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ABSTRACT	  

Cross	   Laminated	   Timber	   (CLT)	   elements	   are	   wood-‐based	   structural	   products	   in	   world-‐wide	  
expansion.	   However,	   its	   structural	   application	   as	   a	   bending	   element	   implies	   the	   use	   of	  
important	  amount	  of	  wood	  as	   raw	  material	  when	  compared	   to	  other	   floor	   solutions	  such	  as	  
those	  used	  in	  light	  framing.	  For	  that	  reason,	  research	  is	  being	  carried	  out	  to	  obtain	  alternative	  
CLT	  floor	  and	  roof	  elements	  with	  a	  more	  favourable	  ratio	  of	  wood	  amount	  to	  stiffness.	  	  

In	  this	  research	  a	  new	  construction	  system	  has	  been	  designed	  and	  tested	  using	  thin	  CLT	  skins	  
and	   finger-‐jointed	   wood	   stringers	   of	   mountain	   pine	   (Pinus	   uncinata	   Ramond	   ex	   DC.)	   as	   an	  
example	  of	  an	  alternative	  raw	  material	  in	  Southwestern	  Europe	  to	  increase	  the	  added	  value	  of	  
scarce	   forest	   products.	   Also,	   it	   was	   considered	   as	   an	   additional	   objective	   to	   assess	   its	  
combined	   use	   with	   cork	   insulation	   materials,	   obtaining	   fully	   natural	   renewable	   building	  
products	  that	  can	  be	  used	  to	  improve	  energy	  efficiency	  in	  buildings.	  To	  fulfil	  these	  objectives	  
two	   different	   types	   of	   stressed-‐skin	   panels	   were	   designed	   for	   roof	   and	   floor	   uses,	  
manufactured,	   and	   tested	   in	   bending,	   obtaining	   key	   mechanical	   performance	   information	  
assessing	  the	  use	  of	  the	  gamma	  method	  for	  their	  design	  and	  evaluating	  their	  efficiency	  in	  the	  
use	  of	  wood	  compared	  with	  CLT	  elements	  with	  similar	  stiffness.	  

The	  main	  results	  obtained	  demonstrate	  that	  the	  SSPs	  based	  on	  CLT	  of	  Pinus	  uncinata	   timber	  
show	   adequate	  mechanical	   values	   for	   the	   expected	  mechanical	   performance,	   both	   for	   roof	  
elements	   and	   floor	   construction	   elements.	   Furthermore,	   the	   designed	   and	   tested	   SSP-‐CLT	  
shows	  similar	  stiffness	  in	  comparison	  with	  other	  CLT	  elements,	  by	  saving	  wood	  and	  increasing	  
material	   efficiency.	   Finally,	   this	   result	   will	   allow	   valorising	   and	   wisely	   using	   this	   alternative	  
resource,	   promoting	   at	   the	   same	   time	   the	   development	   of	   the	   forest	   areas	   in	   which	   Pinus	  
uncinata	  species	  is	  growing.	  Finally,	  this	  innovative	  prefabricated	  system	  of	  panels	  also	  opens	  
the	  possibility	   to	   incorporate	  cork	  as	  natural	  and	  renewable	   insulation	  material,	   contributing	  
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to	  the	  development	  of	  local	  economies	  in	  rural	  less-‐favoured	  regions	  in	  Southwestern	  Europe	  
based	  on	  sustainable	  wood-‐based	  construction.	  
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1.	  INTRODUCTION	  

Mountain	  Pine	  (Pinus	  uncinata	  Ramond	  ex	  DC.)	  is	  an	  autochthonous	  species	  found	  naturally	  in	  
mountain	  ranges	  of	  Spain,	  France	  and	  Central	  Europe	  (López-‐Díez	  et	  al.	  2011),	  being	  one	  of	  the	  
tree	  species	  that	  grow	  in	  the	  highest	  altitudes,	  enduring	  harsh	  winter	  conditions	  but	  needing	  a	  
minimum	  rainfall	  during	  all	  the	  periods	  of	  the	  year	  (Corona	  et	  al.	  2015).	  The	  Pyrenees	  is	  one	  of	  
the	  main	   areas	   in	  which	   it	   dominates	   forest	  mountain	   ecosystems,	   normally	   between	   1,700	  
and	  2,500	  m.o.s.l.	  (Cantegrel	  1981).	  Due	  to	  the	  difficult	  stand	  situation	  and	  habitat	  singularity,	  
Pinus	   uncinata	   is	   not	   normally	   considered	   as	   a	   production	   species,	   being	   its	  main	   value	   the	  
ecological	   and	   protective	   function	   (LIFE21-‐NAT-‐ES-‐LIFE	   UNCINATA	   (2023).	   However	   certain	  
wood	   production	   is	   available	   and	   increasing	   locally,	   mainly	   in	   the	   Eastern	   Pyrenees,	   being	  
traditionally	  used	  for	  rustic	  building	  and	  overhead	  line	  poles,	  considering	  its	  use	  interesting	  as	  
a	  mean	  for	  rural	  development,	  especially	  for	  sustainable	  construction	  with	  high	  added	  value.	  

