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Abstract

La presente tesi analizza il comportamento a taglio nel piandi pannelli in legno
lamellare incrociato (CLT) con e senza vuoti interni, un tera di crescente inter-
esse nella comunia scienti ca del settore.E stata condotta un'estesa campagna
sperimentale utilizzando una con gurazione di prova a tagl diagonale su pannelli
a cinque strati a scala reale, con l'obiettivo di valutare ih uenza della presenza
di vuoti e della larghezza delle lamelle sul modulo di taglie cace. | risultati dei
test sono stati interpretati mediante diverse formulazioinpresenti in letteratura, tra
cui metodi normativi (EN 408), modelli teorici (Kreuzingere Sieder) e approcci
semi-empirici (Boegensperger e sue estensioni non lingari

Sono stati inoltre sviluppati modelli agli elementi niti, sia con elementi beam che
solidi, per simulare i risultati sperimentali. Sebbene i naelli abbiano fornito indi-
cazioni utili sull'andamento deformativo, si riscontranalcune discrepanze nei risul-
tati quantitativi, che indicano la necessifn di ulteriori a namenti nei modelli nu-
merici.

This thesis investigates the in-plane shear behavior of @®laminated timber (CLT)
panels with and without internal voids, a topic of increasig interest within the
timber engineering research community. An extensive experental campaign was
carried out at Karlsruher Institut far Technologie using adiagonal shear test setup
on full-scale ve-layer CLT panels, speci cally designeda evaluate the in uence of
voids and lamella width on the e ective shear sti ness. Thedsted panels included
varying con gurations of inner gaps and di erent slat widths, in order to simulate
changes in material density and internal continuity.

To interpret the test results, several formulations from tle literature were applied
and compared, including standards-based procedures (EN8}0theoretical mod-
els (Kreuzinger and Sieder), and semi-empirical approachéBoegensperger and its
nonlinear extensions).

Finite element models with both beam and solid elements werdésa developed to
replicate the experimental results. While numerical predimns provided useful in-
sight into deformation patterns, some discrepancies renmain the quantitative agree-
ment with experimental data, suggesting the need for furthege nement of modeling
strategies.
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Introduction

Cross-Laminated Timber (CLT) panel is now one of the most higy promising
solutions for the construction of multi-story wooden builthgs, due to its good me-
chanical properties, material sustainability and constretion simplicity. Among the
fundamental properties governing the mechanical behaviaf CLT, the in-plane
shear modulus, denoted a&,y, plays a central role in determining sti ness in re-
sponse to horizontal loads, such as seismic loads. In pautar, for load-bearing
walls subjected to in-plane shear, the evaluation of this pameter is crucial for
design and structural safety. This thesis is part of the Eumean research project

INNO LT, as part of which several experimental campaigns wer@educted on CLT
panels, tested under di erent loading conditions. In addibn to out-of-plane bend-
ing tests (relevant to the use of the panels as oors) and bulikg tests, a part of the
project involved the experimental determination of the shee modulus in the G,

plane, according to the methodology prescribed by EN 1635hdathe indications
contained in Eurocode EN 408. The tests were conducted at thaboratories of the
Karlsruhe Institute of Technology (KIT), employing an indirect shear loading con-
guration, which allows the e ective value of the panel sheamodulus to be derived
from displacement and load measurements. To explore the urence of discontinu-

ity in panel composition, panels with the presence of voids ivarious layers were
tested in addition to a reference series without voids (AO des). The con gurations
tested involve, for the same thickness, panels with lameflaarranged alternately in
the middle three layers (Al series), or with larger voids (A2 ses). The e ects of
slat width were also investigated by introducing the B1 and B series with 95 mm
and 115 mm slats, respectively, compared with 75 mm for the Aeiges. This made
it possible to investigate both the e ect of the percentagefovoids (parameter )

and the ratio of slat width to panel thickness. Once the expanental results were

obtained, numerical nite element modeling (FEA) was condued, with the aim of
better understanding the observed deformation phenomenad validating the re-
sults obtained. Speci cally, two modeling approaches wedeveloped: the rst with
beam elements, which is simpler and computationally lightand the second with
solid elements, which is more complex but can more accuratelapture the distri-
bution of stresses and deformations, especially at bondeterfaces. The models
were calibrated and compared with experimental data, proging important insights
into the most e ective numerical representation of CLT panks with and without

15



Chapter 1. Introduction

voids. Therefore, the study of the shear modulus in the plarend its variation as

the panel con guration changes is a key piece in optimizindhé mechanical perfor-
mance of CLT and ensuring more e cient use of the material whout compromising
structural safety.
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2

Theoretical foundations of shear behavior
iIn CLT panels

2.1 Wood mechanical properties

2.1.1 Wood in the tree

The mechanical performance of wood is closely related to iatural origin and the
biological functions it serves in nature. As a result, wood s markedly orthotropic
material, that's meaning it exhibits di erent mechanical properties along three prin-
cipal directions: longitudinal (L), radial (R), and tangertial (T).This anisotropy is a
direct consequence of the brous structure of wood: the lortgdinal direction follows
the orientation of the bers, the radial direction is perpenlicular to the growth rings
and points toward the center of the trunk, while the tangentl direction lies tangen-
tially to the growth rings. In other words, wood is a naturall strongly orthotropic
material, and not isotropic, since its sti ness and strendt vary signi cantly along
the grain, radially across the rings, or tangentially to then. The anisotropic struc-

Figure 1: Reference system in the trunk

ture of wood underlies its orthotropic behavior. At the micoscopic level, wood
cells (tracheids in softwood and bers in hardwood) are alieed mainly along the
stem axis, constituting the longitudinal direction of wood These long tubular cells,
having high-strength cellulose-rich cell walls, give the @od high load-bearing ca-
pacity parallel to the grain. In contrast, in the transversedirection the cells are
held together mainly by the lignin-rich middle lamella, a riatively weak polymeric
bonding agent. In addition, the wood has alternating annuakyers of springwood
(earlywood) and latewood with very di erent characteristcs: earlywood consists
of large lumen cells and thin walls (functional for rapid lyrph transport), while

17



Chapter 2. Theoretical foundations of shear behavior in CLT
panels

summer latewood has small lumen cells and much thicker waltseputed mainly for
structural support. As a result, latewood is denser and strger (as well as darker
and harder to the touch) than lighter earlywood.

Another fundamental microstructural distinction is that between softwood (Conif-
erous wood) and hardwood. Conifers have a simpler structyreonsisting almost
exclusively of tracheids and medullary rays, lacking condting vessels; hardwoods,
on the other hand, have a more complex structure with di ereincell types (woody
bers, parenchyma) and especially vascular elements dedied to uid transport.
In fact, the presence of vessels (visible in cross sectionnaacroscopic pores) is the
hallmark of broadleaf trees, whereas in conifers the ow oyrmph is via tracheids
and, in some species, through resin channels.

R |
i

Figure 2: Hardwood (left) and softwood (right) (Bla, Sandhaas, karlisihe institute of technology
(KIT),2017)

In addition to the general di erences between softwoods artardwoods, or between
earlywood and latewood within the growth rings, each tree Isaits own unique
structure and mechanical properties, even if it belongs tdhé same species. These
di erences are caused by many factors, such as the soil whehe tree grew, the
climate, the altitude, how the forest was managed, the age die tree, and even
where the wood was cut from within the trunk|like whether it c omes from the center
(heartwood) or the outer layers (sapwood). Like [1] reporifJrees from temperate
climate zones generally have fewer constituents, about 1 1® percent by volume,
than those from the tropics, where the equivalent gure 2 to @ percent depending
on the tree species. Because of this, properties like strémgsti ness, or density can
change a lot from one board to another, even within the sameeges. This natural
variation makes it di cult to use wood in a reliable and safe vay for structural
purposes, especially when consistency is important in engered products like CLT
panels.

18



Chapter 2. Theoretical foundations of shear behavior in CLT
panels

2.1.2 Grading of the wood Properties

In the lamellas cut from the trunk, used for GLULAM elements andCLT panels,
the concept of orthotropy evolves. Natural wood defects, du@s knots or cracks,
are reduced by the process of grading, joining and gluing tHamellas, but the
anisotropic nature of the material remains present at the olividual lamella level.
As a result, even engineered products keep an orthotropic kaefor, which, however,
can be considered homogeneous at the macroscopic leveleegly in multilayer
CLT panels. In any case, given the numerous defects preserg are not going to
generalize strength, but rather divide wood elements intodmogeneous classes with
similar strength characteristics. The [2] divides the lamias according to mechanical
strengths in the following ways:

" C : Bending test on softwood

A

D : Bending test on hardwood
~ T : Tensile test on softwood

Each letter is followed by a number representing the charaatstic strength value in
N/mm2 (e.g., C24 corresponds to 2d=mm? in bending). When assembling GLU-
LAM elements, if lamellas with the same strength class are usethe product is
designated as GL-xxh, wher& stands for homogeneous glulam. If lamellas of di er-
ent strength classes are combined, the product is labeled &4c, with ¢ indicating
combined glulam.

The most common strength class for lamellas used for beamslgranels is C24.The
strength properties of a C24 grade lamella show a clear degence on the direction
in which load is applied, re ecting the wood's intrinsic orhotropic structure. In
the longitudinal direction (parallel to the grain), which digns with the natural ber
orientation, the mechanical performance is higher. For ergle, according to [2],
the characteristic bending strength i« = 24N=mm?, the tensile strength parallel
to the grain isfox = 14N=mm? and the compression strength parallel to the grain
is f ok = 21N=mm? but these values decrease rapidly in the direction perpermdiar
to the grain:the tensile strength perpendicular to the grai is f.gox = 0;5N=mm?
and the compression strength parallel to the grain .o = 21N=mm?.

Also for shear, the mechanical behavior of the lamellae is shigly directional: the
shear parallel to the bers (in the L or R directions) is absdsed more e ectively,
due to the continuity of the woody bers; instead, the shear erpendicular to the
bers (in the T directions), on the other hand, a ects the matrix between the bers,
which is weaker between the wood bers and less cohesive utéag in signi cantly
lower shear strength. The EN 338:2016 [2] speci es the chateristic shear strength
for spruce wood for class C24 if,x = 2;5N=mm?. This value refers to shear
stresses parallel to the grain, acting in the longitudinakadial (L{R) and longi-
tudinal{tangential (L{T) planes, where the brous structu re of wood provides a
relatively high cohesion. Instead, in the radial{tangentl (R{T) plane, where shear
acts perpendicularly to the grain, the resistance is sigrsantly lower. Although not
speci ed in [1], values reported in literature typically range between 1.0 and 2.0
N/mm 2 for softwoods like spruce.
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Figure 3: Stress-strain-curve of clear wood exposed to tensile (t) anthpressive stresses (c) parallel
to the grain (solid line) and perpendicular to the grain (dasHetk) at constant strain increase. (Bla,
Sandhaas, karlsruhe institute of technology (KIT),2017)

Considering the elastic moduli, for spruce wood of class G2he longitudinal mod-
ulus of elasticity is approximatelyEy = 11;000MP a, while in the directions per-
pendicular to the grain it is signi cantly lower, with values around Egg = E(=30.
Similarly, the shear modulus in the longitudinal directionis about G, = E(=16,
whereas in the transverse direction it may be reduced B4, = Gp=10.

2.2 The CLT panels

The Cross Laminated Timber (CLT) panels represents one of ¢hmost signi cant
innovations in wood construction in recent decades. Initily developed in Austria
and Germany in the 1990s, thanks to the work of researcher Gard Schickhofer at
the University of Graz, CLT panels were created with the aim aénhancing resources
from the trunk, creating large at elements that could be usd in construction .
CLT is based on a principle similar to that of plywood, but apfpied on a structural
scale. It consists of gluing together layers of solid wooddrals (lamellas) arranged so
that the ber direction of each layer is perpendicular to tha of adjacent layers. This
crisscross arrangement gives the board superior dimensbstability and biaxial
load capacity, making it suitable for bearing loads both altg and across the direction
of the bers.

Figure 4: Crossed lamellae
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Generally, CLT panels are composed of an odd number of laygB 5, 7 or more),
with the outer layers oriented in the main direction of expeed stresses. For ex-
ample, for panels used as walls, the outer layers are orieshteertically to maximize
compressive strength, while for panels used as oors, theteulayers are oriented
horizontally to better resist bending.

The wood species most commonly used to make CLT panels are &@ (Picea
abies), the most common species in Europe for CLT productipklue to its good
mechanical strength and availability. Larch (Larix decida) is used for its greater
natural durability and resistance to moisture, often usecdiexterior layers or exposed
environments. The Scots pine (Pinus sylvestris) o ers goochechanical properties
and is used in some speci c applications. And Douglas r (Pselotsuga menziesii) is
appreciated for its high mechanical strength, is used in medemanding structural
applications.

The glues (or adhesives) used in the production of CLT (Crodsminated Timber)
panels are critical in ensuring the structural integrity, dirability and safety of the
nished product. Their properties directly in uence the panel's mechanical perfor-
mance, re behavior, and moisture resistance. The most usegdlie in Europe is the
polyurethane, which o ers good mechanical strength and egltent adhesion even
on poorly absorbent woods, although it's sensitive to amkié humidity conditions
during application.

2.3 In-plane shear veri cation

2.3.1 Panel response under shear actions

In a panel subject to in plane shear it's possible to distingsh mainly two deforma-
tion mechanisms:

" Shear deformation ,: Shear deformation of the lamella
0
= (2.3.1)
! C':‘O;meam
~ Torsional deformation i . Torsional deformation in the glued interface.

the rotation is a function of the torsional shear module andhte polar iner-
tia moment of the section, in the bonded interface that comgses half the

thickness of the lamella
Mtor t

= = 2.3.2

T G T 3 (2.3.2)

where the torsional shear module isn't commonly known, It iassumed that:
Go+ G

Gior = % (2.3.3)

It is possible to setGgg 0 as it is much smaller than the longitudinal cut
module G,. Breaking down the torsional moment results:

Mir = o t a2 (2.3.4)
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To get:
t ot a 6 o ,to,
I 2 Go:mean ﬁ Go-mean ( ) ( )
2 6 ’
Where:
Gomean Mean shear modulus of the boards
a board width or mean distance of cracks
t mean thickness of boards
overall shear deformation
| shear deformation of Mechanism |
shear deformation of Mechanism Il
The global deformation of the panel is the sum of the two mechsms:
ToT = 1t (2.3.6)

Like Bogensperger [3] and Bradner [4] reports, it's necesg#éo distinguish initially

'uw un
"'ﬂ ’ 9=V
(- Jl#i
TR Wl###
R GGG

Figure 5. Shear mechanism(left) and torsional (right) mechanisms (Boggerger, 11th World Con-
ference on Timber Engineering, 2010)

between panels with or without lateral gluing interfaces athe narrow faces of the
boards.

In general, if the narrow faces of the boards are glued togethor there's some gap
between the boards, the panels tend to break with a gross sheaechanism. In

that case it's possible to consider a constant disitributio of shear stresses in the
whole section of the panels, including the transverse lagerin order to make this

mechanism possible it is necessary that the transverse ldtae are able to transfer

the stresses, for this happens only if the lamellae are gluatbng the side faces and
there is no gap. The e ective shear sti ness is concordant ¥ the corresponding

shear sti ness of the timber boards.

Conversely, if the narrow faces aren't glued together or thels some gap between
the adjacent lamellae, the transverse layers cannot e eggly transmit the shear

solicitation and the shear stresses are transferred thrdughe cross section of each
board and the glued interface between the layers. The faikioccurs due to longitu-

dinal shear in the longitudinal layers, i.e., shear stressacting parallel to the grain

direction within the plane of the lamellae.
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gross-shear (I) net-shear (II) torsion (I1I)
narrow face bonded CLT CLT with gaps, cracks and / or reliefs
without cracks

yX

Figure 6: Potential in-plane shear mechanisms in a CLT element (Bragrditsraz University of Tech-
nology, 2017)

While in the rst case the torsion mechanism is negligible, ithe second it's to be
taken into account. Despite this, due to water in Itration or increased humidity, the
inability to deform in panels with glued narrow faces causesacks in the panel and
as [3] reports, only the experience makes it possible to deran average distance
between the cracks. This implies, that the structural di eences between CLT-
elements with and without lateral gluing interfaces at the arrow faces will decrease.
Climate change is also making wood less likely to volume clges. For these reasons
in literature are found formulations on the safe side.

2.3.2 ULS veri cations for shear force

The in-plane shear veri cation is divided into two steps. litially is de ne an Rep-
resentative Volume Element (RVE), which represents an in ie sequence of layers
in thickness direction, to then go from this ideal volume tohe real panel.

Shear force n,y, in the RVSE

It starts by considering the shear acting in the panel as a saeacting in a monolithic,
non-orthotropic, element such that the tangential stresshat develops in the cross-
section, can become a measure per unit length as a functiontbickness. This
de nes a shear stress which does not take into account the émhal structure of the
CLT panel:

_ ny _ r]xy;RVSE

Cat ot
Since now the composition of the panel is not taken into accoty but in the real
CLT panels the shear force is trasmitted via cross sectiongqpendicular to grain.
It's now consider an ideal portion of the panel called the RVEwhich comprises a
portion of glued layers, and then move on to the Representaé Volume Sub Element
(RVSE), which comprises only the two lamellas adjacent to thgluing. The RVSE
has a conservative thickness: considering th® bonded surfaces, the thickness is
assumed to be equal to the lesser of the two bonded layers, wihe sole exception

(2.3.7)
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pf the outer layers, where twice the thickness is consideredrhe new thickness
t; tcur is always less than the real thickness of the panel. The agent shear
Ny = V=Lin the RVSE n,.rvse = Ny=t t; thus generates the following stress

in the RVSE:
_ nxy;RVSE _ nxy (2 3 8)

planes of
symmetry

Figure 7: RVE and RVSE element of a CLT (Bogensperger, 11th World Conferenc&imber
Engineering, 2010)

In reality, however, the shear force are transmitted only @ cross section perpen-
dicular to grain from one RVSE to the next. At the bonding inteface between
the lamellas, an internal torsion is generated that changdbe stress distribution.

