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ABSTRACT:

MBER

Due to the high volume of timber required for maatfiring, the production of cross-laminated timf@kT) panels
could be an appropriate destiny for the existinglsis of pinewood presently available in Uruguaythdugh wood
construction is uncommon in this country, theresome companies with the capacity to adapt thedytion to new
products such as CLT. This work evaluates the ptmseof CLT panels manufactured in Uruguay wittdlopine Pinus
taeda andPinus dlliiottii) from forest plantation thinning, which typicallyesent low mechanical properties. Boards and
panels were mechanically tested and the mechapiogkrties were determined, showing a strengttsdtaser than
C14. A numerical model, using the finite elementhod, was developed and the numerical results e@mgpared with
the experimental values. The results providedsa éipproach to the conditions and limitations eftise of CLT panels
for building floors, produced under the current mfaturing conditions in Uruguay.
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1 INTRODUCTION

The pulp and timber industry is the second in r@hee in
Uruguay, after the food industry, and, in 2014,
represented 2.5% of GDP [1]. Currently there is
approximately 1 million ha of forest plantationsfabt-
growing species, mainly pine and eucalyptus [2]e Th
average annual production of pine wood (maiRigus
taeda andPinusédlliottii), for the period between 2010 and
2030, is estimated in 2.9 million®mFrom this volume,
1.7 million n? have no industrial destiny, of which 1.4
million m® come from silvicultural thinning [3]. In
addition, the Action Plan of the Wood-Forest Sector
Council (CSFM) has the objective of promoting the
investments that increases the local wood consoempti
and the diversification of wood products productiéh

Uruguay does not have a timber design code or atdad
about the mechanical properties of the local spgecie
However, timber building is increasing, usually
associated to single family houses for second eesiel or
social houses [5, 6]. Currently, the visual grgdifiPinus
elliottii/taeda is on-going research; the first results [7, 8]
shows that, for plantation cycles between 15 ange25s,
the maximum strength class reached is C14 [9].
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Because of the high volume of timber required ia th
cross-laminated timber production, this articlegmees a
first evaluation of CLT panels manufactured in Urag
using pine wood from thinning, which has mechanical
properties lower than C14.

In the last years, a significant increase in theetigpment
and expansion of CLT panels has been producedtioger
world [10], [11]. This is due to its structural adhtages,
such as versatility of use, high level of prefahtiegn and
easy fastening of the panels during the building
construction. There are different commercial abikes

for CLT panels, varying the species, the mechanical
properties, the thickness, the adhesive, etc. Some
companies offers its own structural calculationsafe
designed to the mechanical properties and manufagtu
conditions of its CLT panels (e.g. KLH, Stora Enso,
Binderholz, etc.). A European Standard about the
requirements of the manufacture and tests of CL$ wa
recently published [12]. Some works about CLT viatbt-
grown species in South America are being developed
[13,14], although the manufacturing requiremenésraot
standardized and CLT panels are not a commerciatiwo
engineered product yet.
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The structural validation of CLT panels dependstton
timber properties, the gluing quality, the manufiaet
process, etc. Static tests, non-destructive te$fibyy or

numerical simulations [16] are tools commonly used
estimate its structural properties.

The objective of this work is the experimental and
numerical evaluation of the first CLT panels prgpas
manufacturedin Uruguay using pine timber from
thinnings and define the applications and limitasiaf
using it as flooring elements in buildings.

2 MATERIAL AND METHODOLOGY

2.1 CLT MANUFACTURING
The country does not have a specialized industrhén

production of CLT, so the manufacture process is —

summarized below. At the timber yard of a local suiv
located in Northern Uruguay, dried boards obtaifnech
thinning logs and without finger-joints were vislyal

grading). The boards were attached by the edgbswit-

structural adhesive (in order to facilitate the =

manufacturing) and structural Emulsion Polymer

Isocyanate adhesive (EPI) was applied between dayer ==
before the vertical pressing, Figure 1.

Figure 1. Manufacturing process of a 5-layers prototype of
CLT pand

Four panel prototypes of 2.4 m length and 1.2 mvidth
were manufactured, combining different number géta
(3 and 5) and layer thickness (33 mm and 45 mnyjnvg
the total thickness between 99 mm and 177 mm.

According to [12], manufactured panels had the payu
code (thickness in mm/orientation) shows in Tabbnd
in Figure 2.

