A i
[kNcth/cm] | [kNcrh/cm] [kN/cm] [kN/cm] F )
e B
188.9 My 10@53 20l16 1,57 1,05 [CLT 55 !
CLT-5s kN Mgq| 102,53 4041 2,98 1,55
utilisation| 100,0% 72,|Z% 52,7% 68,2%
304,50 me,| 61,06 6AB7 1,55 1,59
CLT-7s KN Mgy 79(,’?4 67&7 2,78 2,31
utilisation 76::3% 106',;0% 55,6% 69,1%
i i
O O

conclusions: N

* CLT-5s
support only along two short sides
bending failure in main span direction fan be predicted
* CLT-7s
support along all four sides '
bending failure perpendicular to main épan direction can be predicted
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Outlook: shear configuration
CLT-5s
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&
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™ E
S <
element E, = G, Gy, | # t, t, t, t, t; t; t, toes
Propertles Of N/mm? [ N/mm? [ N/mm? | N/mm? mm mm mm mm mm mm mm mm
Chosen CLT CLT-5s 11.600| 300 690 50 5 34 30 34 30 34 - - 162
sections CLT-7s [11.600| 300 | 690 | 50 | 7 | 19 | 30 19 | 30 19 | 30 19 166
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" Test results

* overview of test programm,
load displacement curves & statistical evaluation of results
* observed failure mechanisms
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2

5-layered, uniaxial loaded CLT (CLT 5s)

7-layered, biaxial loaded CLT (CLT 7s)

cross sections of CLT elements

LT producer quantity #layers toes t, t, t, t, t, t, G
[] [-] [mm] [mm] [mm] [mm] [mm] [mm] [mm] [mm]
B_B_5s producer 1 3 5 162 34 30 34 30 34
B_B_7s producer 1 3 7 166 19 30 19 30 19 30 19
C_B_7s producer 2 3 7 170 20 30 20 30 20 30 20
Sum 9 pieces
. Thomas Bogensperger | R. A. Jobstl 14
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Experimental load — displacement curves for CLT 5s
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Experimental load — displacement curves for CLT 7s
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load displacement curves & statistical evaluation of results

Test results versus linear elastic FEM predictions

. . F
Fe. . . Predicted failure Uik
aiure Observed failure in labor

[kN] based on FEM (Pre[sir:;ion)
5s-1 (producer 1) 229,5 Bending (longitudinal, finger joint) [Longitudinal bending
5s-2 (producer 1) 2427 Bending (longitudinal, finger joint) [Longitudinal bending
5s-3 (producer 1) 241,0 Bending (longitudinal, knot failure) |Longitudinal bending
Mean value 237,7 0
COV [%] 3,0 e~ 26% - - Bt
7s-1 (producer 1) 281,8 Bending (longitudinal, finger joint) | transverse bending
7s-2 (producer 1) 317,1 Bending (transverse) transverse bending
7s-3 (producer 1) 338,6 Bending (transverse) Transverse bending
Mean value 312,5 0
COV [%] 9.2 — «— 38% —» — 227,0
7s-1 (producer 2) 336,4 Bending (longitudinal) transverse bending
7s-2 (producer 2) 353,0 Bending (longitudinal) transverse bending
7s-3 (producer 2) 393,1 Bending (longitudinal) transverse bending
Mean value 360,8
COV [%] 8,1
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Observed primary failures of CLT 5s

[ G|

uniaxial load behaviour
Bending failure in top layer (primary failure)

Failure due to rolling shear (secondary failure)

[T

34 mph 30 | 34 mml_ 30 B4 mm
162 mm

failure of CLT 5s

18
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Observed primary failures of CLT 7s <>E zE

Bending failure in top layer =iy
(primary failure, 4x) ) RE

Bending failure in second layer )E o
(primary failure, 2x) —— gg

Failure due to rolling shear (secondary failure)

failure of CLT 7s
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Observed secondary rolling shear failures (e.g. CLT 7s)

cross section parallel to top/bottom lamella
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" Mechanical model
* Material parameters/length-effect of brittle material (timber tension members)
* Numerical model and comparison to test results
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Elastic values and mean tension strength (in fibre direction)

Various tests results bending

Elastic constants of CLT tension of CLT
Stiffness value client Number Mean
, value
E, 12000 N/mm N/mm?
E,, 370 N/mm? 1 . w2
1 8 40,6
2
G, 690 N/mm 5 10 56,46
G, (Gg) 50 N/mm? 3 41 37,2
3 20 39,4
4 9 37,4
Effects due to poisson
numbers are neglected! —» mean value over all tests: 39 N/mm?
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Material parameters/length-effect of brittle material

Mean Tension and compression strength
perpendicular to fibre direction

in fibre direction

A

0)

® 39 N/mm?