Due	   to	   the	   relatively	   low	   use	   of	   mountain	   pine	   timber	   for	   structural	   purposes,	   the	  
standardization	  of	  its	  visual	  strength	  grading	  is	  still	  in	  progress	  .	  	  Thus,	  bending	  testing,	  grading	  
analysis	  and	  machine	  grading	  analysis	  for	  sawn	  timber	  based	  on	  NF-‐B	  52-‐001	  (2011)	  have	  been	  
already	  performed	   in	   France	   (Burgers	   et	   al.	   2019).	   These	   tests	   show	  an	   average	  modulus	   of	  
elasticity	   (MOE)	   of	   9,076	   N/mm2	   ,	   with	   the	   two	   intermediate	   grades	   of	   MOE	   assessment	  
ranging	  between	  8,381	  and	  9,876	  N/mm2.	  Moreover,	  other	  unpublished	  tests	  have	  been	  made	  
in	   the	   framework	   of	   the	   European	   Project	   UNCI’PLUS	   (2011),	   applying	   timber	   grading	  
standards	   UNE	   56544	   (2011)	   and	   NF-‐B52-‐001	   (2011)	   in	   Spain	   and	   France,	   respectively.	   This	  
study	  indicates	  that	  for	  these	  national	  grading	  standards	  the	  average	  strength	  classes	  obtained	  
(ME2-‐MEG	  and	  STII-‐STIII)	  can	  be	  assigned	  to	  a	  C16-‐C18	  strength	  grade	  following	  EN	  338	  (2016),	  
while	  the	  best	  strength	  classes	  obtained	  (ME-‐1	  and	  STI)	  can	  be	  assigned	  to	  C22.	  

Although	   Cross	   Laminated	   Timber	   (CLT)	   has	   shown	   to	   be	   a	   very	   interesting	   and	   successful	  
building	  product	  (De	  Araujo	  et	  al.	  2023),	  its	  use	  as	  a	  bending	  structural	  element	  is	  sometimes	  
considered	  controversial,	  as	  the	  amount	  of	  wood	  necessary	  to	  obtain	  the	  required	  stiffness	  is	  
high	  when	  compared	  to	  other	   floor	  solutions	  such	  as	   those	  used	   in	   light	   framing.	  Today,	   the	  
available	   technology	   for	   manufacturing	   CLT	   panels	   allows	   to	   successfully	   manufacture	   and	  
press	   Stressed	   Skin	   Panels	   (SSP)	   with	   large	   length	   dimensions	   (from	   6	   to	   12	   m,	   and	   even	  
longer)	   (Luengo	   et	   al.	   2017).	   	   This	   provides	   a	   unique	   opportunity	   for	   large	   prefabricated	  
elements	   with	   continuous	   flanges	   and	   stringers.	   Furthermore,	   improving	   classical	   SSP	  
structural	  panels	   formed	  with	  wood-‐based	  panels	   flanges	  glued	  to	  ribs	  or	  stringers,	  big	  sized	  
SSP	  have	  been	   recently	  developed	  using	   Laminated	  Veneer	   Lumber	   (LVL)	  or	  CLT	   flanges	  and	  
LVL	  or	  Glued	  Laminated	  Timber	  (GLT)	  ribs,	  mainly	  using	  spruce	  wood	  (Picea	  abies	  L.)	  (Darzi	  et	  
al	  2020;	  Santos	  et	  al.,	  2021).	  
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More	  research	  and	  testing	  is	  necessary	  to	  generate	  scientific	  and	  technical	  knowledge	  on	  the	  
bending	   behaviour	   of	   these	   new	   products.	   For	   example,	   Stanić	   et	   al.	   (2016)	   assessed	   an	  
optimization	  procedure	   for	   an	  economic	  design	  of	   a	  CLT	  plate	  with	   stiffening	   ribs	  using	   also	  
numerical	  models	  for	  its	  design.	  Luengo	  et	  al.	  (2017)	  studied	  the	  influence	  on	  properties	  of	  the	  
bonding	   control	   of	   radiata	   pine	   (Pinus	   radiata	   D.Don)	   CLT	   double	   faced	   ribbed	   panels,	  
compared	  with	  the	  stresses	  expected	   in	   the	  gluelines	  between	  the	  stringers	  and	  the	   flanges.	  
Lavrencic	  and	  Brank	   (2018)	  assessed	   failure	  processes	   in	  CLT	   ribbed	  panels	  using	   testing	  and	  
numerical	  modelling	  to	  estimate	  the	  limit	  load	  and	  displacement	  on	  such	  elements.	  Choi	  et	  al.	  
(2018)	  evaluate	  the	  bending	  strength	  of	  CLT	  with	  Korean	  larch	  (Larix	  kaempferi	  Carr.)	  plywood.	  
Shahnewaz	  et	  al.	  (2022)	  studied	  the	  vibration	  and	  flexural	  performance	  of	  CLT-‐GLT	  composite	  
panels	  assessing	  different	  types	  of	  connectors,	  and	  vibration	  tests	  in	  bending	  with	  acceptable	  
results.	  Furthermore,	  other	  authors	  research	  the	  combination	  of	  CLT	  with	  other	  materials	  for	  
product	   optimization	   in	   different	   construction	   solutions.	   For	   example,	   Loss	   and	   Davidson	  
(2017)	   combined	   cold	   formed	   steel	   beams	   with	   CLT,	   joining	   them	   using	   bolts	   and	   screws.	  
Additionally,	  Munis	  et	  al.	  (2018),	  Dong	  et	  al.	  (2021)	  and	  Wei	  et	  al.	  (2021)	  tested	  CLT	  elements	  
reinforced	  with	  bamboo	  stripes,	  and	  Santos	  et	  al.	  (2021)	  tested	  polyurethane	  rigid	  foam	  cored	  
CLT	  sandwich	  panels.	  