Table 1. Layup code for manufactured CLT panels

Prototype Layers Layup (thickness mm/orientation)

P1 3 331-33w-33|
L1-L.2 5 331-33w-33I-33w-33lI
L3 5 331-33w-45I-33w-33lI

I: lontigudinal orientation
w: transversal orientation

333333

3333333333

3333 45 3333

Figure 2. Layer thickness of CLT panels

2.2 EXPERIMENTAL SAWN TIMBER TESTING

From the visually graded timber used for manufactur
CLT panels, 24 specimens (mean cross-section 37x127
mm and 2.4 m length, with moisture content betwk®b

and 13.2%) were tested in bending according to the
standard EN 408 [17]. Modulus of elasticity and dieg
strength were estimated for each specimen. Thdtsesu
were used as input data in the numerical FE model.

Bending test configuration and dimensions of sawn
timber are presented in Figure 3 and Table 2.
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Figure 3. Bending test configuration for sawn timber
Table 2: Number and dimensions of evaluated samples
n Dimensions
Sawn timber 24 37x127x2400 m
1 99x360x2400 mfh
CLT panels 2 165x360x2400 mtn
1 177x360x2400 mtn




2.3 EXPERIMENTAL CLT PANELS TESTING

Four-point bending tests were made until ruptureah
m-long and 360 mm-wide CLT panels, Figure 4.
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Figure 4. Bending test configuration for CLT prototypes panels

Deflection was measured using linear variable diffiéial
transformer (LVDT), located on both two sides oé th
panel at the middle of the span. Total deflectioasw
calculated as the mean value of both measuremedts a
the failure load was registered.

Figure 5. Bending test of CLT panels

2.4 NUMERICAL SIMULATION

Numerical models, using the finite elements methaate
developed in the softwa@OMSOL Multiphysicsto study
the structural behaviour of CLT panels.

Physical and mechanical properties obtained frownsa
timber tests (se&.1.Experimental results) were used as
input data in the FEM model, Table 3. Modulus of
elasticity perpendicular to the grairfksf) and shear
modulus G) were estimated according to [18], Equations
(1) and (2).

Ego = Eo/ 30 (1)

G=Ey/ 16 (2

Table 3: Input data for FE model

Parameter Value
Eo (N/mn) 6328
Ego (N/mmz) 211
G (N/mn?) 396
v 0.3
p (kg/n¥) 440

Eo: modulus of elasticity parallel to the grain; E90: modulus of
elasticity perpendicular to the grain; G: shear modulus; v:
Poisson coefficient; and p: density.

A 3D FE model was developed to simulate the
experimental bending test of the prototypes CLTefmn
The dimensions of the three different prototypes &st
configuration (span and loads) were modelled. Timbe
was considered as a linear and orthotropic matenal
addition, a tethraedrical meshing was used, Figure

Adhesive properties (EPI) were obtained from [I9je
adhesive surface was modelled throughThia Elastic
Layer complement offomsol software, using the elastic
parameters of the adhesiv& and k (normal and
tangential) according to Equations (3) and (4).

E,;(1—
kn — ad( Vad) (3)
t(1+vaa) (1 — 2 vgq)
G
k, = Jad (4)
t
where, vag = 0.37 is the Poisson coefficient of the

adhesive Fad = 4 GPa andsag =1.54 GPa are Young's
modulus and shear modulus of the adhesive, respscti
andt = 0.5 mm is the glue line thickness.

Adhesive interaction was modelled in contacts betwe
layers. Contacts between the edges of the boards we
considered as free contact, and no adhesive pazenet
were used.