This moment, and the gap (or the cracks) betwen the narrow fas, causes the
shear stresses on the narrow faces of the boards (i.e., altimg vertical edges of the
lamellas) to disappear, while the shear stresses presentthe cross sections per-
pendicular to the grain are doubled. As a result, stress tramgssion occurs mainly
through these cross sections, where the shear stress is eotrated. So the actual

shear stress in RVSE is as follows:

v=2 o (2.3.9)

For the e ect related to Mechanism Il it is necessary to venf the stresses derived
from the acting torsion in (2.3.4):

_MT_ ota2

=0
W5 E

=3 (2.3.10)

t
T a

Where: Wt Polar moment of resistance In conclusion , and 1 are two distinct
voltages that are generated in the CLT panel and must be vemd individually.

2.3.3 Shear resistant values

The characteristic shear strengtli,.« for the shear stress, in cross-sections has been
subjected to several experimental studies, with di erentetups. For GLULAM, the
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Figure 8: Potential in-plane shear mechanisms in a CLT element (Bogerggre 11th World Conference
on Timber Engineering, 2010)

strength is around 350N=mm? with experimental tests even reaching values close
to 5;00N=mm?. Numerous tests on CLT have shown higher resistant values tha
GLULAM. Many of those test setups conducted are on single nodes

Wallner [5] develop a setup of a three-point bending test, om Norway spruce, to
investigated the rolling shear at the gluing interface, buit also happen net-shear
parallel to the grain in the horizontal board failure. the seip is composed of three
layers of CLT in which the outer two are composed of 3 lamella2 developing above
the node and the middle lamella below, the inner layer lamallis arranged horizon-
tally and connects the six vertical lamellae. the test is basl on compressing the
vertical lamellae so as to create shear in the horizontal latka. The shear stress
observed at failure are in the range,.net =5;9 7;0N=mm?2. Based on this con gu-
ration Jebstl [6] design a test on a single node where thereeaB compressed vertical
lamellae connected to a horizontal lamella subject to shear the gap between cen-
tral vertical lamella and adjacent, like report in [6], the mly one cross section can
fail the second one is still strength. More than 20 specimemngre tested, determin-
ing an average tension at break of,.ermean = 12;8N=mm? with a coe cient of
variation of CV[fnet] = 11; 3%.

plane of symmetry

Figure 9: Wallner-Jebstl test con guration (Bogensperger, 11th World Confase on Timber Engi-
neering, 2010)
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Another test setup on a single nodes is the one developmentshathe master thesis
of Hirschmann (2001) and reported in EN408 [7] and in DIN16351][8n the test
there's two vertical loaded in compression at an angle of 14The [7] distinguishes
two slightly di erent con gurations for knots with or witho ut gluing in the narrow
faces. If the lateral faces aren't glued only one crossingearis test and, like [9]
report, Is characterized by high variability. Bradner [10Jconducted a tests on C24
sprouce wood on dierent con gurations of widtha, thicknesst, and gap width
tsap. The author obtains average resistance values varying be&@nf,.netmean =
7;2 11, 7N=mm? with a CV[f,ne] =4;2 10,1% between di erent con gurations,
but recommends a value at the quantile of 5% a cautionary vaduof f..et.05 =
5; 5N=mm?.

c-C ==

Figure 10: Shear test according to EN16351:2015. Left: Non-edge-glued CLT. Righgekglued CLT
(EN16351:2015)

Jeitler [11] proposed a test method for calculate the torsiah shear strenght by
going to torque two glued lamellae with a di erent specimen ith di erent size.
The results give a torsional shear strenght value ¢f, = 2;50N=mm?. All previous

L. a a
"f'-'_‘-"‘* u
i
= [
—

Figure 11: Test con guration for torsional shear strength in gluing interiacof CLT-elements
(EN16351:2015)

test setups are based on individual nodes, often need to berected because they
do not consider group e ects present in whole panels in CLT.

Flaig and Bla [12] tested whole CLT beams subjected to in-ptee shear with the
same deformation mechanisms already seen for GLULAM, testingaetent speci-
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mens with di erent thicknesses and widths. They determined&dn average torsion
resistant value off . = 2; 75N=mm?2.

Bradner shear strength

In the test that is the subject of this thesis proposed by Krezinger [13], which will
be explained more fully later, by means of compression on antiee portion of the
panel, it is possible to trace the shear strengths of the elemts.

The compression applied in the upper part of the panel resslin a pure compressive
stress y = F=A and = 0 if the reference systemX;y) is considered, but with
respect to the reference system integral to the lamellag\(;ym ) a state of tension
is transformed which generates an apparent shear component

F F F
= Ksenz( ) ym = Kcosz( )i xaaym = zsen( )cog ) (2.3.11)
and for the angle =45 reduce to:
F
— - Y. D
= = = = == 2.3.12
XM yM 2 xMyM 2 2 Welt tCLT ( )
lcy lGYQ 10)/2
Y% v 0,/2L /6,2
TGy lo,/2
X GyM Gxm
TomyMm / TVM XM Tm y‘\/l N T TyM,xM g
= +
yM xM y ‘(M,yM y\ii xM ’/ \M,yM ,/
A A AN
Oum Oxm Oym
shear & compression pure shear pure compression

Figure 12: Stress components in compression test with inclined samplibofBradner, Graz University
of Technology, 2017)

as reported by [4], compressive stresses perpendicular be tgrain result in an in-
crease in shear strength, so the maximum tangential stressmeasured yyyv are
higher than the e ective shear strengthf,. The stresses perpendicular to the lamel-
lae ber in the xy direction are mainly transferred to the layers with board diection
alongyy . The stresses perpendicular to the fribration oo of the lamellae in thexy
direction is therefore a weighted average of the panel stigsses in the perpendicular

load direction: e c
90 = yM _Eygr\: = xMyM _E::\;) (2.3.13)
Where Eyy is the average equivalent sti ness in the direction , whichakes into

account the distribution and orientation of the CLT panel lg/ers. It is calculated as:

ttym Eot+  tixm Eoo
Eysw = ' : 2.3.14
M ter ( )
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Also [4] reports values of g9 = yuym (0,06 0;25) for classes C16 to C30, and
for class C24 we havegy = xmym (0;07 0;17). Bla and Knager [14] proposed a

modi ed formula for calculation of f.4.0ss @and fy.ner that reduces the shear strength
as a function of o:

t
funet = xMyM tCLT +1:15 ¢ +0:13 2, (2.3.16)
net
Where: _ _
0 p is always negative
thet = tix IS the sum of the thickness of the longitudinal layers.

Bradner [4],in the shear test that is the subject of this thas which we will see more in
later chapters, nds values of resistance at net she&{.netmean =5;8 11, 5N=mm?
with CV[fy.netmean ] = 2;1  7;5% for di erent t/a con gurations, to nally propose

a value at the 5% quantile off et 05 = 5; SN=mm?2.

2.4 Out of plane stiness of CLT panels

Determining the exural and shear sti ness of Cross-Laminted Timber (CLT) pan-
els is a central issue in structural design. The main methodser calculating out-
of-plane sti ness are described below, as presented by Bogperger [15] comparing
the various methods in several examples.

Timoshenko's theory ( exible beam at shear)

Timoshenko's theory extends classical Bernoulli theory taclude the e ects of shear
deformations, which is important in wood. This is particulaly relevant for CLT

panels, in which transverse layers show a signi cant sheaefrmability.

The main assumptions of the theory are that at sections are aintained, but not

necessarily orthogonal to the deformed axis and Shear defation contributes to

the total curvature of the panel. The kinematics includes:

W(X;z) = w(x); u(xz)= z (x)

dw
= —+
The constitutive relationships become:
dw
My(x) = KcIt O(X); QZ(X) = Sclt (X)+ &
Where: X X
Ker = Eili + EiAieg;i (2.4.17)
i i
SCLT = G—A (2418)
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The factor corrects for the nonuniform distribution of shear sesses, and can be
evaluated empirically or from formulas derived from virtuawork principles. This
method is very adapted for implementation in FEM software andllows direct cal-
culation of exural and shear sti ness for any geometry or lad. It's accurate for
systems with a ratiosL=h  10. But the assumption of at sections is less valid for
CLT panels with high shear exibility.

Metodo  (According to EN 1995-1-1)

The method (or gamma-procesyis standardized in Eurocode 5 (Annex B) and
describes the behavior of composite beams with continuoussic connections. It

can be applied to CLT panels by replacing the connections witexible transverse

layers.

The equivalent inertia of the system is given by:

X X
El)e = Eil; + iEiA;a? (2.4.19)
i=1 i=1
Where:
1 1
i = 2 ) (per CLT) i = 2
1+|_2 r]:% K_1| 1+|_2 Eihihsl;i=G90

Often the coecient is set equal to 1, not because of the overstrength of the
adhesive, but because the shear deformation of the transserayers (rolling shear)
is considered negligible|i.e., the connection behaves asan nitely rigid connector.
The exural stresses are then calculated with:

M
(El)e
The method is widely used, so much so that it is mentioned in gelations, but it

requires adaptations for panels with more than ve layers ahpresent a reduced
accuracy under concentrated loads and discontinuities.

iEigy

Shear Analogy Method

Proposed by Kreuzinger, the shear analogy method represgtiie CLT panel as two
coupled beams, connected with rods elements. The B beam hasemding sti ness

beam A

beam A: By, S5 = o0
7 P>
coupling || : ‘
Wa Ve 111 [ 1]
beam B beam B: Bg, Sg —_—

Figure 13: Basic principle of SA-method (Bogensperger, holz.bau, 2012)
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B, resulting from the inherent shares of inertia and in nite skear sti ness Sx:

P P b t?

BA = Eili = Ei ? SA =1 (2420)

The A beam has in the bending sti nes8Bg the Steiner terms and shear sti ness

X
Bg = X EiAi€; = a2
= Ei bt eg;i 1 t +Pn L + th

b 2G G 26,
(2.4.21)
The coupled di erential equation describes the rotation (x) and displacementw(x).
The system is solved numerically with nite element softwag. This approach pro-
duces exact results compared with the symmetric cross-seatin two- or three parts
and, In contrast to the -process, it takes arbitrary systems and loads into conside
tion but is just able to approximately calculate general segented cross-sections and

the implementation takes a lot of e ort and implies a high amount of discretisation.

FEM Methods

The FEM method is the reference for comparison. Using orthotpic plane elements
with ne mesh, it allows to modeling the anisotropic behavioof wood and realistic
load and support distributions.

The method ensures maximum accuracy suitable for nal vercations and complex
systems, at the same time at the same time requires a high comgtional complexity
and is not suitable for preliminary manual calculations.

2.5 In plane stiness of CLT panels

2.5.1 Theoretical in-plane shear sti ness

Determining the in-plane sti ness of CLT panels is still a shject of study and dis-
cussion,because it depends greatly on the multilayer stituce and the quality of the
bonding between the lamellae. As seen in the previous paraghs, the orthotropic
nature of wood is re ected in its behavior, therefore in thetsness matrix that
de nes the behavior of the material. Assuming that the side faes are not bonded,
so that stresses are not transferred in directions perpemwdiar to the bers and that
the main direction of the panel is the same as the lower and ugplayers (which are
assumed to be the same).

Where:

my; my; m,, are the bending and torque moments out of plane.
Vs Vy are the shear out of plane.

nx; ny are the normal force in plane.

Nyy are the in-plane shear.

The constitutive relationship shown below in (2.5.22) exmsses the link between
the generalized stress resultants (bending moments, shéaces and in-plane forces)
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Figure 14: Nomenclature de nition in CLT panel.

and the corresponding generalized deformations (curvags, shear distortions and
in-plane strains). In the case of a CLT panel, the constitutie relationship shows no
coupling between the di erent mechanical behaviors, thag'why the sti ness matrix
is fully diagonal so each stress component depends only as ¢brresponding defor-
mation. This absence of coupling is consistent with the ortitropic and symmetric
nature of CLT panels, so the resulting simpli ed constitutve law can be written as:

3 8
Dll 0 0 0 0 0 0 0 x
0O Dy, O 0 0 0 0 0 y
mXy 0 0O Diy3 O 0 0 0 0 Xy
g0 0 O Du O 0 0 0 xz
wz @80 0 0 0 Dss O 0 0 vz (2.5.22)
%nxg 0 0 0 0 O Dg O 0 §x§
Ny 0 0 0 0 0 0 D O "y
TNy 0 0 0 0 0 0 0 Dgs = '
Where:
Di11;Dyp; D33 are related to the exural stiness. [Nm]
D 44; D55 are related to the shear sti ness. Nl=m]
Degs: D77 are related to the axial sti ness.N=m]
Dags Is the related to in-plane shear sti ness. N=m]
X5y xy are the bending curvatures.
X2y yz are the out of plane shear distortions.
Y are the in-plane deformation.

is the angular strain in the plane.
Some formulations placeD i, and Dg; both di erent from zero, but they can be
placed equal to zero to account for cracking. The main objecf this thesis is the
determination of shear sti ness in the plane that is the detenination of Dgg. Often
in engineering practice we de ne the shear sti ness in the ghe as:

Dgg = Go telr (2523)

However, this approach neglects the orthotropic con guratin of the CLT panel, in
which di erent layers have di erent shear properties. A moe accurate expression
considers a weighted average over the elastic moduli:

G t X
L L teer = G (2.5.24)

Dgs =
CLT
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Often a reduction factork is coupled with each factor of the sti ness matrix, used
to reduce theoretical sti ness values in mechanical modeté CLT boards to account
for non ideal behaviors due to actual board geometries, pegge or absence of gluing

between edges, and e ects of creep, twisting, or cracking.

X
Dgg = Kas G t (2.5.25)

.. each board can move independently at the edges, causingdlized deformations
that reduce the e ective shear sti ness.

Particularly in panels without lateral bonding between thdamellae, each board can
move independently at the edges, causing localized defotioas that reduce the
e ective shear sti ness. So for edge-glued panels it is perssible to assumekgg = 1
but for non-edge-glued panels one must assurkg < 1. As reported by Turesson
[16], who developed FEA and analytical models to determine ¢hin-plane shear
sti ness reduction coe cient, for the same size, a 5-layerpanels have highekssg
values than a 3-layers because the deformations are bettastdbuted. [16] also
de ne the following analytical formula:

kgg = 0:04 ? +0:025 3)+0:50 conn=305 (2.5.26)
(0]
from which the following main results are obtained:
Con guration a=t ratio Number of layersn Kkgg
Turesson et al. (2019)
80=25 = 3:2 3 0.63
160-25=6:4 3 0.76
160=25=6:4 5 0.81
320=25=128 5 1.01(out of the range)

Note: In Turesson et al. (2019), board thicknesses of 12.5, 16.67 and 25 mm
were adopted for numerical modelling purposes. In practical applications, however,
lamella thicknesses in CLT panels often range from 20 to 40 mm depending on the
structural use.

2.5.2 Bogensperger formula

Bogensperger [3] proposed a theoretical formulation to dee the shear modulus from
the analytical formulation. The author nds a relationship between the e ective
shear modulus of the paneG and the average shear modulus in the longitudinal
direction Go.mean - In the elastic regime the relationG = = is valid, but as seen in
the paragraph 2.3.1 in CLT panels in addition to pure shear dermation a torsional
deformation is added. So while the ideal modulu§g.mean takes into account the
deformation only with |, when in reality it also deforms with |, , so the e ective
modulus of the panelG is smaller. Remembering the equation 2.3.5 we then come

to write:
| G 1

T - GO;mean - 1+6 (%)2
Therefore, we arrive at determining the elastic modulus ohe CLT panel G by
adding a corrective factor that improves the accuracy of the calculation of the

(2.5.27)
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actual shear sti ness of a real CLT panel, compared to the id¢theoretical behavior,
taking into account non-ideal local deformations:

C':‘O'mean
= ’ 2.5.28
1+6 e (%)2 ( )

Where the correction factor gg is calibrated based on experimental tests on FEA
models as reported in [3] And it is a function of the ratid=a:

t, o
re =0;32 (5) 077 (2.5.29)
Bogensperger and [17] develop a new models to modify the eation factor to

take into account the panel composition in the number of lays and the torsional
e ect. The correction factor gg for RVSE is:

re =0;3117 (é) Oirdra (2.5.30)

The di erence betwen 2.5.29 and 2.5.30 is very small. The cection factor gg for
3-layer CLT element is:

re = 0;5345 (%) 0;7947 (2.5.31)

And the correction factor g for 5-layer CLT element is:
re = 0;4253 (%) 07941 (2.5.32)

The graphic illustration of the e ective shear sti ness of he CLT elements from [3]
is report in Figure 15:
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Figure 15: E ective shear function of a CLT-element (Bogensperger, World fesence of timber
engineering,2010

Silly [18] conducted considerations by trying to apply thedrmula to di erent set-
ups, obtaining the results reports in table 1.
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Table 1: Shear moduluss obtained from Silly's (2014) for various CLT layups

Authors Details terr [Mmm] ti [mm] G [MPa]

Silly (2014) FEA MODEL 120 20/30/20/30/20  562.3
Silly (2014) FEA MODEL 100 20/20/20/20/20  587.5
Silly (2014) FEA MODEL 160 40/20/40/20/40  514.8

Flaig and Bla

Flaig and Bla [12] performed in-plane shear tests on CLT beasnusing compound
beam models to analyse stress distribution and strain in theamellae and bond-
ing zones. The authors evaluate the deformation mechanism brying to measure
the translational and torsional strain, of the two maccanisis already seen, relative
between the lamellae of the dierent layers. The author ndsthe e ective shear

q-uw

Figure 16: Shear strain components,, and yx resulting from shear stresses in the crossing areas of
CLT-beams(Flaig and Bla, Holzbau und Baukonstruktionen, Kawhe Institute of Technology, 2020)

modulus as: 1 L
G = + 2.5.33
e ( GO;mean Geff;beam ( )
Where the beam shear moduluSes.peam 1S Calculated like:
6 V
Geffbeam = (2.5.34)

5 A (yx+ tor)

2.6 Sperimental in-plane shear sti ness

Several set ups were developed to determine the in-plane reéss of CLT panels

subject to shear, both on a small scale on a partition of the pal and on whole
panel tests.