L

tension

Fracture energy:

G.=1650 N-m/m?2
* char. length of

FE-element: 1 cm

3
Oy

compression

37 N/mm?2

All given values
are mean values!

3,0 N/mm?2

Sources for strength values:

* in fibre direction: scientific test program (Comet P01, LS0231) at competence centre
holz.bau forschung and Diploma thesis RULI 2008 at Institut for timber engineering and
wood technology at TU GRAZ

* Perpendicular to fibre direction: Diploma thesis RULI 2008/Master thesis STUEFER

2011

A
0'90
2 yield plateau
0=5 N/ mm in numerical model
€
'\ : 0y
tension
compressiq

. Thomas Bogensperger | R. A. JOobstl
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Mean shear strength perpendicular to fibre direction
in fibre direction (Rolling shear strength)

AT yield plateau A T
0 in numerical model 90

4,2 N/mm?

1,5 N/mm?

Yo Y0

1,5 N/mm?

4,2 N/mn\?
yield plateau AII given ValueS

in numerical model
are mean values!

Shear failure happens subsequently — softening behaviour not
considered in models with bending failure

Sources for strength values:

* infibre direction: G. Schickhofer: Determination of Shear Strength Values for GLT using
Visual and Machine Graded Spruce Laminations, CIB W18 34th, Venice, 2001

* Perpendicular to fibre direction: Master thesis Ehrhard 2014 Institut for timber
engineering and wood technology at TU GRAZ
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-

Length effect IFE[JE](-JTf[TinETI.‘.M 2 .

Gaussian PDF

Intermeciale Asymplale

2 l0g (1]}

Illustration of mean size effect of brittle materials
(acc. to Bazant)

Effektder Linge aus den Zugversuchen der Serien A,Bund C
= 20, 484y 02245 .
N o bora « Experlmental
. exploration of
2 f y=paet “ influence of length
'ETEE-??E’? ¥ ac .
e | . on strength (project
_ Z e - = gm_online 2007,
e R IR e | T = holz.bau forschung
experimental investigation " Graz)
of length effect of brittle 4 o g
materials (2005-07) 0o d 2 p 0%
freie Priflange [ [m]
| » Miteby ert & 5% FraktiZplND w SOV |
f ] ~®  With exponent
t k ~ (0] i
length effect: komean a~0,15 5 % quantile values
~ for mean values
ﬁ,k,ref,mean Zref o= 09 22

. Thomas Bogensperger | R. A. JOobstl 25



holz.bau Material parameters/length-effect of brittle material

forschungs gmbh

Length effect

gy

N\

70 cm

nt area
Ison o

moments

releyant
com

150cm

lcir=400cm

— 7 o~

reference system

for bending strength

AN 2\
ler=18-h 292 cm
< >
¢ -0,20 i
J+ s mean [ 70 Tension strength

=|—| = =1,16

f,;,k,ref,mean lref 150 39 — 45 N/mm?
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FEM Model: shell-solid elements

support for CLT5/7s

additional support
for CLT7s

=il

support for CLT5/7s

. Thomas Bogensperger | R. A. JOobstl 27



holz.bau Numerical model and comparison to test results

forschungs gmbh

FEM Model: shell-solid elements

shell-solid coupling
support for CLT5/7s

additional support
for CLT7s

plane of symmetrie
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FEM Model: shell-solid elements
CLT 5s (two side support)

In tension zone:
one row of elements with softening
material behaviour

. Thomas Bogensperger | R. A. JOobstl
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FEM Model: shell-solid elements
CLT 5s (two side support)

In tension zone:
Small area with
softening elements

. Thomas Bogensperger | R. A. JOobstl 30
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CLT5s (tv&% side support)

350

Model 1: _

No length effect
Failure may o¢cure over 32 cm
Displacement controlled

200

AY

150

100

I FEM (ABAQUS)

FEM (cont. ...)
s BSP_KLH_B_5s-1
20 BSP_KLH_B_5s-2

s BSP_KLH_B_5s-3

0 10 20 30 40 50 60 70 80 90 10(
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CLT5s (tv&% side support)

350

Model 1: _

No length effect
Failure may o€écure over 32 cm

Displacement controlled /l/“‘

Stresses in edge:

150

2
- Tre— 39 N/mm
- s& 8 aRE s — FEM (ABAQUS)
RaE Ra n Sax . FEM (c
- 353 \ %i% § /
X.l.,v A o
0
0 10 20 30 40 50 60 70 80 90 10

. Thomas Bogensperger | R. A. JOobstl 32



holz.bau Numerical model and comparison to test results

forschungs gmbh

CLT5s (tv&% side support)

350

Model 2: _

length effect
Failure may o¢cure over 32 cm
Displacement controlled

200

g

150

100

E— FEM (ABAQUS)

FEM (cont. ...)
s BSP_KLH_B_5s-1
20 BSP_KLH_B_5s-2

s BSP_KLH_B_5s-3

0 10 20 30 40 50 60 70 80 90 10(
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400

CLT5s (two side support)
Symmetry: 32 cm —4 lamella

Model 2: _

length effect %
Failure may cécure over 32
Displacement controlled

200

cm

ailur:li?namella in

bottom layer

150

100

50

0

0 10 20 30
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CLT5s (two side support) Lack of stress interactions in
- numerical model!