Table5: Load and middle span deflection for CLT panelstested

2
£
o
<t | M~ R =
K g [BR2(5%[R|S g~ _
— —A|M|O . T —
= =0 huw
€| e.nluue
S bFﬁ
~ o . .
o) < (ool (st 2 Y
mm\m)d I ELEIEIR www .,./
= SN y|n|o|o | < = _
w__mmmL3691112 S8 g . |
Mh(\ £8 g
© .m.e.m L
S8 s Dian|o|a|~ = >
gl =T QB2 b|S8|N Q=2
ol E|S =t e N e S®E
0l g| 8 J|™MoIg|0INIQIY 2900
3 v E NS
O = 0
2 Z c2 09
Slo |= |o|ld|w £ §SEE®
O qN@® |, JdFEuP0 |
nglsaldolsl Y] T 8Ss S
O 20T 3 I
o M.&%...W - |
£ < w €O 4 - :
5 s Zlololalolglalo| @ S 25 = 7 % o
o o Z|d|N|Mm | n|O|~ ITI% ] “ < 7
8 o< N 200 g e =
£ m FOS e
2
A S
n =
= &3
i i} 2
. (=} IN=]
/AR 22 ERRBES || B2
ATV, =3 = | SIN|Q|= c e
ALY 2% T |ON[<|= 5 &
AT ~ T £s
SV i 2 29 S
R AR _ S 2 -
a0 NI “ o &E 3 28
- - + 5 =
A ,EE T8 o | 58
0 Ca pm = o0
4] 2D =83 S |Blolo| | S|o
s O 3 g« 5 |>|q|®|Q8e T
B e clm put
S N 552 333K~ =2
Y s 0O Ygz o8 a7 =27
//4/ ,Aww«»._.w H o > s [y 25
NG B . 3 Z T 225 @ 7 2
, Fl// N ﬂmmw.ﬂw_ﬁf ° 5 < £ To S 33
) o
VTR TN ° "o -58 T 8
A o 3 F = 82F £ |8EEla B o©
a?.mwmz? CXEAA g D2 gse 8|S 7m 7m = 7m 2 o
T - - ¢ 2 B2Ec 8 [sElES 5| 22
VWD, - : N aadyg = |822F |2 T
st C o m % SEE 2 (9eeg & By
777 8 o Ind Eea%MPEf © mw
sege ” Saege 5 -4 528 3 23
[ M o Voo - ()

(upper side) and deflections

Figure 7. Longitudinal stresses

(down side) in the FE model

thinning, which includes a high percentage of julen

wood.
for the four prototypes of CLT panels manufactured,

Table 5, being L1 the 3-layers panel and P1, P2R&d

Load-deflection results from bending tests wereiniatd
the 5-layers panels.



The results of the numerical deflection obtainedenia Analysis of new layer configurations
agreement with the experimental values for all @&
panels studied. Figure 8 shows that relative esfdhe Four new different layer configurations were desin

numerical deflection was lower for small loads, yiag and numerically modelled in order to study theugfice
between 4.0 and 8.5% for loads close to the fa{BOekN of the number and orientation of boards in theedibn
for 3-layer panel and 80 kN for 5 layer panels). (Figure 9).
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80 s Figure9. Alternative layer configuration evaluated through FE
70 numerical modelling
~ 60 Different layer thicknesses were studied for thedete
é 50 M1, M2 and M3, and different layer orientation was
2 40 evaluated in model M4. In all cases, the total hiegd the
5 CLT panel was constant (99 mm for 3-layer panel 56l
30 : mm for 5-layer panel). Table 6 presents the comnéition
20 Expermmedtal L1 () layers) of the new CLT panel models, considering different
{0 Experimental L2 (5 layers) thickness and orientation of layers.
===FBL1 12 Table 6: Configuration of the new CLT panels numerically
0 analysed
0 5 10 15 20 25 30
Deflection (mm) Model Layers Configuration
M1 3 371-25w-37I
90 M2 5 39I-29w-29I-29w-39I
) | M3 5 39I-24w-39I-24w-39I
- 7 M4 5 33I-331-33w-33I-33|
60 Figure 10 shows the numerical load-deflection diaws
é 50 for the new 3-layer panel (M1) versus the 3-layaned
s P1.
§ 40
30
20
Experimental L3 (5 layers)
10 --=-FEL3
0
0 5 10 15 20 25

Deflection (mm)

Figure 8. Load-deflection curves for experimental and
numerical results



Load (kN)

-P1 (331-33w-331)
—M1 (371-25w-371)

10 35 40

15
Mid span deflection (mm)

20 25 30

Figure 10. Load-deflection diagram for numerical results of
different 3-layer panel configurations (M1 and P1).

An increase of 11% of the outer layers thickness @an
decrease of 24% of the inner layer thickness impée
lower deflection for the same load and, therefae,
increase of the global stiffness of the CLT panel.

Figure 11 shows the load-deflection diagrams nucaédyi
obtained for 5-layer M2, M3 and M4 panels versussfo
layer L1 panel.
90
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——L1 (331-33w-331-33w-331)
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M4 (331-331-33w-331-331)

30

10
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15 20 25

Figure 11. Load-deflection diagram for numerical results of
different 5-layer panel configurations (M2, M3, M4 and L1).