2.6.1 Torsional Sti ness

Flaig and Bla [12], already mentioned in the section 1.5.2,eport the results of
torsion tests on single knots by other authors and goes to tes CLT-beams loaded
in plane on a series of \A" specimens, with hardwood in the outdamellae (with
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higher sti ness) and of \B" specimens with only softwood, ativing at the following
results: The shear sti ness value obtained from torsion or inclined compression

Table 2: Shear stinessK of the glue lines in CLT, based on Flaig (2019)

Author Description of test Shear n K mean
setup stress [N/mm 3]
mode
Bla / Gerlacher single crossing areas torsion 30 4.87
(2002)
Jebstl (2004) single crossing areas torsion 81 3.45
Wallner (2004)  two symmetric crossing unidirectional 122  4.26
areas
Flaig (2019) | compression-shear test; unidirectional 6 7.67
Group A central plate: spruce;
edge plates: beech
Flaig (2019) | compression-shear test; unidirectional 6 5.76
Group B all plates: spruce

tests (Bla, Jobstl, Wallner) are lower than the values measred by Flaig [12] using
local compression-shear tests. This is mainly due to the faihat the former also

include distributed deformations in the wood and do not isate the actual glue
behavior. Flaig's tests, on the contrary, are designed to dictly measure the local
behavior of the glued joint, obtaining values oK higher and more realistic for use
in detailed numerical models.

2.6.2 Picture frame and diagonal compression test

the method introduced by Bj rnfot and Boggian [19] consisté of the compression
of a square panel rotated 45 degrees of a CLT speciment ingertin a steel frame
hinged at the four corners. The CLT panels is not in contact wh the corners of the
frame, so the compressive load of the press is transferredthe sample only at the
edge of the panel, implying a pure shear eld at the center ohe panel. Turesson
[20], starting from the test of Bjrnfot and Boggian [19], peformed two types of
tests to determine the in-plane shear stiness of CLT panelsThe picture frame
test that provides bi-axial pre-stress is basically the saentest of [20] that provides
a shear deformation in the central square. as shown in the Figul7 the vertical
load is translated into a vertical compression and a laterdtaction from the steel
frame. The deformation brings a change in the length of bothf the two diagonals,
which initially measured d becomingd , where is the observed contraction.
Applying the cosine theorem to the triangle formed by two sidea at the deform
angle 90  we obtain:

(d ) ?2=a’+a®> 2a’cos(90 ) (2.6.35)
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Figure 17: Test arrangement with mounted transducers for the picturerfra test

The initial lenght of the diagonal is:
p_

d= 2a (2.6.36)
Considering small angular deformations cos(90 ) sin result:
p_
2
= 2.6.37
S (2.6.37)

the shear stress is evaluated by distributing the applied forceF over an e ecrgi\ie
shear area modeled as the thickness of the panglr times a projected length 2,
which corresponds to the diagonal of a unit square. This leado the expression:

F
W= Pp——— (2.6.38)
2 tr @

To obtain the resulting shear modulus as follows:

F a F a a
G=-=p— p—=— =k 2.6.39
2tc|t 2 2tclt 2tcIt ( )

The diagonal compression test, always report in [19], is meosimple for measuring
in-plane shear sti ness because only one diagonal is comgsed, assuming the other
diagonal is stretched.

The large di erence between the 2 set up can be traced to di ent behaviour in
the test. The picture frame use the steel frame to transfer éhload to the panels
and create a uniform shear deformation, conversely the d@gal compression test
only one diagonal is compressed, creating a nonuniform shegformation of the
panels.For this reason the picture frame test is believed tve more reliable results.

2.6.3 Kreuzinger and Sieder (2013)

The method proposed by Kreuzinger [13](2013) consists of eaglonal compression
test at 45 to the CLT panel. In the test con guration is de ned a reference system
(x;y) with axis x oriented in the horizontal direction and they axis oriented in
the vertical direction, parallel to the compressive forcepplied on the top of the
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Table 3: Comparison of in-plane shear modul@sobtained from di erent test methods on CLT panels
in [19] and [20]

Test method Reference CLT com- n G [MPa] CV
position [%]

Picture frame test  Turesson et al. 3-layer 6 418.1 11.6
(2019)

Picture frame test Turesson et al. 5-layer 6 465.8 8.9
(2019)

Picture frame test  Turesson et al. 5-layer 6 552.9 4.13
(2019)

Diagonal compres- Turesson et al. 3-layer 6 549.1 16.0

sion test (2019)

Diagonal compres- Bjrnfot and 5-layer 6 656.2 9.6

sion test Boggian (2017)

f‘. l".
Acr = Werr for l Acrre

Figure 18: System and internal stresses and external loading (BrandBeaz University of Technology,
2017)

panel. Then is de ne a reference systenx( ;yw) with axis xy parallel to the
direction 0 andyy axis oriented in the direction 90 of the lamella of the outeralyer
with inclination 45 to the axis x like report in Figure 18. Silly [18] reproduced
several FEA models of the following setup. The rst evidencehtat the author
noticed is the presence of concentrated stresses at the amof the panel. For this
reason, the author tried to use a di erent test setups with wdening near the loaded
sides, as show in Figure 19. However, the new con gurations dmbt lead to more
satisfactory results, still having tension peaks in the caers between the panel and
the enlargements.

Silly again reported results on tension trends along the tght of the panels. As can
be seen from the gure that the stress trends, and , have maximum deviations,
from the ideal constant stress state, near the top and bottomdges due to the contact
and friction conditions. In the central zone of the panel, ta stresses approach the
theoretical values, with a maximum deviation of 8% 4:5% . The author tried to
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Figure 19: New setups tested by Silly (Silly, Graz University of Techno)d14)

test di erent panel layups, coming to the conclusion that fopanels withDgg = D7
the stresses coincide, but if the sti ness are di erent, thestresses , and  diverge
from each other and become asymmetrical, especially towattte edges. The shear
stress on the other hand,, presents a non-constant behavior over the entire height
but is relatively uniform in the central part of the panel with deviation from the
theoretical value between 8% 4:4%.
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Figure 20: Trend of stresses in panel height (Silly, Graz University oftifedogy, 2014)

For this reason Brandner [4] recommends a geometric panehauration of he t =Wt =
3=1 = 1,500-500nm to have a pure shear eld in the center square of the panel.

Kreuzinger and Sieder

Starting from the constitutive equation = S it is possible to write a simpli ed
exibility matrix considering only the components in the plane, neglecting the o -
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diagonal elements related to Poisson's ratio, obtaining3:
2 0
ExM 1
Smym = 80 Eon 0 4 (2.6.40)
1

0 0

GxM;yM
The matrix Symym IS written with respect to the axes of the lamella, in accordee
with the system (xy;ym) and must then be rotated to coincide with the system
(x;y) by an angle 360  through a second-order tensor transformation:

Sy =T Swmym T' (2.6.41)
With T transformation matrix:
2 3
cog sin? sin cos
T=4 sir? cog sin cos (2.6.42)

2sin cos 2sin cos cog sin?

So for an angle of 45is obtained:

0;25 + 0;25 + 0;25 0;25 + 0;25 0;25 0;5 0;5 3
ExM EyM GxM;yM ExM EyM GXM§M ExM Ed/M
S :9 025 | 025 . 025 0,5 ;5% (17)
Xy ExM EyM G><M;yM Ele E)&M
mm +
Sy Exm EyM

In the test con guration, the panel is loaded in they direction, so the main compo-
nentis y, so the constitutive equation that mainly develops is the fowing:

1 1 1 1
— =0;25 + + 2.6.43
Ey (EXM EyM GxM;yM ) ( )
So the shear modulu$s,y.ym can be determined according to:
1
GxM;yM = (i 1 1 (2644)
Ey EXM ExM

Where the vertical modulus of elasticityE, can be determined experimentally, while
Ew and Eyy as weighted averages of the elastic Modulus of each layer rotree
total panel thickness.

2.6.4 DIN EN 408 / Silly

Another experimental formulation, also based on the Kreuzger and Sieder test, is
the method described in EN 408. This approach requires thecl measurement of
shear deformations by means of strain crosses applied to bdaces of the specimen.
By measuring the shear deformation generated within the s, the shear modulus
can be calculated using the following expression:

ho F=2
Goo Werr tecr Wo (2.6.45)
Where:
ho is the measurement length (usually 406m)
ho is the measurement length
F is the change in force between:D and Q4F

w=Ww, Ww; isthe change in vertical and horizontal deformation betwae0:1 and Q4F .«
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2.6.5 Comparison of formulations and in uence of parame-

ters

Brandner reported that the approach of Kreuzinger and Siededescribed in Equa-
tion 2.6.45, leads to shear modulus values approximately %0lower than those
obtained using the method proposed in EN 408 (Equation 2.&@}% This discrepancy
can be attributed to the test con guration, which induces pedominantly vertical
compression, resulting in larger vertical deformations cqrared to horizontal ones,
which arise mainly due to the Poisson e ect.

Furthermore, Kreuzinger's formulation is only partially experimental: the moduli

Ex

and E, are theoretically computed as weighted averages of the ¢lasnoduli of

the lamellae across the thickness. In contrast, the EN 408 mqoach is purely exper-
imental and directly re ects the physical behavior of the etire panel as tested.

Table 4: Shear moduluss for 3-layer CLT specimens based on corrected Bradner's data

Series Inst. a {j t a=t gap Gkr  Guaos Gpoc
[mm] [mm]  [mm] [mm] [N/mm 2]
Al TU Graz 160 30/30/30 90 1.78 NFB 640 650 {

A2 TU Graz 160 30/30/30 90 1.78 0 460 490 460
A3 TU Graz 160 30/30/30 90 1.78 5 300 320 460
Bl TUM 80 20/20/20 60 1.33 0 500 500 410
B2 TUM 160 20/20/20 60 2.67 0 600 590 520
B3 TUM 160 30/30/30 90 1.78 0 420 490 460
B4 TUM 160 30/30/30 90 1.78 0 430 480 460
B5 TUM 240 40/40/40 120 2.00 0 310 380 480
C1 TUM 230 30/30/30 90 2.56 0 480 560 510
Cc2 TUM 230 30/30/30 90 2.56 0 470 520 510
C3 TUM 230 40/40/40 120 1.92 0 450 530 470
C4 TUM 230 40/40/40 120 1.92 0 440 510 470

Table 5: Shear moduluss for 5-layer CLT specimens based on corrected Bradner's data

Series Inst. a tj t a=t  gap Gkr Gaos Ggoc
[mm] [mm] [mm] [mm] [N/mm 2]

A4 TU Graz 160 17-19/32/19/32/17-19 119 1.34 0 520 540 540

A5 TU Graz 160  28-30/30/30/30/28-30 148 1.08 0 510 550 490

A6 TU Graz 160 40/19/30/19/40 148 1.08 0 460 490 540

A7 TU Graz 160 31/19/20/19/31 120 1.33 0 490 540 540

A8 TU Graz 160 40/19/40/19/40 158 1.01 0 410 460 540
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The formulation proposed by Bogensperger is more theoredldn nature and is de-
rived from modeling shear deformation in the transverse lays, assuming a constant
strain distribution and idealized contact conditions. Ths approach typically yields
higher values than Kreuzinger's formulation, as also conmed by Brandner's re-
sults.

While the method is useful for design purposes and for compétve estimations,

it does not always capture reductions due to manufacturingedects, imperfections
along the glue lines, or the presence of gaps, since it is natskd on experimental
data.

Lateral Bonding and gap presence

As already observed in the previous paragraphs concerningetishear behavior of
the panel, gluing the lateral faces of the lamellae results & monolithic response of
the panel, which also leads to improved shear modulus values

As shown in Table 4, considering the Al, A2, and A3 series|which hee the same
layer thickness and lamella width, but di er in edge treatmat (glued edges for Al,
unglued with zero gap for A2, and unglued with a 5 mm gap for A3)|the di erences
between con gurations are signi cant.

In Bogensperger's formulation, the presence or absence apg between lamellae
does not in uence the result; however, the formulation is rtovalid when the narrow
faces are glued, and therefore returns the same values for ARlaA3.

The shear modulusG,eg, calculated according to EN 408, is 490 N/mfnfor A2
and 320 N/mn for A3, representing a reduction of 3%% when introducing a 5 mm
gap. A similar trend is observed in Kreuzinger's formulatio, whereGgr drops from
460 N/mm? (A2) to 300 N/mm? (A3), with a reduction of 34:8%.

These di erences are even more pronounced when narrow faocading is considered.
Compared to A2, the G4og value for Al is 326% higher, and compared to A3, the
increase reaches 103%. Similarly, Gkg for Al is higher than A2 by 391% and
than A3 by 1133%.

Therefore, bonding along the narrow faces signi cantly impves the shear sti ness
of CLT panels, increasing the shear modulus by approximaje5 28%. However,
the presence of gaps has a more detrimental e ect, leading teductions of similar
magnitude.

Ratio of width to thickness

As the a=t ratio increases, meaning as the ratio of slat width to panehickness
increases, the shear modulus increases almost linearly. Awe tfollowing graphs
show, Bogensperger's method shows the largest slope in thlaygers CLT layup, so

it is the most a ected by this ratio. In 5-layer panels, G is ato observed to grow
as a=t increases, but the sensitivity also depends on the calcutzt method. In

particular, Kreuzinger turns out to be the most sensitive, wite Bogensperger gives
more stable and higher values even for loa=t. For both panel types, a positive
correlation between G and thea=t ratio is con rmed: panels with wider lamellae
relative to thickness tend to have higher shear stiness. Bmgnsperger's method
tends to give higher average values, with higher sensitiyiin the 3-layer and lower
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Trend of G as a/t changes for 3-layer
(Brandner's data)
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Figure 21: Trend of G as a/t changes for 3-layer (Brandner's data)

Trend of G as a/t changes for 5-layer
(Brandner's data)
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Figure 22: Trend of G as a/t changes for 5-layer (Brandner's data)
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sensitivity in the 5-layer. In 5-layer panels, variationsn a=t are more limited but
strongly in uence the formulations of kreuzinger and form K 408.

43






Literature review on CLT with gap

3.1 Introduction on CLT with gaps

For the other series, the theoretical formulation used to t¢eulate the net shear
strength proves to be less accurate. Indeed, the introduoh of voids signi cantly
modi es the shear behaviour of the panel, in uencing key pameters such as con-
nement, stress distribution, and stress transmission beteen the lamellae. These
e ects, which are not fully accounted for in the classical fonulation, result in net
shear strength values that are not directly comparable wittstandard theoretical
references.

3.2 Inuence of the presence of gap

The introduction of gaps in cross-laminated timber (CLT) paels has been the sub-
ject of study since the early 2000s. The periodically repest representative volume
element (RVE), used to model the panel, reproduces the typicatress and strain
di usion pattern under loading. However, the inclusion of gas signi cantly alters
the internal stress distribution and forces the structure @ adopt alternative load
transfer mechanisms.

The geometric discontinuities introduced by the gaps inhibload transmission across
the unbonded side faces of the lamellae. As a result, the vegl shear cannot be
transferred in the gap regions, concentrating instead in thadjacent bonded zones.
This leads to a localized increase in vertical shear and lahglinal stresses within
the continuous lamellae. Likewise, the rolling shear is lited to the reduced e ec-
tive width of the transverse lamellae, further modifying tle overall shear behaviour
of the panel.

As reported by Kreuzinger [21], in the presence of discontities, the de ection of
shear stresses leads to a corresponding increase in normralsses, which intensi es
sharply at the location of the discontinuity. The author investigated the behaviour
of a CLT panel subjected to shear loading in the presence of apgbetween the
lamellae. In the study, a three-layer element|/comprising o longitudinal outer
layers and a transverse inner layer with a central void|was sibjected to an applied
shear load along its edges, as illustrated in Figure 24.
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Figure 23: Speci c kind of load introduction at the board cross{sections of CLM@osbrugger, WCTE,
2006)

Figure 24: Gap execution (Kreuzinger, Scholz, Wirtschaftliche Ausfshgsund Bemessungsmethode
von ebenen Holzelementen, 1999)
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The analysis shows that the shear deformation in the transkse lamellae is sig-
ni cantly greater than in the longitudinal lamellae, con rming the reduced shear
sti ness of the transverse layers and resulting in a non-ufarm strain distribution.
Near the void, the shear stresses in the transverse lamellaegressively decrease as
they approach the free edge. However, in the region of the vpitie load is entirely
absorbed by the longitudinal lamellae, resulting in an inease in stresses in these
layers, as the transverse ones are interrupted. This leads & redistribution of the
stress eld around the opening, as shown in Figure 25.