Moreover,	   the	   use	   of	   agglomerated	   or	   expanded	   cork	   (Quercus	   suber	   L.)	   as	   an	   insulation	  
ultralight	  material	   in	   loadbearing	  panels	   has	   been	  explored	   in	   the	   commercial	   fabrication	  of	  
solid	   wood	   lamellas	   or	   SWP	   faced	   sandwich	   panels,	   and	   also	   in	   research	   of	   new	   sandwich	  
panel	  types	  (Hami	  et	  al.	  2014,	  Lakreb	  et	  al.	  2018),	  but	  so	  far	  no	  results	  have	  been	  published	  for	  
CLT	  based	  sandwich	  panels.	  

In	   order	   to	   achieve	   the	  main	   objectives,	   this	  we	   designed	   two	   types	   of	   stressed-‐skin	   panels	  
(SSP)	  with	  thin	  CLT	  faces,	  also	  looking	  for	  solutions	  in	  which	  the	  insulation	  material	  is	  cork	  as	  a	  
natural,	   renewable	   and	   locally	   produced	   forest	   product.	   Prototypes	   of	   both	   SSPs	   were	  
manufactured	   using	   locally	   obtained	   mountain	   pine	   wood	   in	   the	   region	   surrounding	   the	  
manufacturing	   facilities	   in	   Catalonia	   (Spain),	   thus	   reducing	   the	   transport	   logistics.	   Full-‐scale	  
testing	  was	  considered	  necessary,	  since	  the	  available	  official	  design	  methods	  for	  SSP	  (EN	  1995-‐
1-‐1	  (2004+AC:2006+A1:2008+A2:2014)	  were	  developed	  mainly	  for	  elements	  with	  uniform	  and	  
thin	  flanges,	  such	  as	  those	  manufactured	  with	  plywood	  or	  OSB.	  Therefore,	  some	  aspects	  of	  the	  
calculations,	  such	  as	  effective	  flange	  width	  and	  shear	  deformation	  of	  the	  faces,	  remain	  unclear	  
for	   CLT	   faced	   panels,	   requiring	   testing	   and	   analysis	   with	   models.	   To	   do	   this,	   the	   gamma	  
method	  adapted	  to	  CLT	  design	  (Gagnon	  and	  Popovski	  2011)	  was	  considered	  for	  comparison.	  

This	  research	  is	  included	  in	  a	  wider	  research	  and	  development	  project	  (IMIP	  2023)	  focused	  in	  
improving	   the	   available	   building	   solutions	  manufactured	  with	   renewable	   natural	   products	   in	  
the	  Southwest	  of	  Europe	  (Brunet-‐Navarro	  et	  al.	  2020).	  
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2.	  MATERIALS	  AND	  METHODS	  

	  

2.1.	  Panels	  design	  and	  manufacturing	  

	  

Two	  types	  of	  SSP	  prototypes	  were	  designed:	  

• A	  PANEL:	   6	  m	   long	   and	   1.2	  m	  wide	   roof	   element	   composed	  by	   a	   lower	   single	   three	  
layered	  CLT	  skin	  with	  4	  finger-‐jointed	  wood	  ribs	  glued	  on	  the	  top	  (Figure	  1).	  

• C	  PANEL:	   	  6	  m	   long	  and	  1.2	  m	  wide	   floor	  element	  composed	  by	  an	  upper	  and	   lower	  
three	  layered	  CLT	  skins	  glued	  to	  a	  central	  web	  of	  4	  finger-‐jointed	  wood	  ribs	  (Figure	  2).	  
	  

	  

Figure	  1.	  Sections	  and	  plans	  of	  the	  panels.	  Above,	  A	  panel	  type	  (roof	  element);	  below,	  C	  panel	  type	  (floor	  element).	  
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Figure	  2.	  Manufactured	  full	  size	  C	  panel	  

	  

The	   panels	   were	   designed	   using	   a	   double	   rib	   in	   the	   central	   position	   and	   a	   single	   rib	   in	   the	  
lateral	  position	  (Figure	  1)	  in	  order	  to	  obtain	  floor	  or	  roof	  elements	  with	  uniform	  stiffness.	  Thus,	  
once	   the	   panel	   is	   installed,	   a	   double	   rib	   is	   repeated	   as	   the	   structural	   element	   in	   the	   web.	  
Transversal	   short	   boards	   (like	   the	   longitudinal	   ribs)	  were	   also	   included	   for	   closing	   the	   panel	  
cavities,	  providing	  lateral	  stability	  for	  manufacturing	  and	  structural	  purposes.	  The	  panels	  were	  
pre-‐designed	  for	  bending	   in	  simply	  supported	  situation	  using	  the	  gamma	  method	  adapted	  to	  
CLT	  ribbed	  panels	  in	  order	  to	  define	  the	  basic	  characteristics,	  such	  as	  the	  rib’s	  height	  and	  the	  
maximum	   span	   required	   to	   fulfil	   the	   deflection	   requirements	   in	   a	   roof	   and	   floor	   situation,	  
according	  to	  the	  Spanish	  reference	  documents	  DB-‐SE-‐AE	  (2009),	  and	  DB-‐SE	  (2019).	  