Models M2 and M3 show similar behavior than L1.
However, model M4, which were designed with the two
external layers in the longitudinal direction, sksofor the
same load applied, lower deflections than L1

These results introduced the study of differentetay
configurations, using the same timber volume, iteorto
improve the stiffness of the panels.

3.3 EXPERIMENTAL COMMERCIAL

PROPERTIES

The cost of the prototypes built for this study was
estimated as an addition of the cost of every m®ce
(board production, gluing, pressing, etc.), perfednby
different companies, which were collaborating fox first
time. Therefore, the prototypes are naturally more
expensive than an established industrial produsibler7
shows the mechanical properties of the timber wetthe
manufacture of CLT panels for different companiad a
countries and an estimation of the final cost camga
with the manufacturing in the currently conditioims
Uruguay.

VS.

Table 7: Mechanical properties of layers and estimated cost of
CLT panels

Companies Mechan.ical Cost
and properties €m?)
countries (N/mm?)

Eom fmk | 3-layers| 5-layers
CO’(EF{?)”” 8000 | 16.0
Company 35-49 | 72-74
(EV) 12000 | 24.0
Wood from
thinning 6328 | 12.8 83 108
(Uruguay)

1 Mean value from 24 experimental data

2 Characteristic value from 1 sample and 24 specimens
3Cost of the Uruguayan prototypes, which does naesponds
with the cost of industrial manufacturing

Modulus of elasticity of the sawn timber used ir th
international commercial CLT panels varies between
8000 and 12000 N/mtwhile the sawn timber from
thinning in Uruguay reaches a mean value close)@ 6
N/mn?. This is because the wood from thinning usually
contains a large fraction of juvenile wood. The
characteristic bending strength of Uruguayan pirehis
close to the 13 N/mfnlower than the minimum strength
class (C14) defined in EN 338.

Currently, in Uruguay the installed industrial celpacan
manufacture panels with maximum dimensions of .00
1.20 m. Although it can be increased in the futthre low
modulus of elasticity is a limiting factor in th&sctural
design for the serviceability limit state. For exde in a
calculation, according to Eurocode 5 [20], of simpl
supported 5-layers CLT panels for use in housing an
offices, the maximum span results in 4 and 45 m
respectively, limited by vibration and deflectioalwes.
This span is in accordance with the usual moduiatfor

the rooms in offices and housing. In Table 8, other
combinations of span and loads for different uses a
presented. V, D and B represent the limiting vdioe
vibrations, deflections or bending, respectively.

Uruguay has the higher building cost of Latin Arperi
[21] due, mainly, to the low efficiency and highst® of
the labor. The costs of CLT building in Uruguay,
considering the CLT prototypes costs, are 25% &% 3



higher than the conventional building (using coteiand
masonry) for floors and walls, respectively.

In a comparison with the costs of the sawn timisexdufor
the configuration of CLT panels, the price of Uragan
commercial wood is higher than the European wood in
relation with its strength and stiffness, and samito
USA, Table 9. This price corresponds with Uruguayan

- Pinewood obtained from plantation thinning
could be used as raw material to construct CLT.

- According to Eurocode 5, current CLT
Uruguayan panels for flooring are valid for
maximum span of 4.5 m for category A
(housing) and 4 m for category B (offices).

graded wood and the price of wood from thinning is REFERENCES

unknown because currently there is no market fdt is
estimated that the development of the local tinmharket
would bring down the cost of pinewood.

[1]

Table 8: Uruguayan CLT floors design for different span and
use loads

imposed loads

(2]

Span (KN/m?)

(m) 2 3 4 5

Cat. A B C/D C/D

2.4 v v v v
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4 CONCLUSSIONS

- Four CLT prototypes made with Uruguayan pine
timber from selvicultural thinning were
manufactured and tested in bending in order to
study their structural behavior. ]
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- Numerical models were developed to simulate
the experimental tests. The results of the
numerical models were in agreement with the
experimental results, with a maximum relative
error of 8.5% predicting the deflections of the
panels.

- New CLT configurations were studied from the
FEM model. Results showed that stiffness of
CLT panels could be improved, without increase
of timber volume, modifying the layer
configuration (thickness and orientation).