The mismatch in sti ness between longitudinal and transvese layers causes an in-
crease in normal stresses perpendicular to the panel planeorder to facilitate load
redistribution around the void. As a result, both tensile andcompressive stresses
arise in the transverse direction at the void, with the highgt concentration occurring
at the corners, where the principal stresses exhibit sharpdreases.

Moreover, due to the absence of bonding at the free edge in tlhansverse lamella,
shear stress transfer is limited to a narrow e ective width tthe board. By the same
mechanism, the transmission of rolling shear also occurdynover a reduced portion
of the board's width.

o Rl Ff"“ﬁﬁﬁ" %Lk Tension stress
r i o o Im" oy Pl a- 3 % .
’ < BT RRRIGR T ¢ > N e N == Compression stress

X
Ve T T T 2 X _'._.h
' 1 : [ Shear stress

Figure 25: Principle stresses in vector representation (Kreuzingehdht, Wirtschaftliche Ausfahrung-
sund Bemessungsmethode von ebenen Holzelementen, 1999)

based on this behavior Kreuzinger proposes a shear sti neggluction factor valid
only for small gaps:

Ared t . a
Kieq = =1 — 2 sin — 6 3.2.1
red a a t ( )
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The formula leads to a nonlinear reduction on the basis of the=t ratio, but the
author suggests a further general reduction of 10%. Howevether authors have
reported that the reduction is good only for small-scale tés with small gaps, but
that larger reductions are needed for large gaps.

3.2.1 Shear behaviour with gaps

Kreuzinger [21] suggests that a CLT panel with gaps, when sjgated to shear
loading, exhibits a structural behavior where the longitushal layers carry the entire
shear force in the regions of discontinuity (i.e., in the gapones). The shear force
is then transferred between the longitudinal lamellae throgh the bonded interfaces
with the transverse layers, which are characterized by high shear deformability and
the presence of normal stresses perpendicular to the pankne, so the introduction
of Gap intorduces discontinuities that distorts the transnssion process of the load.
Moosbrugger [22] accounts for the e ect of nite spacing beteen boards by intro-
ducing a correction to the exibility term associated with Mechanism Il. Speci cally,
the sections of boards bridging the gaps between adjacenirellae are modeled as
short cantilever beams, behaving according to Timoshenkggissner beam theory.
Due to their short span, additional exibility terms are required to capture both
shear and bending behavior. As a result, the author modi es thoriginal expression
by introducing new terms in the formulation, as shown in thedilowing equation
2.5.27 by including this e ect:

|
G G

C _Cwmas 3 4,Y 1,58 43 1+
GO;mean GO;mean a GQ Geff a

2 t_' ’ + 29 E S
a E a
(3.2.2)
The author reports a reduction in the equivalent shear sti @SSG =Gy, mean Of UpP tO
40% as a function of the ratia=a, due to internal discontinuities between adjacent
boards.
Again, [22] suggests that a rough estimate of the reduction ioverall shear sti -
ness|compared to the equivalent value for a fully bonded (hanogeneous) panel|can
be obtained by considering the ratio of bonded area to totalrea:

G _; Aoren_, bR (3.2.3)
GO;mean A B H
With a nite element study, the author comes to state that sheamodulus depends
strongly on the aperture parametem=a, de ning e ective shear modulus reduction
curves for square apertures, according to the approximatejuation 3.2.3 and ac-
cording to the nite element model: Franzoni [23] also addeses the in-plane shear
sti ness of CLT panels with gaps, using a Bending-Gradient fieory approach, which
is compared against both simpli ed models and experimentdhta. The author notes
that the sti ness in the Dgg plane (see Equation 2.5.22) decreases signi cantly even
with small gaps, and that this reduction is not proportionalto the material loss,
unlike exural sti ness. Therefore, the Moosbrugger modetends to overestimate
the actual sti ness, while the homogenization approach bag on Bending-Gradient
Theory provides good agreement with experimental resultsjith errors under 6%.
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Figure 26: Wall segment with quadratic opening, (a) schematic, (b) nitdeznent deformed shape
(Moosbrugger, WCTE, 2006)

0 02 0.4 06 08 |
b/B = h/H

Figure 27: Elastic e ective wall shear sti ness for wall segments withagratic openings (Moosbrugger,
WCTE, 2006)
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Moreover, the presence of gaps leads to localized stresscemtrations and non-
linear behavior, even under moderate load levels, which cpheates the analytical
formulation. The study also con rms the dependence of sheati ness on both the
geometric ratiot=a and the number of layers.

E,E13 (ASSEMBLY_CELLULEMIRROR-1_ORE3)

Figure 28: transverse shear strains in the deformed unit-cell due to shear force. (Franzoni, Ledo
toire Navier, 2017)

3.3 Review of Existing Studies

3.3.1 Bending Test

Investigations into the bending strength of CLT panels withgaps have already been
made in Christl Christl's thesis [24], and by Franzoni [25]. Christl proposed a

variation of the Shear analogy method formulation proposey Kreuzinger to take
into account the presence of voids. Then the beam in the equat 3.3.4 with exural
sti ness B, becomes:

(3.3.4)

%Y
>
1
m
¥
I
'_\

The B beam with bending sti nessBg (Steiner terms) and shear sti nes$Sg become:

a2
1— t1 1 P n 1L + tn n
b 2 G; =2 G 2 G,
(3.3.5)
and proposes an e ective exural sti ness that is a ected bythe shear sti ness as
de ned: 1

T (3.3.6)

Sg 12

X
Bs = Ei bt € Sg =

eff (EJ) = Bp + Bpg

When the shear sti nessSg is high (as in the case of a solid panel), the denominator
of the expression tends toward unity, and the formula simpés to the classical
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expression e EJ) = B + Bg. Conversely, wherSg is low|due to the presence of
gaps|the denominator increases, leading to greater deforability of the panel.
Christl reports that the density of the intermediate layershas little e ect on the
overall bending sti nessBy, because their location results in a low contribution to
the Steiner term and becaus&gy, < E 5. The outer layers are primarily responsible
for the exural sti ness due to their higher moment arms in the Steiner component.
However, the transverse (cross) layers strongly in uence ¢hshear sti nessSg, and
thus indirectly aect e ( EJ).

According to Christl, Sg decreases from approximately 44%47% for con gurations
with Wgap =1 @, down to 63% forwg,, =2 a.

In addition, the author notes that the shear deformation bemmes a signi cant con-
tributor to total deformation in panels with gaps. For exampe, with I=t = 28,
the shear-related deformation increases from 7% for panalghout gaps to 13% for
Wgap =1 @, and up to 19% forwg,, =2 a.

In bending tests, the presence of gaps leads to a reductionbianding sti ness: ap-
proximately 6% forwg,, =1 a and about 10% forwg,, =2 a. However, the same
con gurations exhibit increases in shear strength and roilg shear: up to 49% and
69%, respectively.

Finally, the author conducted four-point bending tests folbwing the procedure out-
lined in Annex C of EN 16351:2021. The specimens without gapsléd predomi-
nantly in bending tension, whereas the specimens with gapshéited mixed failure
modes, including rolling shear and longitudinal shear. Inosne cases, delamination
failures were also observed.

Figure 29: Four-point bending test setup (Christl, Karlsruher Institi#r Technologie, 2024)

Experimental tests con rm a reduction in exural stiness as the gap content in
the panel increases. The author di erentiates between bemd) sti ness with and

without the contribution of shear deformation, according ® the formulation in Equa-

tion 3.3.6.

The exural stiness, excluding shear e ects, decreases b3% CV = 5:9%) for

the series withwga, =1 a and by 39% CV = 8:8%) for the series withwg,, =2 a,

when compared to the reference panel without gaps. The preus theoretical pre-
dictions had indicated only a negligible decrease By with the introduction of gaps,

revealing a slight mismatch between theory and experimenndhis point.

In contrast, the e ective bending sti ness e (EJ), which includes the contribution

of shear deformation, decreases even further by 26% and 42%yprectively. However,
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the discrepancy between theoretical and experimental vas remains below 3 4%,
con rming the accuracy of the proposed model.

The experimental values of shear sti ness show a higher degrof variability: the
coe cient of variation (CV) is 10:8% for the gap-free series, 28% for the 50%
gap series, and 3R% for the 66% gap series. This variability is attributed to he
sensitivity of inverse analytical methods used for determing shear sti ness.

In conclusion, the introduction of gaps in the transverse Yers, if not compensated
by reinforcement, leads to a marked decrease in out-of-ptasti ness. This a ects
both the global deformability and indirectly the load-beaing capacity of the panel.

Franzoni [25] proposes two approaches for calculating oot-plane sti ness in panel
bending: a simpli ed method based on a volumetric reductiofactor , similar to
that used by Christl, and a more advanced method using perimlhomogenization
within plate theory. The second method was developed to ensuapplicability not
only to exural sti ness but also to shear sti ness.

This homogenization method isolates a Representative Vohe Element (RVE) un-
der periodic boundary conditions, treating the panel as a piedic repetition of RVE
units. By applying bending loads, the e ective bending stinessEl is derived; by
applying shear loads, the shear sti nes&A is determined. This approach estimates
the energy required to deform the RVE and is supported by defad nite element
simulations.

As shown in Figure 31, the estimation oEJ using the simpli ed model, the ho-
mogenized model, and experimental data aligns well, with sediation between the
simpli ed and FEA results of less than 5%.

Conversely, in the estimation ofGA, the simpli ed model tends to overestimate the
stiness by 20 30% at large gap ratios, while the homogenized FEM model remai
consistent with the experimental results.
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Figure 30: Reduction of bending sti nes&!| (left) and shear sti ness and>A with increasing spacing
(Franzoni, World conference on Timber Engineering, 2016)

In conclusion Franzoni reports that for estimating the exual stiness EI a sim-

pli ed model that takes into account the presence of voids W a factor similar to
is su cient, but for nding the transverse shear sti ness GA the linear approach

is not su cient. The author reports that in the presence of vads nonhomogeneous
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deformation mechanisms develop with longitudinal lamelé&a exing locally, so the
second approach takes into account local deformations anellogeometry.

3.3.2 Buckling test

Christl [24] also conducted buckling tests on the same speens used for the out-of-
plane bending tests. These tests aimed to determine the manim critical buckling
load and the associated collapse modes, with particular atition to the in uence
of the gaps between lamellae in di erent panel con guratios.

The specimens had a length df=2:61 m and were simply supported at both ends.
Lateral displacements were measured using a centrally ptacdisplacement sensor.
The series with a gap size ofigep =1 a (with a=t= 3:75) exhibited a reduction in
critical buckling load of 308% compared to the reference series without gaps. The
reduction was even more pronounced for the con guration Witwg,, = 2 a, which
showed a drop of 65%.

The dispersion between results increased signi cantly viitthe presence of gaps,
highlighting the increased unpredictability of the mechaical response. In fact, the
coe cient of variation (CV) reached 21:0% in the series with the largest voids.
Consistent with the observations made in previous chapterseries with gaps but
larger lamellae showed more moderate reductions. Specilgathe reduction was
26:7% fora=t = 4:75, while it increased to 310% fora=t=5:75.
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Figure 31: Buckling test setup (Christl, Karlsruher Institut far Tdmologie, 2024)
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Experimental investigations

4.1 Specimens

The shear tests covered in this thesis were conducted by theaMsruher Institut
fur Technologie on CLT panels manufactured entirely in Genany. Five di erent
series were testedA, A1, Ao, B1, and B,, with di erent characteristics, the same as
those already tested by Christl mentioned in the previous pagraph. To describe the
series, it is necessary to introduce a coe cient that takesnto account the presence
of voids within the individual layers. The coe cient, introduced by Christl, is
de ned as:

-_ 14 4.1.1)

a+ 8gap
If the layer has no voids, it will have = 1; if voids are present, the coe cient will
be < 1.
All samples of all series are composed of 5 layers, eacm0thick, resulting in pan-
els with a total thickness of 10hm. In addition, all panels are made of spruce wood
from Norway, with grade C24 at the end of the grading process.h€ layers without
voids also have no glue on the side faces. The adhesive usetita the layers is
1K-PUR glue, Jowapur 686.30. In the series described below,id® are inserted
within the panel. These voids will be inserted with two arragement patterns: one
alternate a lamella followed by a void (1 : 1) the other a lamia followed by two
voids (1 : 2). This arrangement allows di erent material desities to be simulated,
enabling analysis of how density reduction a ects the meché&al properties of the
CLT. Table 6 shows the main characteristics of the panels.

4.1.1 A series

The A series consists of con gurations with a xed slat width ofa = 75mm and
a thickness oft; = 20 mm for each of the 5 layers, but with varying occurrencesf o
voids among the AO, Al, and A2 series.

The AO series contains no voids in any of the layers;(= 1) and serves as the
reference series for comparison. It is used to evaluate holetpresence of voids
in the other series a ects the mechanical properties compad to a solid panel.
Therefore, this series shows no reduction in properties dt@ gaps, as presented in
Table 7.
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Table 6: Characteristics of tested CLT panel series

Series A0 Al A2 B2

No. of spec. 5 4 6 6 6

No. of layersN 5 5 5 5 5

Layup tix [mm]® 20 20 20 20 20

Layup t,, [nm]@® 20 20 20 20 20

w; [mm] 7% 75 75 95 115

Wgap, executon [MM] 0¥ 75 150 95 115
Layer Density [%)]

1= 5 100 100 100 100 100
2= 4 100 50 33 50 50
3 100 50 33 50 50
Normalized thicknesses [mm]

t 100 70 60 70 70
P t|;T:P t, @ 0.67 0.40 0.29 0.45 0.39
Reduction factor [%]

Ay 0 17 22 17 17
Ay 0 50 67 50 50
Vet 0 30 40 30 30

@ x... ngitudipal direction; Y... Transverse direction
@ with ~ t.7 t)L

® Not narrow faces bonded

In contrast, the A1 series features voids in all layers except for the outer en@ayer

1 and layer 5). The inner layers alternate between the presan and absence of

lamellae, resulting in the removal of every second lamellad achieving a density of
2= 3= 4 =0:5. Property reductions due to the presence of voids are shown

Table 8.

The A2 series increases the presence of gaps by introducing vandghe three inner
layers, removing two slats out of every three. This resultsiia density of , = 3=

4 = 0:33. The resulting reduction in properties is shown in Table.9

4.1.2 B series

The two B series feature di erent slat widths compared to therevious series, while
maintaining 5 layers with a thickness oft; = 20mm. Voids are inserted in the
inner layers, while the outer layers remain fully lled, asn the previous series.
The B1 series uses lamellae with a width & = 95 mm, with voids introduced in
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Table 7: Layer densities and reduction factors for AO con guration

Set 1= 5 2= 4 3 Axnet [%] Ay;net [%]  Vhet [%0]
A0 1 1.00 1.00 0.00 0.00 0.00

Table 8: Layer densities and reduction factors for A1 con guration

Set 1= 5 2= 4 3 Axnet [%0] Ay;net [%0]  Vhet [%0]

Al 1 0,50 0,50 0,17 0,50 0,30

the inner layers by alternating the presence and absence afellae, resulting in
»= 3= 4,=0:5. The characteristics are shown in Table 10.

Similarly, the B2 series also has the same percentage of voids as Bk series,
however, they have a slat widtha = 115mm, having the characteristics shown in
the table 11.

4.1.3 Reduction factor

Similar to what Christl did for each layer in formula 4.1.1, 1 is possible to introduce
a reduction coe cient for the entire panel, , for each experimental series, de ned
as the weighted average with respect to the thicknesses ofetlindividual layers,
according to the following formulation:

= ! (4.1.2)

which give the results in the table 12.

Table 12: Layer reduction coe cient for each series

Series A0 Al A2 Bl B2
1.00 0.70 0.60 0.70 0.70

The following formulation leads to the same result a1 denoted ast in the
table 6.

4.2 Laboratory tests

The tests were conducted according to the procedure sped én DIN EN 16351
[8], previously described in Section 2.6.3 and shown in FiguB3. The specimens,
described in the previous paragraph, were prepared with densions of 1500 mm in
height and 500 mm in width, and were oriented so that the bre®f the individual
layers were inclined at 45from the vertical.

The test specimens were not fabricated individually but werextracted from a larger
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Table 9: Layer densities and reduction factors for A2 con guration

Set 1= 5 2= 4 3 Axnet [%0] Ay;net [%0]  Vhet [%0]

A2 1 0,33 0,33 0,22 0,67 0,40

Table 10: Layer densities and reduction factors for B1 con guration

Set 1= 5 2= 4 3 Axnet [%0] Ay;net [%0]  Vhet [%0]
Bl 1 0,50 0,50 0,17 0,50 0,30

prefabricated CLT panel. To achieve the required orientatin, the layout of the
specimens was planned so that the ber direction of the outdamellae would form
a 45 angle with respect to the vertical loading axis once cut. Fahis purpose, the
large panel was marked with diagonal lines at 45and the individual specimens
were then sawn along these lines.

Figure 32: Cutting 45° angled panels

The experimental setup was carefully designed to ensure tiheproducibility and
consistency of results across the test series. Each specim@&s mounted between
two steel platens of the RT5000 hydraulic testing machine, hich has a maximum
load capacity of 5000kN. A spherical seating cap mounted onehupper loading
head ensured uniform load distribution and mitigated the sk of localized stress
concentrations. The specimens were manually centered undbhe machine head
using adjustable steel spacers and reference marks on bdik panel and the platen
to avoid any eccentric loading, which could result in bendme ects and invalidate
the shear-dominated failure mode.