The	  mountain	   pine	   timber	   for	   CLT	   skins	   of	   the	   panels	  was	   visually	   graded	   as	   a	  ME2	   quality	  
according	   to	   UNE	   56544	   (2022)	   and	   finger-‐jointed	   using	   a	   PUR	   structural	   Type	   I	   adhesive	  
according	   to	   EN	  15425	   (2017).	   The	   final	   product	   having	   three	   layers	   of	   20	  mm,	  with	   a	   total	  
thickness	  of	  60	  mm.	  The	  ribs	  were	  also	  manufactured	  using	  wood	  of	  the	  same	  species	  an	  origin	  
graded	  as	  a	  MEG	  quality	  of	  UNE	  56544	  (2022)	  standard,	  i.e.,	  C18	  following	  EN	  338	  (2016).	  For	  
the	  and	  finger-‐joint	  we	  used	  the	  same	  adhesive	  as	  in	  the	  CLT	  lamellas	  manufacturing,	  having	  a	  
final	   cross-‐section	   of	   80	   x	   200	  mm.	   	   So,	   the	   skins	   were	   glued	   to	   the	   ribs	   also	   using	   a	   PUR	  
structural	  Type	  I	  adhesive,	  according	  to	  EN	  15425	  (2017).	  Finally,	  the	  panels	  were	  individually	  
pressed	  with	  a	  vacuum-‐press,	  following	  EN	  16351	  (2021).	  All	  the	  manufacturing	  processes,	  as	  
well	  as	  the	  timber	  supply,	  was	  carried	  out	  by	  a	  small	   local	  sawmill	   located	  close	  to	  the	  forest	  
resources	  in	  Lleida,	  Catalonia	  (Spain).	  

Two	   types	   of	   cork	   insulation	   materials	   were	   used	   accordingly	   to	   the	   characteristics	   of	   the	  
stressed-‐skin	  panels:	  

• expanded	  and	  agglomerated	  black-‐cork	  boards	  (ICB	  of	  110-‐120	  kg/m2,	  according	  to	  EN	  
13170)	  for	  open	  panels	  to	  be	  used	  in	  roofs	  (A	  PANEL),	  

• and	   granulated	   cork	   particles	   (0.5-‐1.5	  mm,	   according	   to	  UNE	   56920),	   for	   closed-‐box	  
panels	  to	  be	  used	  in	  floors	  (C	  PANEL).	  

However,	  since	  the	  cork	  insulation	  do	  not	  have	  any	  active	  role	  in	  the	  mechanical	  behaviour	  of	  
the	  panels,	  specific	  specimens	  without	  insulation	  were	  manufactured	  for	  the	  bending	  tests.	  
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2.2.	  Test	  specimens	  

Six	  full	  size	  panels	  of	  each	  type	  (A	  and	  C),	  were	  used	  for	  bending	  tests	  in	  its	  full	   length	  in	  the	  
lab.	  The	  panels	  were	  sectioned	  obtaining	  two	  types	  of	  specimens	  of	  593	  mm	  of	  width	  (Figures	  
3	  and	  4),	   in	  order	  to	  study	  their	  behaviour	  in	  the	  central	  and	  lateral	  ribs.	  This	  has	  been	  done	  
considering	   that	   	   the	  differences	   in	   the	  CLT	  continuity	   in	  both	  panels	   can	   lead	   to	  a	  different	  
shear	  stress	  distribution	  in	  the	  most	  stressed	  areas	  and	  can	  consequently	  originate	  differences	  
in	  the	  failure	  load.	  

-‐ A	   specimen	   type	   including	   the	   central	   two	   ribs	   with	   CLT	   continuity	   in	   the	   centre	   of	  
flange/s,	  named	  as	  SPECIMEN	  TYPE	  I.	  

-‐ A	  specimen	  type	   formed	  adjoining	   the	   two	   lateral	   ribs,	  with	  no	  CLT	  continuity	   in	   the	  
centre	   of	   the	   flange/s,	   named	   as	   SPECIMEN	   TYPE	   II,	   of	   which	   two	   subtypes	   were	  
defined:	  

o SPECIMEN	  SUBTYPE	  IIa,	  of	  simply	  adjoined	  parts,	  only	  clamped	  laterally	  in	  the	  
support	  area	  to	  avoid	  lateral	  movements	  of	  the	  section.	  

o SPECIMEN	  SUBTYPE	  IIb,	  of	  adjoined	  parts	  screwed	  at	  45°	  in	  the	  upper	  part	  of	  
the	   panels.	   This	   is	   used	   to	   analyse	   if	   any	   additional	   effect	   can	   be	   detected	  
because	  of	  the	  lateral	  interlocking	  of	  the	  panels.	  	  
	  

	  

Figure	  3.	  Example	  of	  C	  panels	  adjoined,	  in	  section	  and	  specimen	  component	  position.	  
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Figure	  4.	  Type	  I	  specimens	  

	  

Although	  cutting	  specimens	  from	  the	  original	  panels	  can	  lead	  to	  miss	  some	  information	  on	  the	  
effects	  of	  the	  stress	  distribution	  in	  the	  flange	  in	  the	  areas	  situated	  in	  the	  middle	  zone	  between	  
the	  ribs,	  this	  effect	  was	  considered	  of	  lesser	  importance	  compared	  to	  the	  analysis	  of	  the	  most	  
stressed	   zones	   such	   as	   the	   ones	   situated	   in	   the	   contact	   area	   between	   the	   flanges	   and	   the	  
stringers.	   Also,	   the	   tested	   situation	   was	   equal	   or	   more	   critical	   than	   the	   one	   in	   the	   entire	  
panels,	  and	  therefore	  valid	  for	  a	  preliminary	  analysis.	  Table	  1	  describe	  the	  specimens’	  number	  
of	  each	  type	  finally	  tested.	  	  

	  

Table	  1.	  Panels	  and	  specimens	  tested	  

Panel	  type	   Reference	  panels	  
used	  

Total	  no.	  of	  
type	  I	  spec.	  

Total	  no.	  of	  
type	  IIa	  spec.	  

Total	  no.	  of	  
type	  IIb	  spec.	  