(near load introducti

Model 2: _

length effect
Failure may otcure over 32 cm
Displacement controlled

200

150

100

50
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FEM Model: shell-solid elements
CLT 7s (all side support)

*****

In tension zone:
Small area with
softening elements

16, 32 and 80 cm—>
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400

CLT7s (all side support)

350

Model 2: _

length effect
Failure may c€cure over 32/,
Failure in longitudinal dir
Displacement<controlied

150

100

—— FEM (ABAQUS)
s FEM Elastic Solution
s BSP_KLH_B_7s-1

>0 BSP_KLH B _7s-2

s BSP_KLH_B_7s-3

80
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400

CLT7s (all side support)

350

Model 2:

length effect
Failure may G€cure over

Failure in transverse dire
Displacement<controlled

150

—— FEM (ABAQUS)

FEM (cont. ...)

FEM (failur e longitudinal)

e BSP_KLH B_7s-1
BSP_KLH_B_7s-2

s BSP_KLH_B_7s-3

100

50
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400

CLT7s (all side support)

350

Model 2:

length effect
Failure may G€cure over

Failure in transverse dire
Displacement<controlled

150

100

50

Failuge/in longitudinal direction

~20%

re in transverse direction

Difference in
bending strength
in longitudinal and

transverse direction

. STILL OPEN!

—— FEM (ABAQUS)

FEM (cont. ...)

FEM (failur e longitudinal)

e BSP_KLH B_7s-1
BSP_KLH_B_7s-2

s BSP_KLH_B_7s-3

30

40 50

60 70 80
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Summary

" Developed test configurations and test results of local concentrated load
introduction into CLT plates were shown. An observed apparently ducilitiy can
be explained with the ductility of compression perpendicular to grain.

" Expected and observed failures and load capacities were presented.

" Bending tests were computed with a numerical FE - model. All implemented
strength values are deducted from a pool of test results (various research
programs, master and diploma thesis).

" Well known length effect is applied to brittle tension strength.
" Good congruence between test tesults and numerical results can be achieved.

" Numerical results are about 15% higher than results from experimental

. Thomas Bogensperger | R. A. Jobstl 41
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... and outlook

" This disagreement between numerical model and test results (~15%) can be
explained with lack of interaction conditions in strenth model.
— IMPLEMENTATION of MATERIAL with full coupled stress interactions

" Transverse bending strength seems to be higher than well known bending
strength in main direction
— stress redistribution possible at both sides of layer
— can be expected up to 20%
— OPEN field for scientists:
experimental and/or theoretical based proof is still missing

. Thomas Bogensperger | R. A. Jobstl 42
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DI Dr.techn. Thomas Bogensperger
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+43 (0) 316 873-4608
bogensperger@tugraz.at
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Das Kompetenzzentrum
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Short motivation to b LY
investigated problem
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Test configuration & linear elastic verifications

linear elastic analysis

bending moments m, line 1

bending moments

bending moments m, line 2

260.0 T 80.0 T
e Mx fna d s — My max=
~25¢cm = [ mxva — 700 [TVVe —— 77,63 kN-cm/cm
2200 |™V5 R
| 60.0
£ 200.0
e 55 z £ 180.0 E 00
= v, 36.2cm 2T 2 2 400
= 160.0 =
c 140.0 £ 300 /
120.0 20.0
Lini 100.0 / 10.0
NI€ Qe 352cm -~
Linie 3  — : 800 20 40 60 80 100 120 00 0 50 100 150 200
Symmetrie \_“LI‘E 136’2 GIT) x [em] x [cm]
untersuchtes £ ﬂul:i’ﬁ'i'é"qy Refe rence fo rce. shear forces
1/4-System E| Linie 4 F —_ 400 / 4 K\I shear forces g, line "q," shear forces g, line "q,"
() - - T T 26 T
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load displacement curves & statistical evaluation of results
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Experimental load displacement curves for CLT 5s
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load displacement curves & statistical evaluation of results

Experimental load displacement curves for CLT 7s
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holz.bau Numerical model and comparison to test results
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