The loading was applied under displacement control at a caast rate of 1:5 mm/min,
as recommended in relevant literature and standards. Thiglatively low speed was
selected to allow the material's response to develop fullynd to enable accurate
tracking of the strain elds with high temporal resolution. The load was applied
monotonically until failure occurred, typically within a time window of 300 to 1200
seconds, depending on the specimen geometry and con guoati
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Table 11: Layer densities and reduction factors for B2 con guration

Set 1= 5 2= 4 3 Axnet [%0] Ay;net [%0]  Vhet [%0]

B2 1 0,50 0,50 0,17 0,50 0,30
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Figure 33: Shear test of cross laminated timber under load in the plane diioms (DIN-EN16351,
2021)

No te on pads or friction-reducing materials were used betvem the specimen and
the loading plates, as the machined steel surfaces were sieantly smooth to reduce
restraint e ects. Previous studies have shown that unnecsary friction reduction

can arti cially alter the boundary conditions, particularly when the specimen has
transverse discontinuities. Therefore, the frictional beavior was left unaltered to
maintain consistency with real-world conditions. To mease displacements and

deformation elds across the full height of the specimens, digital image corre-

lation (DIC) system was used. Specically, a LIMESS Q-400€AM system was

employed, capable of capturing three-dimensional (3D) gilacements and strains
in real time. The system consisted of four 5-megapixel camasy with two cameras

placed symmetrically on each side of the panel. Each pair cdroeras was xed on

high-precision tripods at a distance of approximately one eter from the specimen
surface, and was meticulously adjusted in terms of apertyrocus, and exposure to
maximize image clarity and eliminate motion blur.

lllumination of the test setup was provided by six blue LED paels, three per side,
positioned around the cameras to ensure homogeneous liggtiacross the panel
surfaces. A high-contrast speckle pattern was manually alpgd to the specimen

surfaces using a black-and-white aerosol paint mix with appximately 50% black

coverage. This speckle pattern was critical for ensuring@erate DIC measurements
by maximizing pixel contrast and pattern uniqueness over thpanel surface. Before
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Figure 34: Test set-up

testing, the DIC system was calibrated separately for thednt and rear faces of each
panel using a standardized calibration target provided by IMESS. This calibration
process involved acquiring multiple reference images atetient positions and angles
to characterize the camera geometry, lens distortion, angatial orientation. The
resulting 3D measurement accuracy was validated using th&tla 4D software, which
returned a residual error value consistently below 0.25, Wéelow the threshold of
0.5 accepted in engineering-grade strain measurements.

Figure 35: Checking the illumination using the Istra setting

The principle of DIC is based on the tracking of pixel clustey; or "subsets", across
successive image frames. Each subset is tracked throughdisplacement from one
image to the next, allowing for the calculation of displaceent vectors and, subse-
guently, strain tensors across the entire measurement domaln this test series, a
virtual grid of several hundred measurement points was deed across each panel
face, excluding the clamped ends to avoid artifacts caused boundary e ects. The
grid extended over the full height of the specimen and cover¢he central portion
of the width. Subset sizes and step distances were selectedptimize spatial reso-
lution while maintaining a high signal-to-noise ratio. TheDIC system operated in

synchronization with the hydraulic testing machine and thelata acquisition system.
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Displacement and force data were recorded simultaneouslyafrequency of 1 Hz.
In some cases, particularly during early test runs, manualschronization of the

load and image data was required due to minor time o sets beeen system clocks.
This was achieved by aligning identi able features in the lad{displacement curves
with the DIC-derived strain responses.

Figure 36: Recognition of speckle patterns

The raw DIC output included three-dimensional coordinate$x;y; z) for each mea-
surement point, as well as displacement components {) and strain tensors (xx; yy; xy)
resolved within the local measurement plane. Data were exped in CSV format

at each time step using an automated Istra 4D script. Subsegnt data processing
was carried out using MATLAB and Python scripts developed smecally for this
project. These scripts enabled the extraction of shear strapro les, the computa-
tion of the e ective shear modulusG, and the evaluation of average and peak shear
stresses in prede ned regions of interest (ROI) within the gnel.

To ensure the reliability of the measured values, both the dnt and rear faces of
each specimen were analyzed independently. This decisicaswnade to avoid spatial
averaging, which could mask local phenomena such as micemting, layer delami-
nation, or slippage at the interfaces between layers. Theea®sf high-resolution DIC
on both surfaces was especially important in panels with s in the transverse
layers, as these discontinuities can lead to asymmetric defation patterns and
localized stress concentrations.

In summary, the combination of a high-precision loading siam, rigorous specimen
preparation and alignment, and full- eld strain tracking via DIC provided a robust
experimental framework for studying the shear performanad modi ed CLT panels.
The methodology was particularly e ective in capturing thee ects of discontinu-

61



Chapter 4. Experimental investigations

ities, such as voids or unglued narrow faces, on the develogmh of shear stresses
and strain localization.

4.3 Evaluation of experimental data

4.3.1 Evaluation according to EN-408

Following the experimental tests, the acquired data consexl of load values recorded
by the testing machine on the one hand, and deformations olieed via the digital
image correlation (DIC) system on the other. These two datatreams were then
combined to enable the evaluation of mechanical parameters

In the case of the AO series, however, there was an asynchromiieen the applied
load and the measured deformations: the two datasets weret maitially temporally
aligned. To remedy this issue, manual synchronization waggormed by identifying
the point at which regular increments|indicative of the onset of the linear elastic
phase|appeared in both datasets. This allowed for the seldion of the initial linear
branch of the load{deformation diagram, which is necessafgr the determination
of sti ness.

For all other test series, this issue did not occur: force ameformation data were
already correctly synchronized.

In the following paragraphs, the experimental data will be aluated according to
the di erent theoretical formulations presented in Chapte 2, in order to compare
the experimentally obtained results with the models availae in the literature.
Two reference coordinate systems were de ned on the two péariaces to position
the speckle pattern, as shown in Figure 37.

4.3.2 Data evaluation according to EN408

The EN16351 [26] that as seen also outlines the directions testing, as shown in
Figure 33, also outlines the data evaluation procedure.

For data processing, some authors averaged the front-facues captured by cam-
eras C12 and the rear-face values captured by camera C34 idarto obtain a single
mean value for the panel. In this paper, however, the data fno the two faces of
the same panel are considered separately, as signi cant drences were observed
between them.

The approach recommended by [26] suggests analyzing theisecof the load{deformation
curve between 10% and 40% of the ultimate load. Below 10% ofkthreaking load,
the application of force may a ect the apparent sti ness due @ seating or initial
settling e ects. Above 40%, the load{deformation responsepically becomes non-
linear.

As Ernst [27] reports, the procedure given in the regulations unclear regarding
how to account for the length di erence between the two load sasurement points.
Therefore, it is recommended to follow the evaluation prodere described by Silly
(2014).

In this procedure, the relative vertical and horizontal defrmations are rst cal-
culated at 10% and 40% of the ultimate load, based on the defoation of the
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Figure 37: Reference system for point detection in the panel
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Figure 38: Deformation of the quadrilateral
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guadrilateral shown in Figure 38. These deformations are thaised to compute the
following:

Wheanvert = Y12 = JY1  Y2) (4.3.3)
Wheanhoriz = X34 = JX3 X4 (4.3.4)

From the measured deformations, two deformation terms|demted asw; and w;
according to the formulation in EN [26]|are de ned as the sum of the vertical and
horizontal deformations at 10% and 40% of the maximum forceespectively, as
shown below:

Wmean,shear (O; 1 I:max ) = Wmean,vert (O; 1 I:max ) + Wmean,horiz (O; 1 I:max ) (4-3-5)

Wmean,shear (0;4 I:max ) = Wmean,vert (0;4 I:max ) + Wmean,horiz (0;4 I:max ) (436)
Consequently, the di erence between the strains results:

Wmean,shear = Wmean,shear (O; 4 I:max ) Wmean,shear (O; 1 I:max ) (4-3-7)

The shear modulus calculation formula according to EN 163%26], given in 2.6.45,
with the evaluation of strain di erences according to the fanulation proposed by
Ernst [27] , results to be:

h0 0;4 I:max 0;1 I:max

2 bCLT tCLT Wmean; shear

Gy = (4.3.8)
However, the formulation doesn't take into account the presee of voids, and to
consider the reduced resistant area, it needs to be modi edo do this, we are to
de ne a reduced thicknesg for series with gaps, de ned as:

X
t = | R (439)

The results are shown in the table 6. This yields the nal formla for evaluating
series with gaps:

Gyyvoid = ho 0,4 Fmax 01 Fmax
Xy;VOi 2 bcLT t Wmean: shear

The evaluation of the experimental data was carried out on lalhe results obtained
for each test series, considering the front and back faceseafch tested panel sep-
arately. This approach allowed the construction of a su ciatly large dataset to
enable meaningful statistical analysis.

Assuming a normal distribution of the data, statistical Itering was performed by
excluding extreme values beyond the ¥0and 90" percentiles. The purpose of this
Itering was to reduce the in uence of potential outliers, which could be related to
local irregularities or experimental errors, and to focushe analysis on the central
portion of the distribution, which is more representative bthe average mechanical
behaviour.

(4.3.10)
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Box Plot Shear stiffnes G from experimental data
according to EN formulation
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Figure 39: Box plot of the shear modulus

As can be seen from the box plots in Figure 39, there is a high cogent of variation,
which can be attributed to several signi cant outliers in the data evaluation. Based
on this observation, it was necessary to assess the distrilmn of each series and to
truncate the tails of the distributions in order to evaluatethe series based on the
most representative values.

The resulting distributions, obtained after outlier remowal, are shown in the graph
in Figure 40, while the appendix of this thesis contains the thled processing
procedure for each test, along with the corresponding balkaped distribution graphs
for each series.

Compare the normal distribution according to EN408
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Figure 40: Normal distribution of the series

As shown in Figure 40 and Table 13, the curves and data reveal grsi cant shift due
to the presence of voids. Starting from the average value Gfy. mean = 495:92 MPa
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for the AO series, the average shear modulus is drastically reduced1t7317 MPa
in the A1 series|representing a reduction of 651% compared toAOQ. Although the
distribution is broader, it remains well-centered, indicang increased variability but
still good experimental consistency, witlCVg.a1 = 7:95%.

A further reduction in lamella density in the A2 series results in a mean value of
Gyy:mean = 125:21 MPa, amounting to a 748% reduction compared toAQ. This
con guration also shows a high standard deviation and a coeient of variation
of CV = 22:7%, suggesting greater structural instability in panels wh very large
voids.

The B 1 series shows a partial recovery in sti ness, with a mean va of 24456 MPa,
corresponding to a 50r% reduction compared tAO. The smaller standard deviation
(41:67 MPa) and the coe cient of variation CV = 8:57% indicate a distribution
similar to the Al series, but with narrower slat widths.

The B2 series, while showing some additional variation in resalcompared to the
Al and B1 series, maintains a good performance level, with a shear dotus of
30592 MPala 38 :3% reduction relative to AO. This con rms that, for the same
void width, con gurations with wider lamellae perform better.

Comparison of max and min experimental values of
A-series G according to EN408

550 .
—&— Sperimental + > <
500 . A~
—A— Sperimental -
“al —&— Sperimental mean )
400 Sper. From N.D. —
E
E 3
Z
z
Q

0,60 0,70 0,80 0,90 1,00
o [

Figure 41: Trend of shear modulus at varying voids for the A-series

The graph in Figure 41 shows the trend of the average values abkoand below
the mean for the A series, along with the new mean obtained from the normal
distribution. It can be observed that, for theA series|particularly for AO|there is

a high variance, as indicated by the normal distribution ofhe data. However, the
new mean resulting from the data processing does not di ergsii cantly from the
mean of the unprocessed data.
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Table 13: Statistical parameters of maximum load and shear moduiyg for each series according
to EN formulation

Serie nspec. Fmax, mean [KN] CVg,,, [%] Gyyimean [MPa] CVg,, [%] [MPa] Gnin{Gmax [MPa]

AO 5 325,32 2,05 495,92 10,32 63,43 432,82 { 573,45
Al 4 96,06 8,80 173,17 7,95 75,45 157,40 { 190,03
A2 6 46,27 8,91 125,21 22,72 39,52 89,71 { 157,79
Bl 6 86,96 8,06 244,56 8,57 41,67 216,60 { 279,43
B2 6 110,49 6,11 305,92 15,92 58,65 255,96 { 398,80

4.3.3 Evaluation according to Kreuzinger and Sieder

In addition to the approach already discussed in Equation @.44, it is necessary to
account for the presence of voids.
In the work of Schumacher [28], a method is proposed for calating the equivalent
shear modulus of hybrid CLT elements|composed of wood from iderent species
(beech and r) and discontinuous layers|through an adaptation of the theoretical
model proposed by Kreuzinger and Sieder. The author introdas a layer density
coe cient d, which accounts for the actual percentage of material in theonsidered
section due to the spaced arrangement of the lamellae.

E ti;ml E0;90;m1 mt ti;ol E0;90;q et ti;pl EO;O;I

XM

= (4.3.11)
terr

EyM — 1:i;ml E0;9O;m1 m T ti;1c:)1 E0;90;q et ti;pl EO;O;I (4.3.12)
CLT

Where:

A

ti.m1; tio1; ti:p1 Are the thicknesses of the transverse, diagonal, and longitimal
layers;

A

Eooomi; Eoogoq; Eoo1 Are the elastic moduli of wood in the respective direc-
tions;

A

m; e are the e ective densities of the transverse and diagonalfars, in terms
of the fraction of full relative to the theoretical full layer;

This approach was originally developed to account for mateit variability resulting
from the use of dierent wood species, by combining their mbanical properties
according to their spatial and percentage distribution. Inthe case of CLT with voids
(gaps)|the subject of this thesis|a similar methodology ca n be applied, where the

coe cient does not represent the variability of wood specig but rather the actual
fraction of material present due to the voids introduced be&teen the lamellae.
This coe cient can then be expressed as a function of the, coe cient for each
layer:

P Eo t + P Eg t
Eym = ——— 2 11 4.3.13
M P teur ( )
Ew ti i+ Eo ti
E = 4.3.14
M teur ( )
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The vertical elastic moduluskE, is used to determine the sti ness of the panel in
the direction parallel to the applied load during the linearelastic phase. The term

F= w represents the slope of the linear branch of the force{digmement curve,
calculated between two conventionally selected points abD% and 10% of the max-
imum applied force.
The presence of voids is also accounted for in this calcutaii once again through
the use of the coe cient, which reduces the e ective cross-sectional aeeof the
resisting material in the denominator:

E, = Mo F2 Fu (4.3.15)
Werr ter W2 W

By applying Equation 4.3.15 to the experimental data, it is pssible to analyze the
distribution of the results. Although the dierence w, w; in this formulation
refers only to the di erence in vertical displacements|unlike the formulation in the
previous paragraph, which also considers horizontal defioations of the quadrilat-
erallwe observe similar variability (CV) in the results obta ined for the E, value,
the only component of the formulation that depends directlyon the experimental
data, as shown by the box plot in Figure 42.
The series that exhibited the highest dispersion werAl (CV = 39%) and A2
(CV = 30%), likely due to the presence of gaps.

Box Plot Shear stiffnes G from experimental data
according to Kreuzinger and Sieder
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Figure 42: Box plot of the vertical modulus

Therefore, as in the previous case, it is necessary to anaythe normal distribution

of the results by excluding values outside the ¥0and 90" percentiles. As a result,
we obtain normal distribution curves that provide insight nto the behavior of the
data once outliers have been removed.

Indeed, the new coe cients of variation, obtained after stéistical processing, are
signi cantly lower, improving the consistency of the resis.

Analyzing the trend of the G,y.mean Values, we observe, as expected, a reduction as
a function of the presence of voids. The AO series, which comtsino voids, has an
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Figure 43: Normal distribution of the series

average shear modulus dbyy.mean = 461:18 MPa. Introducing the rst voids in the
Al series results in a decrease of approximately 62% in thestia modulus. With
a further increase in void content in the A2 series, the averagnodulus drops to a
total reduction of 77% compared to AO.

The B1 and B2 series, characterized by a greater lamella widtshow a more favor-
able mechanical response under the same void con guratiomain the corresponding
Al series. Speci cally, the B1 series is approximately 46% st than the Al series,
while the B2 series is 60% sti er compared to Al.

Table 14: Statistical parameters of maximum load, shear modul@g,, and elastic modulusE,
according to the formulation of Kreuzinger and Sieder

Serie nspec. Fpax, mean [KN] CVg,,, [%] Gyymean [MPa] CVg,, [%] [MPa] Ey.min [MPa] Ey.max [MPa]

AO 5 325,32 2,05 461,18 9,368 218,42 1398,91 2006,17
Al 4 96,06 8,80 174,75 6,214 284,75 584,32 1431,58
A2 6 46,27 8,91 103,82 20,136 111,07 203,83 561,97

Bl 6 86,96 8,06 254,12 11,186 156,59 593,76 1196,76
B2 6 110,49 6,11 279,02 12,657 148,96 757,24 1211,92

4.3.4 Calculation of shear sti ness according to Boegensperger

It's possible to follow a more theoretical approach accomly to Bogensperger's for-
mulation, already seen in the paragraph 2.5.28. The follomg formulation follows
the formula below recap:

C';O'mean
= ’ 431
G 1+6 e (é)z (4.3.16)
Where: N
FE = (—I’m;an) a (4.3.17)
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Where [4] recommends the following values for the coe cientg and g depending
on the number of layers:

Table 15: Parametersp andq for 1 from Dmescher [4]

No. of layers N [-] 3 5 7
p[-] 053 043 0.39
q[-] 079 079 079

Given that all series consist of ve layers, we assume the coents p = 0:43 and

g= 0:79.