A	  
1,	  2,	  3	   3	   3	   	  
4,	  5,	  6	   	   	   3	  

C	  
7,	  8,	  9	   3	   3	   	  

10,11,12	   	   	   3	  
	  

	  

Type	   IIb	   specimens	  were	   screwed	   as	   is	   shown	   Figure	   3,	   using	   two	  pairs	   of	   structural	   screws	  
with	  a	  length	  of	  230	  mm	  and	  a	  head	  diameter	  of	  10	  mm,	  each	  pair	  screwed	  at	  45°	  in	  opposite	  
members	  (Figure	  5).	  
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Figure	  5.	  Type	  IIb	  specimens	  joining	  using	  inclined	  screwing.	  

	  

2.3.	  Test	  methods	  

The	  specimens	  were	  tested	  in	  4-‐point	  bending	  test	  in	  its	  full	  length,	  with	  a	  span	  of	  5,920	  mm,	  
which	   is	   the	   expected	   span	   for	   the	   panels	   in	   its	   final	   use	   according	   to	   the	   EN	   408	  
(2010+A1:2012)	  (Figure	  6).	  The	  A	  panels	  were	  tested	  in	  a	  slightly	   longer	  span	  of	  23	  2mes	  the	  
height	  of	  the	  specimen	  (EN	  408	  recommends	  a	  minimum	  of	  18	  $mes),	  as	  the	  purpose	  was	  to	  
test	  the	  product	  in	  its	  intended	  service	  span.	  The	  tests	  offer	  results	  of	  failure	  load	  and	  mode	  as	  
well	  as	  the	  global	  load-‐deflec%on	  rate	  measured	  at	  the	  centre	  of	  the	  span	  in	  the	  lower	  skin	  of	  
the	  panel.	  

	  

	  

Figure	  6.	  Loads	  and	  supports	  arrangement	  in	  4-‐point	  bending	  test	  

	  

The	   bending	   s+ffness	   and	   bending	   moment	   were	   obtained	   according	   EN	   408	   (2010).	  
Addi#onally	  bending	  shear	  was	  calculated	  with	  following	  equa$ons	  (1),	  (2)	  and	  (3):	  

-‐	  Bending	  s)ffness:	  
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𝐸 · 𝐼 =   

3 · 𝑎 ·   𝐿! − 4 · 𝑎!

48 ·    𝛥𝑤𝛥𝐹
   𝑘𝑁 ·𝑚! 	   (1)	  

	  
Where:	  	  
E:	  is	  the	  modulus	  of	  elas0city	  in	  kN	  ·∙	  mm-‐2;	  
I:	  is	  the	  moment	  of	  iner.a	  in	  mm4;	  
a:	  is	  the	  distance	  between	  the	  lower	  and	  upper	  support	  in	  m;	  
L:	  is	  the	  span	  length	  in	  mm;	  
𝛥𝑤/𝛥𝐹	  :	  is	  the	  slope	  obtained	  from	  the	  force-‐deforma(on	  curve	  in	  mm	  ·∙	  kN-‐1.	  

-‐	  Bending	  moment:	  

	  
𝑀 =   

𝑎 · 𝐹!"#
2

   𝑘𝑁 ·𝑚 	   (2)	  

Where:	  
a:	  is	  the	  distance	  between	  the	  lower	  and	  upper	  support	  in	  m;	  
Fmax:	  is	  the	  maximum	  load	  at	  failure	  in	  kN.	  	  

-‐	  Bending	  shear:	  

	  
𝑓! =   

𝐹!"#
2

   𝑘𝑁 	   (3)	  

Where:	  
Fmax:	  is	  the	  maximum	  load	  at	  failure	  in	  kN.	  	  
	  
	  

2.4.	  Modelling	  of	  the	  bending	  stiffness	  

A	  varia'on	  of	  the	  gamma	  method	  for	  CLT	  elements	  was	  developed	  and	  applied	  to	  compare	  the	  
experimental	  results	  with	  currently	  available	  models	  for	  CLT	  elements	  as	  well	  as	  to	  assess	  the	  
results	   of	   this	   modelling	   using	   the	   specimen	   width	   as	   the	   effec$ve	   flange	   width.	   This	  
methodology	  has	  the	  par)cularity	  of	  modelling	  a	  7-‐layer	  CLT,	  where	  the	  three	  central	  layers	  are	  
modelled	   as	   a	   subs+tu+on	   of	   a	   double	   T-‐sec$on	   including	   two	   longitudinal	   beams	   and	   two	  
adjacent	  layers.	  The	  calcula)on	  of	  the	  moment	  of	  iner+a	  of	  the	  composite	  sec*on	  is	  obtained	  
with	  the	  Steiner's	  theorem	  (4).	  	  

	   𝐼!"!#$ = 𝐼!,! +    𝐼!,! +    𝐼!,!	   (4)	  

Where:	  	  
Itotal:	  It	  is	  the	  moment	  of	  iner,a	  of	  the	  composite	  sec,on	  in	  mm4	  
Il,i:	  It	  is	  the	  moment	  of	  iner-a	  of	  each	  of	  the	  layers	  in	  mm4.	  Layer	  1	  is	  the	  bo.om	  layer	  and	  layer	  
3	  is	  the	  top	  layer	  of	  CLT.	  Layer	  2	  is	  the	  two	  longitudinal	  beams.	  
	  
	  

Therefore,	  the	  moment	  of	  iner+a	  can	  be	  calculated	  with	  the	  following	  Equa$on	  (5).	  
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𝐼!,! =   

!!·  !!
!