MIEM. Puesta a punto y lineamientos estratégicos
2015-2016. Consejo Sectorial Forestal-Madera.
Direccién General Forestal. Ministerio de Industria
Energia y Mineria. Montevideo, Uruguay, 2015

MGAP. Monitoreo de los recursos forestales.
Inventario forestal nacional. Resumen de resultados
[Monitoring of forest resources. National Forest
Inventory. Summary of Results]. Direccion General
Forestal. Ministerio de Agricultura, Ganaderia y
Pesca. Montevideo, Uruguay, 2010.

Dieste A. Programa de promocién de exportaciones
de productos de madera. Informe 1. Direccidon
Nacional de Industrias. Ministerio de Industrias,
Energia y Mineria. Consejo Sectorial Forestal-
Madera. Uruguay. 35 p., 2012

MIEM, Ministerio de Industria, Energia y Mineria.
Planes Industriales. Fase |. Mastergraf S.R.L.2201

Moya L. Rivera con madera para innovar. [Rivera
with wood for innovation] Revista de la Camaraale |

Construccion del Uruguay, v: 17 , p: 1922 . 2011
(www.ccu.com.uy/sitio/revistas/C17.pdf)

http://lacasauruguaya.com.uy/es

Moya L., Cardoso A., Cagno M., O'Neill H.

Structural chararacterization of pine lumber from
Uruguay. Maderas-Cienc Tecnol 17(3): 597-612,
2015

Bafio V., Moya L., O'Neill H., Cardoso A.,
Cagno M, Cetrangolo G., Domenech L. Technical
documents for standardization of timber structures
and construction. Technical Report. Fondo Industria
PR n°: 3823/013Direccién Nacional de Industria.
Ministerio de Industria, Energia y Mineria. ISBN:
978-9974-0-1344-5, 2015

EN 338:2016. Structural timber. Strength classes.
CEN/TC 124

[10]Gagnon S., Pirvu C. CLT handbook: cross-laminated

timber. FP Innovations, Quebec, Canada, SP-528E,
2011

[11]Brandner R. Production and Technology of Cross

Laminated Timber (CLT): A state-of-the-art Report.
European Conference on Cross Laminated Timber,
COST Action FP1004, pages 3-36, Graz University
of Technology, Austria, 2013

[12]EN 16351:2015. Timber structures. Cross laminated

timber. Requirements. CEN/TC 124



[13]Passarelli, R. N. Cross laminated timber: direfize
para projeto de painel macico em madeira no Estado
de S&o Paulo.dross laminated timber: Guidelines
for the design of solid wood panel]. MSc. Disertation.
Instituto de Arquitetura e Urbanismo. USP Sao
Carlos (2013).

[14]Marcus J. Edificaciones con paneles CLT en Chile.
[Buildings with CLT panels in Chile] Seminario
internacional Desafio pais: edificios en madera.
Universidad del Bio-Bio, Concepcidn, Chile (2015)

[15] Steiger R., Gulzow A., Czaderski C., Howald M.T.,
Niemz, P. Comparison of bending stiffness of cross-
laminated solid timber derived by modal analysis of
full panels and by bending tests of strip-shaped
specimens. Eur. J. Wood Wood Prod. 70(1-3): 141-
153, 2012

[16]Vilguts A., Serdjuks D., Pakrastins L. Design
Methods of Elements from Cross-laminated Timber
Subjected to Flexure. International Scientific
Conference Urban Civil Engineering and Municipal
Facilities. Procedia Engineering, 117: 10-19, 2015

[LI7]EN  408:2010+A1:2012. Timber  structures.
Structural timber and glued laminated timber.
Determination of some physical and mechanical
properties. CEN/TC 124

[18]EN 384. Structural timber - Determination of
characteristic values of mechanical properties and
density. CEN/TC 124

[19]Stoeckel F., Konnerth J., Gindl-Altmutter W.
Mechanical properties of adhesives for bonding
wood—A review. International Journal of Adhesion
& Adhesives. 45: 32-41, 2013

[20]EN 1995 1-1: 2006 Eurocode 5: Design of timber
structures - Part 1-1: General - Common rules and
rules for buildings. AEN/CTN 140

[21]Villlamide, J. Vivienda social: un instrumento
"fantastico" que "languidece". Diario El Observador
Abril 9, 2016.

[22] FAO, FOOD AND AGRICULTURE
ORGANIZATION OF THE UNITED NATIONS
Statistics Division, 2013.
http://faostat3.fao.org/browse/F/FO/S