However, as mentioned in Section 2.5, this formulation doe®intake into account

the presence of gaps within the panels. If we follow the ap@ch described in Section
3.2.1, where Moosbrugger [22] suggests accounting for gouing a linear reduction
coe cient, it is possible to adjust the result of Equation 43.16 by applying the

global coe cient, obtained as the weighted average of the; values over the panel
thickness, which are equal to:

ny;BOG = G (4318)
According to this formulation the results shown in the table & are obtained.

Table 16: Values of shear moduluSy, and percent reduction from the AO series

Serie A0 Al A2 Bl B2

Gy:soc [MPa] 453,58 317,50 271,24 347,09 368,49
Rid. AO [%] 0,00 -30,00 -40,20 -23,48 -18,76

The results show a linear reduction with respect to the factor for the A series,
which all share the samé=a ratio. In contrast, the B1 series exhibits a sti ness
that is 9% higher than that of the A1 series, despite having the same percentage of
voids. Similarly, the B2 series shows an even greater increase, with a sti ness 16%
higher than that of Al.

Table 17: Comparison of experimental values, Boegensperger's model aedrlregression

Series A0O-1 Al1-1 A2-1 Bl-1 B2-1

1 0,7 06 07 07
Gy.en [MPa] 49592 173,17 12521 24456 305,92
Gu.eoc [MPa] 453,58 317,50 271,24 347,09 368,49
Rid. EN [%] -9,34 4546 53,84 2954 16,98
Gu:.ir [MPa] 489,04 200,69 10457  { {
Rid. EN [%] -1,52 867 -761  { {

Table 17 and the graph in Figure 44 highlight that the linear caection factor does
not adequately approximate the experimental values obtagu according to the EN
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standard. In particular, signi cant discrepancies are olerved for the A1 and A2
series, which show substantial deviations from the expediealues.

This suggests that the approach proposed by [22] is not suent to accurately
account for the presence of gaps in CLT panels.

Figure 44: G,, Shear modulus from Boegensperger formula

Considering the linear regression of the data, it appears approximate the exper-
imental results according to the EN standard reasonably welkhowing percentage
di erences of approximately 7 8%. However, it fails to capture the rapid decrease
in G,y as decreases. In fact, the experimental data exhibit a sharperop than
that predicted by the linear descending model.

Although additional data would be necessary for a comprehdwms analysis, the avail-
able results suggest that Boegensperger's formulation st be modi ed to include
a nonlinear component that more accurately re ects the obse

4.3.5 Modication of Boegensperger's formula

The formulation in the previous paragraph accounts for the nesence of voids in a
linear manner with respect to the coe cient. However, as will be shown in Sec-
tion 4.4, the experimental results exhibit a nonlinear reteoonship with respect to
the introduction of voids. This highlights the need for a dierent formulation than
the one previously presented.

By considering the Eurocode-based formulation described $ection 4.3.1, it is pos-
sible to determine the corresponding values by inverting Equation 4.3.16:

Gy 1
=N ny;EN 6 (t:a)Z
Next, to model as a function of the presences of voids, two separate forntidas
were adopted. The rst formulation considers exponentiafl the presence of voids
with the coe cient

(4.3.19)

C2

cs (4.3.20)

Q|+

1=0C
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The coe cients ¢, ¢, and c; were calibrated through numerical optimization in
MATLAB by minimizing the quadratic error between the experimental and theoret-
ical values. This model assumes that the e ect of voids is pportional to a power
of the coe cient.

The second formulation is the following:

C2

t
2 0 - e &0 ) (4.3.21)

In this formulation, the e ect of e ective density is modelal using a decreasing ex-
ponential function. When = 1 (no voids), the exponential factor is equal to 1
anddoes not in uence ; when < 1, the exponential term progressively decreases
the value of . This approach is more numerically stable for extreme valseand
provides a continuous and smooth variation of sti ness. In @h models, the coef-
cients ¢, ¢, and c; were optimized using the functionfminsearch in MATLAB,
which implements the Nelder-Mead algorithm for nonlinear ofrnization problems.
The minimized objective function is the square of the devians between gy (0b-
tained from experimental data) and qeira, Weighted to reduce the in uence of higher

values.
X ) 2
Error = BN (4.3.22)

i=1 !
The inclusion of in both models allows the classical formulation to be exteed to
CLT panels with voids by introducing a physical parameter dectly related to the
actual geometry of the layer. We obtain the following coe cents C,, C, and C;
given in the table 18 for each formulation.

Table 18: Optimised coe cients for the two formulations of

Ci C, Cs

15t formulation 0,61723 -0,49823 -4,4098
2"d formulation 0,7246 -0,19501 -6,4134

As shown in Table 19, both formulations provide a good appraxiation of the shear
modulus, with the second formulation demonstrating greateconsistency in the the-
oretical values and generally smaller percentage deviaim

The most critical cases are those with the lowest values, such as theA2 series,
where the rst formulation overestimates the theoretical alue by +5:64%, while
the second underestimates it by 11:16%. In general, the rst formulation is more
sensitive to variations in due to the negative exponent, which can lead to larger
oscillations. The second formulation, by contrast, shows more gradual response,
avoids discontinuities in the results, and is therefore prerable.
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Table 19: Comparison of experimental and theoretical values of the sheadutusG,, with di erent
formulations of

AO Al A2 Bl B2
1 0,7 0,6 0,7 0,7
EN 0,9172 6,995 10,5721 6,8492 6,9183
1 1,1925 5,7483 11,344 6,4667 7,1125
-2 0,9376 6,4214 12,1944 6,7244 6,9796
Gy:en [MPa] 495,92 173,17 125,21 244,56 305,92
Gyy: 1 [MPa] 457,32 199,85 118,15 253,71 301,21
Di. Gy=G.[%] 7,78 -1541 5,64 -3,74 1,54
Gyy; 2 [MPa] 492,83 184,50 111,24 247,47 304,42

Di. Gy=G,[%] 0,62 -6,54 11,16 -1,19 0,49

The graph in Figure 45, together with the data in Table 19, clady illustrates the
nonlinear nature of the relationship between the shear motlis G,, and the param-
eter , which follows an increasing curve with decreasing variati.

Focusing on theA series|the only one supported by a su cient number of data
points|starting from a panel without gaps ( = 1), a sharp decrease inG,y is
observed for small reductions in. However, for larger reductions, the decline in
shear modulus becomes less pronounced, con rming the naelr behavior of the
relationship.

Figure 45: G,y Shear modulus from Boegensperger's modi ed formula

4.4 Comparison between di erent formulations

The two experimental approaches|according to the EN standad and that of Kreuzinger
and Sieder|use similar types of experimental data but di er in how the data are
interpreted.

While the EN-based approach evaluates the deformation of thé&rain quadrilateral
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by summing the horizontal and vertical components, therebgirectly representing
shear distortion, the model proposed by Kreuzinger and Siedconsiders only the
vertical component of the strain and couples it with theoretal assumptions. As
shown in Table 20, which compares all the data discussed inettprevious para-
graphs, the EN approach generally yields higher values thdahe Kreuzinger model
for series with signi cant void content (A2, B2). In some cases, such as th&l and
B 1 series, the Kreuzinger approach gives slightly higher ugs. In general, however,
the EN method tends to estimate a higher shear modulus, espaly for panels with
a greater number of voids A2), where the horizontal component of strain appears
to have a greater in uence.

This trend is consistent with the conclusion of Brandner [4{vho reports that the EN
approach tends to overestimate the shear modulus by approxately 10% compared
to the Kreuzinger method. This discrepancy is attributed tothe higher vertical
strain imposed by the compression-based experimental setwhich favors the EN
approach in capturing the mechanical response of the panel.

Another aspect of comparison concerns data dispersion. As wsimoin Table 20, the
values of the coe cients of variation (CV) do not fully align with what is reported
in the literature. Brandner [4] notes that no systematic inease inCV is observed
in the Kreuzinger approach. On the contrary, in most caseshé scattering values
are slightly lower than those obtained with the EN method. Tks discrepancy may
be due to the nature of horizontal deformation, which may not@urately re ect the
expected deformation mechanism under the given test con gation, or to variability
in the gap con gurations.

Table 20: Comparison of shear modul@,y; mean [MPa] according to di erent formulations for di erent

panel series

Serie AO-1 Al1-1 A2-1 Bil-1 B2-1

EN 408 495,92 173,17 125,21 244,56 305,92
CV [%] 10,32 7,95 22,72 8,57 15,92
Rid. A0 [%] 0 65,08 74,75 50,69 38,31
Kreuzinger 461,18 174,75 103,82 254,12 279,02
CV [%] 9,37 6,21 20,14 11,19 12,66
Rid. AO [%] 0 62,11 77,49 44,90 39,50
Boegensperger 453,58 317,50 271,24 347,09 368,49
Rid. AO [%] 0 30,00 40,20 23,48 18,76
Boeg.* - 2nd Form 453,58 199,85 118,15 253,71 301,21
Rid. A0 [%] 0 55,94 73,95 44,07 33,59

In general, the EN-based approach is considered more suigalbbr evaluating shear
stiness in the presence of voids, due to its ability to captte both vertical and

horizontal deformations. By contrast, the Kreuzinger apprach tends to signi cantly

underestimate sti ness. In the present study, the variabity (CV) was not found to

be signi cantly worse for either approach.
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Figure 46: Trend of shear modulus at varying voids for the di erent formatibns

Considering Boegensperger's formulation with the correéon proposed in [22], which
assumes that the reduction in shear sti ness is proportiohdo the amount of ma-
terial present (i.e., proportional to ), it is found that this model systematically
overestimates the shear modulus for panels with voidé&{, A2, B1, B2), particu-
larly in the case of theA2 series, where the error exceeds 100%.

This indicates that the loss of stiness is not directly promrtional to the loss of
mass. The residual lamellae no longer behave as a continusystem, and the ef-
fectiveness of the interlayer connection decreases morargiy in the initial phase,
before stabilizing. This e ect is evident in the transitionfrom =1to = 0:7,
where the sti ness drops by 70%|not 30% as the proportional nodel would sug-
gest. However, further increasing the voids from=0:7to = 0:6 results in a more
moderate change in sti ness.

Focusing on theA series, for which multiple samples with varying values are avail-
able, the experimental data suggest a nonlinear decreasitignd. For this reason,
an exponential model or one based on powers ofas in Boegensperger's second for-
mulation) appears to be both mathematically and physicallymore consistent with
the observed behavior.

4.5 Determination of shear stresses

In the same test con guration, the shear strength of the wooth the panel can also
be determined. As previously described, it is important to dtinguish between pan-
els with glued and unglued narrow faces. In the experimentssdussed in this thesis,
no panel had glued faces between the lamellae within the satager, resulting in a

clear shear failure.

The geometry of Brandner's test|where panels are rotated 45 with respect to the
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main bre orientation|induces a composite, yet well-de ne d, stress state. This con-
guration makes it possible to determine the maximum sheartiesses corresponding
to the ultimate load.

A panel loaded in the vertical direction undergoes a compigse stress, with refer-
ence to the &;y) coordinate system, equal to:

F F
g A acur  teur (4:5.23)
Since compression, < 0. As the specimen is oriented at 45the stresses in the
rotated system Ky ;ym) are no longer just normal but shear components appear.
Thus, the stress , < 0 with respect to the system X;y) can be decomposed into a

compressive stress equally distributed in the two directis x,, and yy :

1 1 F
= = - = = 4.5.24
XM yM 2 y 2 ACLT ( )
And in a shear tension:
In this case, the shear stress at maximum loa8.x is determined according to:
Fmax

oy = — max 4.5.26
MM 2 acit teur ( )

It can be observed that the calculation of shear stresses rinathis test is indirect,
as no direct shear load is applied. Instead, an axial compsege load is imposed
on a rotated specimen, and through stress transformation,shear state is induced.
This shear stress is not applied independently but resultsdm the rotation of the
coordinate system and is always accompanied by compressiessyi.e., it does
not represent a purely deviatoric state. The shear and comgssive stresses are
inherently coupled, as illustrated in Figure 47.

Figure 47: Stress components in compression test with inclined samplet®f (Brandner, Graz
University of Technology, 2017)

As described by Brandner [4], the in uence of compression ihear leads to the de-
velopment of compressive stresses perpendicular to the igravithin the transverse
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lamellae, denoted asg,. These stresses play a critical role in the shear failure nfrec
anism of CLT panels, as they directly a ect the material's abity to resist sliding
between bres. In particular, the presence of transverse gmression can modify the
mechanical response of the wood, resulting in an apparentiease in shear strength
and, consequently, a potential overestimation of the actliaesign strength.

When compression acts perpendicular to the grain, it e ectely con nes the bres,
increasing the friction and resistance to sliding betweermém. However, this e ect
does not re ect the true load-bearing capacity under pure gar conditions. In other
words, the increased strength is not an intrinsic propertyfadhe material, but rather
a temporary con ning e ect associated with the speci c stras state induced by the
test. For this reason, a correction must be applied to obtaia reliable estimate of
the characteristic shear strength.

In the rotated coordinate system Xy ;ywm ), the transverse compressive stress per-
pendicular to the grain is calculated as:

E
90 = xM;yM —% (4527)
Eym

Bla and Knager developed an empirical relationship to catulate the shear strength
adjusted for the parasitic contribution from compressionfor the case of gross shear:

And for the case of net-shear:

t
fuinet = xMiyM tC'T +1:15 g +0:13 2, (4.5.29)
net

Where: X
tnet = t‘,T (4.5.30)

Where it is recalled that oy is negative for compression.

The considerations made so far apply to CLT panels without gs. However, when
gaps are introduced between the lamellae, the existing foutas do not account for
the altered stress distribution within the panel.

To address this, the previously reported formula should beooected by a linear
factor of 1=, in order to re ect the percentage of voids present in the derent
tested series.

1
fv;gross; = xMyM —+1:15 4 +0:13 52)0 (4.5.31)

and:

t 1

net
Where the calculation ofEy takes into account the voids as shown in equation
4.3.14.
The test results are shown in the table 21 .
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Table 21: Sintesi dei parametri calcolati per le diverse serie di pdinne

Serie A0 Al A2 Bl B2

[-] 1,0 0,7 0,6 0,7 0,7
Fmax [KN] 325,32 96,06 46,27 86,96 110,49
mym  [MPa] 3,61 1,07 0,51 0,97 1,23
Mym ;. [MPa] 3,61 1,52 0,86 1,38 1,75
90 [MPa] 0,29 0,24 0,20 0,21 0,27
fuvnet: =0. [MPa] 9,04 545 3,57 4,93 6,26
fyvnet: [MPa] 8,71 518 3,35 4,69 5,96
Rid. oo [%] -3,66 -4,86 -6,15 -4,87 -4,84

The results obtained for the AO series, characterized by= 1:00, show shear stress
values very similar to those reported in the literature for amparable tests conducted
by Brandner [4] and Silly [18]. In particular, the net sheartsength was found to be
f et = 9N/mm 2, con rming the results of these authors and signi cantly egeeding
the conservative values reported in the standards, which ggest shear strengths
aroundf, 25 3N/mm? for C24-grade spruce wood. This agreement con rms
the validity of both the experimental setup and the calculabn method in the case
of continuous-slat panels.

In contrast, the Al, A2, B1, and B2 series, all characterized by< 1 and a reduced
e ective resistant area in the transverse lamellae due to tarnating voids, show
signi cantly lower values. Speci cally, the Al series (= 0:7) recorded a strength of
5:18 MPa, while the A2 series (= 0:7) showed an even lower value of3 MPa|a
reduction of more than 60% compared to the AO series. The B1 aB@ series (also
with = 0:7) reported values of 469 MPa and 596 MPa, respectively, con rming
the general trend.

Brandner [4] proposed a conservative design shear strendtn panels with small
cracks|on the order of a few centimeters|using a reference \alue of fy.netx =
5:5N/mm?, obtained from the same test con guration used in this workdr solid
panels. He further suggested applying a correction factoo this value based on the
spacing between the transverse lamellae:

fv; net :k — fv; net ;k; ref min (40:t‘; fail )0:4 ; 1; 3 (4-5-33)

However, the formula remains valid for small gaps in panels wfre narrow faces
aren't glued.

Although the formula 4.5.32 adopted for the stress correctiancludes a multiplica-
tive factor to account for the reduction in the resistant sen, the results show that
this linear correction is not su cient to explain the loss ofbearing capacity. This
suggests that more complex structural mechanisms are ediabed in panels with
transverse lamellae discontinuities than the analytical odel assumes. In partic-
ular, voids interrupt the continuous transmission path of Bear stresses between
the upper and lower longitudinal layers, inducing a concerdtion of stresses in the
residual resistant zones and promoting the early initiatio of localized cracking or
creep mechanisms. Although the correction formula 4.5.32cindes a multiplicative
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Figure 48: box plot trend of net shear stress

factor to account for the reduction in the e ective resistig section, the results
indicate that this linear correction is not su cient to explain the observed loss in
bearing capacity.
This suggests that more complex structural mechanisms dewoplin panels with dis-
continuities in the transverse lamellae than those assumég the analytical model.
In particular, the presence of voids disrupts the continuaitransmission path of
shear stresses between the upper and lower longitudinal éay, leading to stress
concentrations in the remaining resistant zones and proning the early onset of
localized cracking or creep mechanisms.