!"
	  +	  𝑏! · 𝑡! ·   𝑎!!	   (5)	  

Where:	  	  
bi:	  is	  the	  total	  width	  of	  the	  layer	  in	  mm.	  
ti:	  is	  the	  thickness	  of	  the	  layer	  in	  mm.	  
ai:	  is	  the	  distance	  from	  the	  centre	  of	  the	  face	  to	  the	  neutral	  axis	  in	  mm.	  
	  
	  

To	   calculate	   the	   s,ffness	   of	   the	   composite	   panel,	   the	   moment	   of	   iner,a	   obtained	   shall	   be	  
mul$plied	  by	  the	  MOE	  of	  the	  t-‐panel	  (Et-‐panel·∙Itotal).	  	  

The	  7-‐layer	  panel	   is	   calculated	   following	   the	  calcula)on	  of	  a	  5-‐layer	  panel,	  where	   the	  central	  
layer	  has	  a	  greater	  thickness,	  equal	  to	  the	  height	  of	  the	  3-‐layer	  composite	  panel.	  In	  this	  case,	  as	  
the	   panel	   is	   symmetrical,	   the	   model	   can	   be	   simplified	   by	   using	   the	   equa7ons	   (6)	   to	   (9).	  
Moreover,	  equa$ons	  (8)	  and	  (9)	  calculate	  the	  value	  of	  γ1,	  γ2	  and	  γ3.	  	  

	  

	  

	  

	  

Where:	  	  
E·∙I:	  it	  is	  the	  7-‐layer	  panel	  bending	  s(ffness	  in	  N	  mm-‐2;	  
Ei·∙Ii:	  they	  are	  the	  bending	  s)ffness	  of	  each	  layer	  from	  below	  to	  above	  (i	  =	  1	  to	  i	  =3)	  in	  N	  mm-‐2;	  
Ai:	  it	  is	  the	  cross-‐sec$onal	  area	  of	  each	  layer	  in	  mm2;	  
γi:	  it	  is	  the	  gamma	  coefficient	  of	  each	  layer;	  
L2:	  it	  is	  the	  length	  of	  the	  panel	  in	  mm;	  
h":	  it	  is	  the	  thickness	  of	  the	  transverse	  layer	  adjacent	  to	  the	  longitudinal	  layer	  in	  mm;	  
GR:	  it	  is	  the	  shear	  modulus	  in	  N	  mm-‐2;	  
b:	  it	  is	  the	  width	  of	  the	  layer	  in	  mm.	  

	  

Finally,	  C	  panel	  bending	  s-ffness	  is	  obtained	  following	  the	  5-‐layer	  simula+on	  by	  subtrac+ng	  the	  
central	   thick	   layer	  and	  adding	   the	  one	  calculated	   for	   the	  core,	  as	  explained	   in	  equa$on	   (10).	  
Figure	  7	  shows	  the	  calcula%on	  process	  in	  a	  simplified	  way.	  	  

	   𝐸 · 𝐼 = 𝐸! · 𝐼! + 𝛾! · 𝐸! · 𝐴! · 𝑎!! + 𝐸! · 𝐼! + 𝐸! · 𝐼! + 𝛾! · 𝐸! · 𝐴! · 𝑎!! ;	   (6)	  

	   𝐸 · 𝐼 = 𝐸 · 𝐼! + 𝛾! · 𝐴! · 𝑎!! + 𝐼! + 𝐼! + 𝛾! · 𝐴! · 𝑎!! 	   (7)	  

	   𝛾! = 1;	   (8)	  

	  
𝛾! = 𝛾! =

1

1 + 𝜋
! · 𝐸 · 𝐴
𝐿! · ℎ

𝐺! · 𝑏

	   (9)	  
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	   𝐸! · 𝐼! =   𝐸 · 𝐼 −   𝐸! · 𝐼! + 𝐸!!!"#$% · 𝐼!"!#$ 	   (10)	  

	  

	  

Figure	  7.	  Process	  of	  calculation	  an	  equivalent	  7-‐layer	  CLT	  to	  C	  panel	  via	  the	  method.	  
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3.	  RESULTS	  AND	  DISCUSSION	  

	  

3.1.	  Bending	  tests	  results	  

Tables	  2	  and	  3	  show	  the	  results	  for	  bending	  tests	  of	  A	  and	  C	  panels,	  respectively.	  

	  

Table	  2.	  Test	  results	  for	  the	  A	  panels	  specimens	  

Spec.	  
type	  

No.	  of	  
tests	  

E.I	  eff	  
(kN/mm2)	  

Average	  value	  

E.I	  eff	  
(kN/mm2)	  
Rangea	  

Max.	  Bending	  
moment	  at	  
failure	  	  
(kN.m)	  

Average	  value	  

Max.	  Shear	  
force	  at	  failure	  	  

(kN)	  
Average	  value	  

Failure	  mode	  

I	   3	   3236134283	   599284908	   87.1	   40.0	  
Shear	  33%	  

Bending	  67%	  

IIa	   3	   3305452116	   47341442	   96.6	   44.3	   Bending	  100%	  

IIb	   3	   3196667598	   298293801	   82.7	   37.9	   Shear	  100%	  
a	  Range:	  difference	  between	  the	  maximum	  and	  minimum	  values	  obtained.	  

	  

Table	  3.	  Test	  results	  for	  the	  C	  panels	  specimens	  

Spec.	  
type	  

No.	  of	  
tests	  

E.I	  eff	  
(kN/mm2)	  

Average	  value	  

E.I	  eff	  
(kN/mm2)	  
Rangea	  

Max.	  Bending	  
moment	  at	  
failure	  	  
(kN.m)	  

Average	  value	  

Max.	  Shear	  
force	  at	  failure	  	  

(kN)	  
Average	  value	  

Failure	  
mode	  

I	   3	   9491844591	   500583991	   166.6	   83.3	   Shear	  67	  %	  
Bending	  33%	  

IIa	   3	   9478629734	   438614224	   134.7	   67.3	   Shear	  100	  %	  

IIb	   3	   9799014933	   576502703	   177.9	   89.0	  
Shear	  67	  %	  
Bending	  33%	  

a	  Range:	  difference	  between	  the	  maximum	  and	  minimum	  values	  obtained.	  

	  

To	   manage	   the	   results	   shown	   for	   the	   bending	   specimens	   tested	   in	   the	   full-‐size	   panels,	   we	  
divide	   the	   stiffness	  by	   the	  width	  of	   the	   specimen	  and	   then	  multiply	  by	   the	  actual	   real	  panel	  
size.	  

Figure	  8	  represents	  the	  above	  results	  graphically	  for	  better	  comparison.	  
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Figure	  8.	  Bending	  stiffness	  (above),	  maximum	  bending	  moment	  at	  failure	  (centre)	  and	  maximum	  shear	  force	  at	  
failure	  (below)	  obtained	  for	  the	  different	  specimens	  tested	  of	  593	  mm	  width.	  

	  

ANOVA	  tests	  have	  been	  carried	  out	  to	  analyse	  if	  there	  are	  significant	  differences	  between	  the	  
panels	  (A	  or	  C)	  and	  between	  the	  central	  (I)	  and	  lateral	  types	  (IIa	  and	  IIb).	  The	  results	  obtained	  
show	   that	   there	   are	   no	   significant	   differences	   (p-‐value	   ≥	   0.05)	   between	   the	   parameters:	  
bending	  stiffness,	  maximum	  bending	  moment	  and	  maximum	  shear	  moment	  in	  the	  same	  panel	  
(A	  or	  B)	  and	  among	  the	  central,	  non-‐screwed	  lateral	  or	  screwed	  lateral	  tests	  (Table	  4).	  	  

	  

Table	  4.	  ANOVA	  results	  for	  stiffness	  and	  shear	  to	  see	  considering	  type	  tests	  specimens	  (I,	  IIa,	  IIb)	  

Panel	  type	   Parameter	   P-‐value	  

A	  
Bending	  stiffness	   0.8815	  

Maximum	  bending	  moment	   0.3054	  
Maximum	  shear	  moment	   0.3104	  

C	  
Bending	  stiffness	   0.3162	  

Maximum	  bending	  moment	   0.1850	  
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Maximum	  shear	  moment	   0.1849	  
	  

Regarding	  the	  A	  panels:	  

-‐ The	   stiffness	  of	   the	  different	   specimen	   types	   is	   similar	   in	   the	  mean	  values	  obtained,	  
although	  the	  variability	  of	  the	  lateral	  non	  screwed	  specimens	  is	  lower	  as	  the	  other	  two	  
types	  of	  specimens.	  It	  can	  be	  inferred	  for	  practical	  in	  situ	  use	  that	  the	  stiffness	  for	  the	  
panel	  area	  of	  the	  central	  pair	  of	  ribs	  is	  like	  the	  one	  observed	  in	  the	  lateral	  double	  ribs,	  
as	  it	  was	  expected.	  

-‐ The	  bending	  moment	  and	  the	  shear	  moment	  shows	  certain	  variability	  in	  the	  obtained	  
values.	  This	  seems	  to	  be	  due	  to	  specific	  lower	  load	  failures	  in	  some	  specimens	  caused	  
by	  the	  manufacturing	  processes.	  

-‐ Most	  of	  the	  failures	  are	  of	  bending	  but	  a	  considerable	  percentage	  of	  shear	  failures	  are	  
also	   present,	   although	   results	   do	   not	   show	   significant	   differences	   among	   them.	  
Considering	   this,	   we	   can	   remark	   the	   importance	   of	   paying	   attention	   on	   careful	  
manufacturing	  process	  of	  this	  kind	  of	  products.	  
	  

Regarding	  the	  C	  panels:	  

-‐ Again,	  the	  behaviour	  of	  stiffness	  is	  very	  similar	  in	  the	  three	  types	  of	  specimens	  tested,	  
showing	  that	  the	  area	  of	  the	  central	  pair	  of	  ribs	  is	  according	  to	  the	  one	  observed	  in	  the	  
lateral	  double	  ribs.	  

-‐ The	  bending	  moment	  and	  the	  shear	  moment	  show	  variability	  in	  the	  values	  that,	  after	  
analysis,	  seem	  again	  to	  be	  due	  to	  manufacturing	  issues.	  

-‐ Most	  of	  the	  failures	  are	  of	  shear	  between	  stringer	  and	  CLT,	  and	  less	  of	  them	  produced	  
by	   bending.	   C	   panels	   require	   additional	   glue	   process	   for	   the	   above	   CLT	   layer.	   These	  
results	  are	  according	  the	  manufacturing	  process.	  

	  

Considering	  the	  obtained	  results,	  the	  panels’	  stiffness	  can	  be	  taken	  as	  the	  one	  obtained	  with	  
the	  specimens	  of	  type	  I,	  while	  the	  panels’	  strength	  must	  be	  evaluated	  using	  the	  lower	  values	  
obtained	  in	  all	  specimen	  types.	  