In conclusion, the 45 inclined test is certainly valid and representative for homge-
neous CLT panels, and Brandner's proposed characteristibesar strength value of
fynetk =5:5 N/mm? can be considered precautionary and reliable in such cases.
However, this approach becomes less suitable for accuratdgscribing the mechan-
ical behavior of panels with discontinuous transverse lartheee or signi cant voids.
The analytical model employed|based solely on a geometricarrection through the
parameter|fails to capture the nonlinearities introduced by structural disconti-
nuities.
To more accurately represent the behavior of modi ed paneladvanced numerical
models or alternative experimental setups are required|oes capable of more real-
istically describing the stress transfer mechanisms in CL&lements with hybrid or
discontinuous con gurations.

4.6 Determination of torsional stresses

In the test setup, torsional stresses developing at the boed interfaces between the
panels can also be evaluated. Brandner [4] determines thedional stresses,,, ; at
the point of gross or net shear failure based on the theory oblar torsion, taking
into account a nite number of layersN and a heterogeneous stratigraphy with layer
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thicknessed-; .

To account for bonded areas in both the outer and middle regie of CLT elements,
idealized layer thicknesses.,; are introduced, allowing for a more accurate estima-
tion of the torsional sti ness, with:

t., = min (2t-.1;t-2);
ten 1 =min(tin 152tn) (4.6.34)
toogie N 1= MIN(ty;ti)

with t-; as thickness of the layer = 1;2;::;; N{1 and the relationship:

t t..
tor;i = 3fv;grossp% E‘I (4635)

i=1 i

As in the previous case, voids are taken into account linearfyroportional to the
factor as given below:

.. =3f,. D teur t\;i
tor ;i; vigross™ N 1
i=1 t"i a

(4.6.36)

Despite the considerations made for the series with voids wealculate the gross
shear strength using the egaution 4.5.31, so as to obtain thesults in table 22:

Table 22: Parametri relativi alla resistenza a taglio grossa e tensiotienlamelle longitudinali

Serie A0 Al A2 Bl B2
[-] 1,0 07 06 07 07
Frmax [KN] 329 273 225 195 205

Brgoss [MPa] 329 126 0,64 1,14 145
ti l;[mm 80 80 80 80 80
oi [MPa] 329 1,80 1,06 1,63 2,07

The values calculated for the tangential stress,, ; in the longitudinal lamellae show
a trend consistent with that reported by Brandner [4], who iénti es a reference
value of approximately 25 MPa for standard panels. The AO series, which contains
no voids, recorded a maximum value of:39 MPa|higher than the reference|likely
due to the absence of bonding between the narrow faces of thansverse lamellae,
which induces greater stress concentration at the longiturdhl joints.

In contrast, the series with voids exhibit lower values, wit a minimum of 1:06 MPa
observed in the A2 series. This reduction is likely a limitatin of the analytical
formula itself, as it is reasonable to assume that, despitbé reduced bonding area
in panels with voids, the actual stress does not decrease aadlically as the model
suggests.
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5.1 Existing FEM approaches in literature

Some attempts to model the test described in this study havdraady been explored
in the literature.

Silly [18], already referenced in this work, developed a meldusing orthotropic
shell elements suitable for the behavior of layered compiaspanels. In particular,
each lamella was modeled as a thin orthotropic shell with itspeci c orientation
and thickness. The contact between layers was not represedatusing frictional or
cohesive interfaces; instead, a perfect bond was assumetivieen adjacent layers.
This implies that no slippage or relative separation was alved between lamellae of
the same layer, consistent with a \fully bonded" laminate mdel.

The model employed standard four-node shell elements wite ned meshing along
the height and width of the panel, using 2 2mm elements to ensure convergence
and su cient stress resolution, especially in regions withhigh strain gradients.

At the bottom of the panel, the support was modeled as a rigidddy in contact
with the panel surface. A friction coe cient was de ned to represent the interaction
between the wood and the steel support, typically rangingdm = 0:2to 0:4, inline
with both the experimental setup and literature. The contatconstraints prevented
interpenetration while allowing friction-governed tangetial sliding.

The load was applied via a rigid load plate positioned at theop of the panel and
coupled with the upper edge of the specimen.

The use of an orthotropic layered model allowed for an accuearepresentation of
stress and strain distributions in both the longitudinal am transverse layers, cap-
turing the di erences in deformation behavior between them However, the use of
\monolithic" elements for each layer is not representativéor panels without bond-

ing along the narrow faces|let alone panels with gaps.

Silly [18] reported shear modulus values ranging from appimately 280 to 470 MPa,

depending on panel height and thickness. Notably, for a veayer panel with a total

thickness oftc it = 100 mm, a value of 470 MPa was obtained.

The results showed strong shear stress concentration in tbentral transverse lamel-
lae and demonstrated the in uence of panel geometry and bodary interactions on

global sti ness response. In particular, taller panels exbited lower apparent shear
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sti ness due to increased bending deformations and a reducghear-to-bending sti -
ness ratio. This highlights the importance of consideringspect ratio and deforma-
tion modes when interpreting both experimental and numera shear test results.
Furthermore, the study assessed the impact of base frictidoy simulating di erent
coecients ( =0:4 and = 0:2) for the contact between the CLT panel and the
steel support. It was observed that higher friction can sigrcantly increase the ap-
parent shear sti ness, likely due to added constraint at thesupports. This suggests
that friction e ects must either be minimized in experimentl setups or explicitly
accounted for in numerical models to avoid overestimatinG.

Khaloian [29] developed several models with a focus on théeirplay between mod-
eling strategies and experimental validation. His approaobxplored both simpli ed
and detailed structural representations, o ering a valuale comparison with more
re ned models such as Silly's.

Khaloian used 2D plane stress elements in ABAQUS to model CLT pels, explor-
ing both homogenized and simpli ed layer representations.The model assumed
orthotropic material behavior and perfect bonding betweetayers, without incorpo-
rating contact or frictional e ects. The load was applied va a rigid plate, and the
support conditions were simplied. Compared to Silly's ne& mesh and frictional
support model, Khaloian's approach prioritized computatinal e ciency and re-
duced complexity. As a result, the computed shear modulé3 values were generally
lower, ranging from approximately 200 to 320 MPa dependinghdhe con guration.

5.2 Finite Element Model Using Beam Elements

5.2.1 Description of the model

The CLT panel beam element model was developed as an alterinat modelling
strategy to the more detailed shell- or solid-based apprdaes previously discussed.
This model aims to explore the potential of a simplied panekepresentation in
which each lamella is modelled as a 1D beam element with appriate transverse
properties. The main advantages of this approach include gaof implementation,
low computational cost, and simple interpretation of intenal forces and moments.
However, the use of one-dimensional elements to represemidrently three-dimensional
wood components introduces several limitations. The concteon between the dif-
ferent layers is de ned through nodal coupling between ovapping beam elements.
This results in a discretized, point-to-point transmissio of shear and normal forces,
which fails to capture the continuous nature of inter-lamiar stress transferred in
real CLT panels. In addition, the absence of explicit contdanodelling prevents
the simulation of potential interlayer slippage, delaminton, or non-linear shear
behaviour. Furthermore beam models are unable to represdotal stress concen-
trations, transverse sti ness e ects or deformation phenmena, factors that can be
signi cant in the presence of voids, discontinuities or asotropy of layers. For these
reasons, while the beam model can be a useful tool for prelrary assessments,
parametric studies or load path validation, it is not suitalbe for high- delity predic-
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tions.

Despite these limitations, the beam model can o er a partidar advantage in the

case of CLT panels with gaps where the unbonded regions bedwdamellae increase.
In these con gurations, the absence of bonding between adgnt lamellae results
in local mechanical behaviour that di ers from the assumptins of fully bonded or-

thotropic plates.

The beam formulation, with its explicit de nition of independent elements and lo-
calized connectivity, is inherently capable of represenig such discontinuities more
naturally. As a matter of fact, the lack of continuity betweenlayers is directly re-
ected in the absence of nodal constraints between the beanements where the
gaps occur. This allows the model to simulate free beams (tl@mellae) that are not
constrained by adjacent layers, which may be more realistior panels with reduced
transverse connectivity.

Figure 49: Beam network making up the model

Therefore, although the beam model cannot accurately captithe stress elds in
conventional CLT panels, it can provide a qualitatively beter understanding of load
transfer mechanisms in panels with partial lamination, vais, or unbonded narrow
faces.

For this reason, the model developed iStrand7 must address several limitations, yet
it remains a useful tool for highlighting di erences with repect to existing studies
in the literature.
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5.2.2 Properties of the Elements

The beam element model was implemented using t&#rand7 software environment.
Each lamella of the CLT panel was represented by a one-diménsal beam element
based on Timoshenko beam theory, which accounts for both lkng and shear
deformations. This formulation was chosen to simulate nointy the exural sti ness
of the lamellae, but also the shear contribution|an important factor in the in-plane
shear response of cross-laminated timber panels.

Sti ening of the Bonded Interface

As previously mentioned, the inherent one-dimensional nate: of beam elements re-
quires that the interaction between layers|especially those with perpendicular grain
orientations|be modeled through discrete coupling mechairsms. In this model, the
transverse lamellae in adjacent layers were connected viaring elements (elastic
links), representing the mechanical behavior of the adhesior contact interface.
However, this modeling approach introduces fundamental spications. The con-
nection between layers is reduced to pointwise constraintacting only at discrete
nodal locations where beam elements intersect. As a consetpee the model does
not represent the continuous nature of the bonding interfa; which, in real CLT
panels, transmits stress across a full surface area.

While the stiness of the spring elements can be calibrated tapproximate the
global stiness of the bonded joint, the model cannot replate the actual shear
stress distribution along the interface. Nor can it capturedcal phenomena such as
stress concentrations or interlayer slip.

Figure 50: Frontal views of various sub-element models: (a) solid continuomodel (RVSE),(b)
simpli ed physical model, (c) plane grid model. (Moosbrugger, W& 2006)

This limitation becomes especially signi cant in the casefdull panels, such as those
in series A0, where failure often occurs along the bonded irffice between lamellae.
Since the beam model lacks a continuous contact formulatioih cannot adequately
represent this failure mechanism.

Nonetheless, this modeling strategy o ers a valuable simpaiation for panels with
partial or discontinuous bonding, such as those in seriésl, A2, B1, andB2. In
these con gurations, the discontinuity between lamellae|resulting from intentional
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voids or unbonded narrow faces|is better approximated by the discrete nature of
the beam model, as previously discussed.

Conversely, this modeling approach does not accurately apgimate solid panels
such as those in the A0 series, where the rupture interface tgplly occurs in the
transverse lamella, speci cally in the small gap between twparallel lamellae of the
upper and lower layers.

To address the limitations outlined above, two variants of ie beam model were
developed. In the rst version, each beam element was asséghthe e ective cross-
sectional properties reported in the rst row of Table 23. Tlese properties re ect
the geometric and elastic characteristics of the lamellasubdo not incorporate

orthotropic behavior, which will be addressed separately ia later section.

Table 23: Elastic properties assigned to the beam elements in di eremtd®l zones

Zone E [MPa] G [MPa] []
Initial models 11000 690 0
Sti er zone 1100000 1000 0

The second version of the model was designed to provide a mogalistic approxi-
mation of the interlaminar sti ness, particularly for full panels where shear transfer
through the glue lines is signi cant. To achieve this, a stiened sub-region was intro-
duced within each beam element, representing the glued intece. This sub-region
is located at the position of the spring element and extends/@r a length of |,
where | is the total length of the beam element and is a dimensionless scaling
factor less than one.

The value of is determined from the following expression:

r

ny'EN
—_— 5.2.1
GFEA ( )

Where G,,en is the experimental shear modulus derived from physical tésg and
Grea is the apparent shear modulus derived from the initial beam odel.

Figure 51: Display of beam properties in A0, A1 and A2 series
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Equivalent Shear Modulus for Beam Modeling

To more accurately reproduce the shear deformation behawiof CLT panels in the
beam element model, an equivalent shear modulus was derivedeplace the default
isotropic value typically used for beam elements. This adfiment was necessary
because actual stress transfer in CLT panels occurs at thertmted interfaces between
lamellae, involving a combination of shear along the grainGp) and rolling shear
across the grain Ggo), the latter being signi cantly lower, as previously discgsed.
These two mechanisms act together in transferring shear efis across the bonded
interface, and their combined e ect cannot be captured by airsgle isotropic shear
modulus.

To determine a more representative shear modulus for use inetbeam model, an
analytical procedure is proposed based on equating the tbtshear deformation in
the actual bonded region to that in the beam representation.

If rolling shear and longitudinal shear deformations are osidered as two sti nesses
acting in series, the equivalent shear modulus can be detenad as follows:

1 1 !
oy
Go Goo

Considering a lamella segment of lengtlh, width a, and thicknesst located at
the bonded interface, two types of shear deformation occufl) out-of-plane shear
deformation governed by the shear modulus parallel to thegn, Gy, and (2) rolling
shear deformation governed by the shear modulus perpendamuto the grain, Ggo.
Since these two mechanisms act in series within the bondinggron, the total shear
deformation is obtained as the sum of the individual contribitions associated with
Go and Ggo. This allows the derivation of an equivalent shear modulu&, that
represents the combined shear behavior across the intedac

Geq = (5.2.2)

ot = ot 90 (5.2.3)

The deformation contribution associated with shear alonghe bre is represented
by the classical relationship for a rectangular section sydrt to shear:

Y b
=

- 2.4
{ G (5.2.4)

The second contribution is due to the rolling shear. This isssessed by considering

Figure 52: Deformation mechanisms in the lamella-Beam
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the rotational deformation due to the torque generated by ta applied shear force.
The corresponding deformation is:

Vb
90 — — 4

2 5.2.5
5 (5.25)

NI T

t
GQO
Where:

" Jp is the polar modulus of the bonded section, calculated as:

a bP+b a

o = 13

" Factor 2 takes into account the symmetrical contribution ofthe upper and
lower lamella.

In the beam element model, the shear deformation is calcudat with the classical
expression for rectangular sections, assuming an equivalehear modulusGeg:

beam — Lt Gieq (5.2.6)
In order to determine the appropriate value ofG¢, to be assigned to the beam
elements, it is possible to equate this equivalent shear foulation to the actual
deformation occurring within the bonded region between laeflae. The total shear
deformation can be expressed as the sum of two independenntcibutions: o
(shear along the grain) and gy (rolling shear across the grain).

beam = o0t 90 (5.2.7)

By substituting the expressions obtained above foryp and g9, the nal formula for
the equivalent shear modulus is derived:

_ b
Ca= @O ot w)

For practical calculation purposes, it is convenient to sinmgy all deformation expres-
sions by eliminating the shear force ternv, which is common to both contributions.
In doing so, one obtains dimensionless expressions thatnegent the geometric and
mechanical in uence of the two deformation mechanisms indendently. These ex-
pressions provide a more intuitive comparison between sheslong the grain and
rolling shear, and allow the equivalent shear modulus to be@mputed based solely
on material properties and geometric parameters.

(5.2.8)

b
(V)
= 5.2.9
0 a t Gy ( )
Pt
(V) —
- 5.2.10
0 = 3 Geo ( )

These two terms represent the unit contributions to the overdl deformation, nor-
malized with respect to the applied shear force. This normahtion allows for the
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calculation of the equivalent shear modulu§e, to be used in the model according
to the expression given above, independently of the appliéoad intensity V.

Table 24: Parametri geometrici e risultati del calcolo @eq per diverse con gurazioni

Parametro AO Bl B2

a [mm] 75 95 115

b [mm] 75 95 115

t [mm] 20 20 20
[-] 1,20 1,20 1,20

Gy [MPa] 690 690 690

Ggo [MPa] 69 69 69

J[MM/N] 9 105 9105 9 105
w[MM/N] 3 104 2104 1104
TOT [mm/N] 4 104 3104 2 104
Jp [mm?] 4867788 12530865 26907788
Geq [MPa] 142 203 262

The values shown in Table 24 clearly illustrate the in uencef the size of the inter-
face area between lamellae on the equivalent shear sti neSg, obtained from the
theoretical model.

For sample AO, characterized by lamellae witla = b =75 mm, a value of Geq =
142 MPa is obtained. Moving to wider lamellae in samples Ba & b= 95 mm) and
B2 (a= b= 115 mm), an increase inGeq to 203 MPa and 262 MPa, respectively,
is observed. This result aligns with the physical interprettion of the phenomenon:
the increase in contact area leads to a reduction in the rallj shear e ect, as the
rotational deformation of the transverse bres becomes srit@r when the interaction
area is larger.

In fact, examining the unit deformation values, ¢ decreases from 310 * mm/N
in the AO series to 2 10 * mm/N in the B1 series, and further to 1 10 * mm/N in
the B2 series. The deformation associated with shear alongetigrain ( o) remains
comparatively stable, con rming that the primary change isdue to the reduction of
rolling shear. This evaluation demonstrates how the beam rdel, if properly cor-

rected through an e ective sti ness valueGeq, can reproduce a behavior consistent
with the underlying physical mechanisms, accounting for llo shear parallel to the
grain and the non-negligible contribution of rolling shear However, it should be
emphasized that this remains a simpli cation, as the localantact-scale behavior is
not explicitly modeled, but rather incorporated through anequivalent parameter.

De nition of Rotational Sti ness in the Beam Model

In the beam-based nite element model of the CLT panel, eachrnella is represented
by a one-dimensional beam element, while the interaction tve2en orthogonally ar-
ranged lamellae is introduced via springs placed at theirtgrsection points. These
springs are intended to replicate the mechanical behaviof the glue lines and the
resulting resistance to relative motion between layers.
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In order to properly account for the in-plane rotational stiness arising from orthog-
onal lamellae, several studies have addressed this aspecthe literature.