	  

3.2.	   Comparison	  of	   the	  experimental	   stiffness	  with	   the	  predicted	   values	  using	   the	  Gamma	  
Method	  

Table	  5	  shows	   the	  comparison	  of	   the	  average	  value	   for	   the	  stiffness	  obtained	   in	   the	   tests	  of	  
type	  I	  with	  the	  results	  of	  the	  Gamma	  Method	  for	  CLT	  modified	  for	  SSPs	  for	  the	  full	  geometry	  of	  
the	  specimen.	  

	  

Table	  5.	  Comparison	  of	  experimental	  and	  theoretical	  values	  for	  the	  stiffness	  of	  the	  C	  panels	  

Specimen	  
Dimensions	  

(mm)	  

E.I	  eff	  
(N/mm2)	  

Average	  value	  
Test	  spec.	  type	  I	  

(1)	  

E.I	  eff	  
(N/mm2)	  

Estimated	  value	  
Gamma	  Method	  

(2)	  

Ratio	  
(2)/(1)	  
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b:	  593	  
h:	  320	  
L:	  6000	  

9.49184	  ·∙	  1012	   8.26766	  ·∙	  1012	   0.87	  

	  

The	   result	   of	   the	   comparison	   shows	   that	   the	  use	  of	   the	  Gamma	  Method	  with	   the	  proposed	  
methodology,	   including	   the	  use	  of	   the	  actual	  width	  of	   the	   specimen	   instead	  as	   the	  effective	  
width,	   derives	   on	   conservative	   although	   acceptable	   values	   for	   the	   tested	   span	   and	   product,	  
being	  the	  theoretical	  value	  87	  %	  of	  the	  one	  obtained	  from	  the	  tests.	  

	  

3.3.	  Efficiency	  in	  use	  of	  wood	  compared	  to	  CLT	  equivalent	  elements	  

The	  experimental	  values	  of	  stiffness	  obtained	  for	  both	  panels	  (A	  and	  C)	  were	  compared	  with	  
CLT	   elements	   equivalent	   in	   stiffness.	   The	   definition	   of	   these	   equivalent	   CLT	   elements	   was	  
made	  using	   the	  Gamma	  Method	   for	  CLT	  elements	  according	   to	  Gagnon	  and	  Popovski	   (2011)	  
methodology.	  

Once	  the	  equivalent	  CLT	  sections	  were	  defined,	  the	  amount	  of	  wood	  used	  in	  the	  A	  and	  C	  SSPs	  
were	  compared	  with	  those	  of	  the	  CLT	  sections,	  considering	  only	  the	  final	  timber	  constituting	  
the	   element	   and	   therefore,	   not	   including	   planning	  material	   losses.	   The	   results	   are	   shown	   in	  
Table	  6.	  

	  

Table	  6.	  Comparison	  among	  the	  net	  use	  of	  timber	  in	  A	  and	  C	  panels	  and	  CLT	  elements	  of	  similar	  stiffness	  

Panel	  type	   Description	   E.I	  eff	  
(kN	  mm-‐2)	  
Average	  	  

Use	  of	  wood	  	  
(m3/specimen	  of	  1	  m)	  

A	   200-‐60	   3.23613	  ·∙	  1012	   0.690	  

CLT	  220	   43-‐43-‐43-‐43-‐43	   3.21687	  ·∙	  1012	   1.584	  

CLT	  224	   32-‐32-‐32-‐32-‐32-‐32-‐32	   3.39591	  ·∙	  1012	   1.613	  

C	   60-‐200-‐60	   9.49180	  ·∙	  1012	   1.126	  

CLT	  319	   46+45+46+45+46+45+46	   9.44086	  ·∙	  1012	   2.297	  

	  

The	  results	  show	  that	  the	  use	  of	  the	  proposed	  CLT-‐SSP	  panels	  A	  and	  C	  will	  lead	  to	  using	  a	  
smaller	  amount	  of	  wood,	  which	  can	  be	  estimated	  up	  to	  43%	  for	  the	  roof	  A	  panel	  and	  up	  to	  
49%	  for	  the	  floor	  C	  panel.	  
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4.	  CONCLUSIONS	  

The	   tests	   and	   theorical	   assessment	  of	   the	  new	   system	  designed	  of	   SSPs	  based	  on	  CLT	  using	  
Pinus	   uncinata	   wood	   show	   adequate	   mechanical	   values	   for	   the	   expected	   mechanical	  
performance,	   both	   for	   the	   roof	   elements	   (panel	   A)	   as	   for	   the	   floor	   elements	   (panel	   C).	   The	  
Gamma	  method	   proposed	   for	  modelling	   stiffness	   of	   the	   panels	   designed	   is	   compatible	   and	  
produces	   conservative	   values	   for	   the	   real	   tested	   situation.	   In	   addition,	   the	   comparison	  with	  
CLT	  elements	  of	  similar	  stiffness	  shows	  a	  significant	  saving	  in	  the	  use	  of	  wood,	  increasing	  the	  
material	  efficiency.	  	  

This	   result	   will	   allow	   valorising	   and	  wisely	   using	   this	   alternative	   resource,	   promoting	   at	   the	  
same	   time	   the	   development	   of	   the	   forest	   areas	   in	  which	  Pinus	   uncinata	   species	   is	   growing.	  
Finally,	  these	  systems	  of	  panels	  intend	  to	  incorporate	  cork	  as	  insulation	  material,	  providing	  an	  
alternative	  based	  on	  natural	   and	   renewable	  materials	   available	   in	   Southwestern	  Europe	  and	  
contributing	   to	   the	   development	   of	   local	   economies	   in	   rural	   less-‐favoured	   regions	   based	   on	  
sustainable	  wood-‐based	  construction.	  
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