Franzoni [30] de nes a deformable connection characterizég a rotational sti ness

k-, which depends on the torsional properties of the bonded arface as a function
of the wood material properties, lamella geometry, and glugharacteristics.

The key physical concept is that when two lamellae are gluedtbogonally and one
undergoes an in-plane rotation relative to the other, the gk line and the adjacent
bonded wood region experience a distributed torsional defeation. This deforma-
tion is analogous to the behavior of a soft rectangular prisrsubjected to torsion.
Consequently, the sti ness of the connection can be modelég an equivalent tor-
sional spring constant.

Figure 53: Wooden blocks connecting beams modeled as rational springrehgible under in-pnale
rotation (Franzoni,2019)

This connection is assumed to be represented by a rectangwalume of wood-glue
composite with width w, height h, and depthw, subjected to a torsional-type shear
deformation. The deformation of the glue-wood interface wolves shear in both
the ber-parallel and ber-perpendicular directions. To account for this anisotropic

response, an e ective shear modulus is introduced, which ptares the combined

contribution of the di erent shear mechanisms. It is de nedas:

_ Go+ Ggo
2

Or it is therefore possible to use th€&, of the previous paragraph in egaution 5.2.8.
From this, the reduced torsional shear sti nes$5, is de ned as:

_ Go w 2
7 3G, h

This expression re ects the reduction in torsional stines due to the anisotropic
material behavior and the geometry of the lamellae. The squedependence on the
aspect ratio w=h highlights how the connection becomes less sti as the lanes
become taller or thinner.

The nal rotational sti ness of the spring connecting two othogonal beams at their
intersection is obtained by combining the quantities de nd above. The rotational
stiness K. , expressed in units of torque per radianlN mm=rad], is given by:

Ge (5.2.11)

(5.2.12)

2Gow*
- G, = oW
K= PGy = 0 (5.2.13)
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This equation provides a physically consistent estimate diie torsional sti ness at
the glued intersections in CLT panels.

Bla [31] developed an approach that, in addition to calculang the torsional sti -
nessk. , also determines translational sti nesses in the two diré¢ions of the lamel-
lae, such thatk, = ky.

These sti nesses account for the limited rigidity of the gle interface and are ex-
pressed as functions of a bedding modulus which in this study is taken as
5N/mm?. The total translational sti nesses of the springs in thex and y direc-
tions are then de ned as:

K=Ky =k A (5.2.14)

where Agr is the e ective contact area at the crossing region betweeté longitu-
dinal and transverse lamellae (in mrm).

The rotational spring sti ness K. is derived by analogy with torsional deformation
and depends on the polar moment of inertia of the crossing are

K =k | p:kF (5.2.15)
with: b o .
a a
. = ——+ —— L.
| p:kF 7 7 (5.2.16)

This modeling strategy allows for capturing the compliant nteraction between

Figure 54: Beam Models with torsional and traslationals spring (Bla ,2013)

layers in CLT panels without explicitly meshing the glue lie using solid or contact
elements. The elastic springs|particularly the torsional ones|provide an e ective
mechanism for incorporating the weakening e ect of the contipnce at the crossing
areas on the overall in-plane sti ness of the panel. This isspecially relevant for
wider panels or those with fewer lamination layers.

To avoid interpenetration between lamellae in beam elementodels, it is necessary
to introduce a vertical translational sti ness that counteracts relative motion in the
direction orthogonal to the lamella face (i.e., the-direction).
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Table 25: Rigidezze elastiche calcolate secondo i metodi di Franzoni e Bla

Parametro A0 Bl B2

k- [N/mm/rad] Franzoni 9;59 10° 247 1 530 1¢f
k- [N/mm/rad] Bla 2 ;64 100 679 10 1,46 1C°
k« = ky [N/mm] Bla 2:81 100 451 10* 661 10
k, [N/mm] 1;55 10 248 1C° 3,64 10°

This sti ness, denoted byk,, is modeled as a linear elastic spring, assuming contin-
uous material behavior within the bonded contact region. lis calculated according
to the following relation:

E; A
t
This expression is derived from the classical elastic spgitaw k = EA=L, where the
vertical displacement is assumed to be resisted by a normakde distributed over
a bonded surface. The resulting value thus represents a lbgaint sti ness that,
at each interface node, reproduces the bond's resistancevirtical compression or
tension between layers.

k, = (5.2.17)

The results shown in Table 25 indicate that the torsional sthess valuesks esti-
mated using Franzoni's approach are signi cantly lower tha those obtained using
Bla's method, suggesting that the former provides a more oservative represen-
tation of the torsional behavior of bonded interfaces. Theiscrepancy becomes
particularly pronounced as sample size increases (from A0 B2), highlighting the
greater sensitivity of Bla's geometric model to system sde.

Bla's formulation was ultimately preferred over Franzonis due to its closer adher-
ence to the physical behavior of the connection. It explidit considers the bonded
surface as the interaction zone and introduces not only taohal but also trans-
lational sti ness, thereby accounting for all relevant corponents of the interface
response. Additionally, Franzoni's sti ness values are sigcantly lower and less
representative of actual mechanical performance.

5.2.3 Boundary conditions

In the nite element model, the boundary conditions were dened to replicate the be-
havior observed in the experimental tests described in thegvious chapters. Specif-
ically, a displacement was applied to the top of the panel inhe vertical direction

(along the y-axis) to simulate two distinct load levels: one correspoimt to 10%

and the other to 40% of the maximum load,,x obtained experimentally. These
two load states were chosen to investigate the initial respse of the system and
to evaluate the equivalent sti ness of the panel in the lineaphase of behavior, ac-
cording to the formulations proposed by both the EN standarénd Brandner, as

discussed in earlier sections.

Regarding the base of the panel, an initial boundary conddn was applied to re-
strain vertical motion only, allowing free horizontal dispacement. In a second step,
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to more realistically simulate the behavior of the interfae between the panel and
the support, friction was introduced. This was modeled by iplementing a yield-
ing spring in the x-direction, with sti ness k, capable of developing a horizontal
reaction force proportional to the applied displacement.

Figure 55: Boundary conditions at the base of the Beam model: xed constramtertical y direction
and exible constraint in x direction

The sti ness of the springky was de ned as a function of the friction coe cient

= 0:2 between the contact surfaces, the vertical reaction forég, and the mean
horizontal displacement of the nodes at the base, denoted@%?". The formulation
adopted to estimate this sti ness is:

Fy

mean
uX

ky = (5.2.18)
This relationship is derived from a linear approximation othe friction force based
on Coulomb's law. In real conditions, friction is a non-liner and non-conservative
phenomenon. However, for the sake of modelling simplicity, has been approxi-
mated here using a linear spring that reproduces|at the obsered average displace-
ment|the e ect of a force equal to the maximum friction force that can develop.
The resulting sti ness values range betweek, = 600 1000 Nemm.

This approach introduces a horizontal sti ness contributn into the model without
the complexity of implementing fully non-linear or contactbased simulations, while
still re ecting the e ect of friction observed in the experimental con guration.

5.2.4 Results of the analysis

In this section, the results of the beam model are presente@ihe shear moduli ob-
tained from the model, as well as the deformation mechanisrasd stress parameters,
are discussed.

Considering the deformations shown in Figure 56, the contoptot on the left, which
represents the vertical displacemerid,, exhibits a continuous distribution along the
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height of the panel. The displacement progressively incress toward the top|where
the load is applied|and reduces to zero at the base. This behaor is consistent
with that expected for a panel xed at its base, and it con rmsthat the vertical
component of the deformation is adequately captured by theelam model.

In the contour plot on the right, which refers to the horizonal displacementD,, a
Poisson-like e ect is clearly observed. The lateral edgettbe panel move in opposite
directions, with a visible transition in color from positive values (displacement to the
right) to negative values (displacement to the left). A Von Mses-type deformation
pattern emerges, in which the panel deforms laterally in rpsnse to the applied
vertical load.

Figure 56: Deformations of the Beam model in vertical directignand n horizontal directiornx

The di erent sensitivities of the modi cations introduced in the previous chapter
were initially investigated. The results are presented indble 26, which reports all
the variations applied to the AO series.

Table 26: FEM modelling results for di erent con gurations of the A0 sesig considering a glue
sti ness of k = 5N=mm?3

SERIES ny [N/mm 2] ny;BEAM kx =0 ny; BEAM ny;BEAM 7k x=0 ny;BEAM ;

EN 408 495,92 178,57 183,75 196,76 201,42
Red. [%] 0,00 63,99 62,95 60,32 59,38
Kreuzinger 461,18 200,79 207,09 233,95 239,97
Red. [%] 0,00 56,46 55,10 49,27 47,97
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The comparison between the theoretical formulations and ¢hFEM results reveals
signi cant insights into the accuracy and re nement of di erent modeling strategies.
Starting from the analytical predictions, the e ective inplane shear modulusGy,
calculated according to EN 408 is 4992 N/mm?, while the value obtained using
Kreuzinger's approach is 4618 N/mm?. This indicates that the EN 408 method es-
timates a shear sti ness approximately 5% higher than Kreuzinger's model. How-
ever, this discrepancy tends to diminish in the FEM simulatios.

The second column presents the results from the most simpdid FEM con gura-
tion, in which the CLT panel is modeled exclusively with beanelements, without
springs or localized sti ening at the glued interfaces. As @ected, this approach
signi cantly underestimates the shear sti ness, showingeductions of 639% and
56:46% relative to EN 408 and Kreuzinger, respectively.

The third con guration introduces a minor improvement by incorporating frictional
springs at the panel base, simulating horizontal restrairdue to friction. This leads
to a slight increase in sti ness, with reductions of 685% and 5510%, demonstrat-
ing the limited contribution of base friction to the overall structural response.

A more re ned model is adopted in the fourth con guration by bcally sti ening the
beam elements over a portion of their length ( 1), intended to represent the glued
interface regions. This modi cation improves the accuracyf the results, yielding
reductions of 6032% and 4927%.

Finally, the most complete model integrates both enhancemisisti ened glue-line
segments and frictional springs at the base. This con guran achieves the closest
agreement with theoretical predictions, with reductions 059:38% (vs. EN 408) and
4797% (vs. Kreuzinger). Among all tested con gurations, this radel proves to be
the most accurate in reproducing the expected shear behaviof CLT panels. It
con rms the importance of accounting for both interlaminarsti ness and support
conditions when aiming for a realistic representation of #hstructural response.

Investigation of glue sti ness

Given the results clearly deviating from reality, an invesgation was conducted on
the actual sti ness of the glue by increasing the initial stiess value ofk = 5 N/mm 3
as proposed by Bla . Therefore, the sti ness was incrementg increased in steps of
2:5N/mm?. The e ects of these changes can be observed in the graphs igiie 57
for the AO series.

Analogous con gurations were also examined for seri@&l and B2 under all void
scenarios , in order to de ne two additional series: B1-0 and B 2-0, representing
full panels ( = 1) with lamella widths of a = 95mm and a = 115 mm respectively;
and B1-2 andB 2-2, representing the analogue for the series witk 0; 7.

As shown in the table, the adhesive sti ness values were calitbed to match the
experimental results obtained using the EN formulation fothe tested con gurations.
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Figure 57: Development of shear modulus as sti ness increases for dntrmodels for the AO series

Figure 58: Development of shear modulus as sti ness increases for éintrmodels for the Al series
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Figure 59: Development of shear modulus as sti ness increases for @nérmodels for the A2 series

For the newly introduced con gurations, the results were istead compared with the
modi ed Bogensperger formulation.

It can be observed that the calibrated adhesive sti ness vaés for the series with =
1, highlighted in the comparison plot (Figure 60), generallghow good alignment,
with one notable exception. Speci cally, modeAO exhibits a signi cantly higher
adhesive sti ness ok = 12:78 N/mm?, whereas the other series show more consistent
values: k = 6:88 N/mm? for con guration B1 andk =6:10 N/mm? for con guration
B 2. Both di er by more than 50% from the A0 value, indicating a distinct behavior
in the reference con guration.

The results, obtained through interpolation to match the taget shear moduli, show
good agreement with both theoretical and experimental dataas demonstrated by
the low coe cients of variation (CV), which remain below 2% inmost cases.

Table 27: Parameters of FEM simulations for di erent con gurations compakre

SERIES AO Al A2 B1-0 B1-1 B1-2 B2-0 B2-1 B2-2

[] 1,00 0,70 0,60 1,00 0,70 0,60 1,00 0,70 0,60
Gensos [N/mm?] 495,92 173,17 12521 508,57 244,56 157,04 544,27  305,924,5219

k [N/mm3] 12,78 8,70 8,25 6,88 7.43 7,36 6,10 6,91 6,44
ke = k, [N/mm] 71.888 48.938 46.406 62.092 67.056 66.424 80.673 891.3 85.169
k [Nmm/rad] 6,7410 45910 4,3510 9,3410 1,011 9,9910 1,781C 2,0110° 1,881C°
Geeaw [N/mm?] 494,97 174,88 127,11 516,14 258,00 157,01 557,10 329,195,5219
CV(Gen-Grea) [%] 0,19 -0,99 -1,52 -1,49 -5,50 0,02 2,36 7,61 -0,51
For the series with reduced interface areas, i.e.,= 0;7 and = 0:6, the same

calibration method was used to determine the glue sti nessalues that best match
the target shear modulus.

As expected, the calibrated sti ness values tend to increasdightly as the bonded
surface area decreases. For instance, in tBel group, the adhesive sti ness rises
from k = 6;88 N/mm? in seriesB1-0 (with = 1;0) to k = 7;43N/mm?® in B1-1
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Figure 60: Shear modulus trends as a function of glue sti ness for serigth wi= 1

Figure 61: Shear modulus trends as a function of glue sti ness for serigb wi= 0; 7

Figure 62: Shear modulus trends as a function of glue sti ness for seridl wi=0; 6
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and k = 7;36 N/mm?® in B1-2. A similar trend is observed in theB2 group, with
k = 6;10N/mm?® in B2-0,k = 6;91 N/mm® in B2-1, andk = 6;44N/mm® in B2-2.
This indicates that, in cases where the available bonding eat is reduced, a slightly
higher local sti ness per unit area is required to reproducthe same global mechan-
ical response.

The results con rm the validity of this approach: the FEM simuations show strong
agreement with the reference values. The di erences betwethe experimental and
simulated shear moduli remain minimal, with coe cients of \ariation (CV) mostly

below 2%, con rming that the model calibration is reliable gen for panels with
discontinuities or reduced bonding surfaces.

Deformability of the model

In order to assess the contribution of bending and shear toghotal deformation of
the beam elements, the Timoshenko beam theory was applied. ll4a the classical
Euler-Bernoulli formulation, the Timoshenko model accous for the shear deforma-
tion by introducing a decoupling between the rotation of theross-section and the
slope of the de ected shape.

Speci cally, in the Timoshenko theory, the rotation of the gction di ers from the
derivative of the transverse displacement due to the pressmof the shear angle,
as expressed by the following relation:

dw
= —_— 5.2.19
Ix ( )
The total displacementw of a point on the beam is given by the integral of the slope
of the axis: zZ,
w(Xx) = dw dx (5.2.20)
. X 2.
This total displacement is composed of two contributions:
W(X) = Wex (X) + Wshear(x) (5.2.21)

The shear deformation can be isolated by integrating the sheangle along the
beam length: z, z, i

Wshear(X) = . (x)dx = . (x) X dx (5.2.22)

From the FEM model, it is possible to extract the vertical disppcementw(x) and
the cross-sectional rotation (x) at each node. By setting the origin of the refer-
ence system at the beginning of the beam segment, the relatidisplacements and
rotations can be computed as:
w(x) = w(x) w(0) (5.2.23)
x)= (x) (0 (5.2.24)
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The derivative of the displacement respect ta is approximated using nite di er-

ences:
aw  w(Xi+1)  w(Xi)

5.2.25
dx Xi+1 X ( )
Using this, the shear angle at each point is:
Wivp W
i= i — 5.2.26
Ty X ( )

Then, the shear deformation can be obtained by numericallptegrating using the
trapezoidal rule:
Wshear(xi) = J
j=1
Finally, the bending contribution is found by subtracting the shear part from the
total displacement:

j 1

5 (5.2.27)

W ex (Xi) = W(Xi) Wshear(xi) (5-2-28)

This method uses directly the outputs from the FEM model and &ws separating
the two contributions of the total beam deformation.

Table 28: Percentage of shear and exural deformation for each con guration

Series Shear Def. [%] Flexural Def. [%]

AO 99,90 0,10
Al 96,08 3,92
A2 19,78 80,22
B1-0 99,83 0,17
B1l-1 95,32 4,68
B1-2 20,73 79,27
B2-0 99,89 0,11
B2-1 96,20 3,80
B2-2 23,35 76,65

The results clearly show how deformation in the beam elemeanis distributed be-
tween shear and bending contributions. For the con guratios A0, B 1{0, and B 2{0,
nearly all deformation is attributable to shear|more than 99%. This is expected,
as in these cases the span between lamellae (the gap) is vanak compared to
the thickness of the lamellae. The ratio is approximately 5 m=75mm for AO, and
similarly low for B 1{0 and B 2{0.

Conversely, in con gurations with larger gaps|such asAl, A2, B1{1, B1{2, B2{1,
and B 2{2|the contribution of bending deformation increases sigi cantly. For in-
stance, inA2, more than 80% of the total deformation is due to bending, ville B 2{2
shows a value of approximately 76%.

This con rms that the deformation behavior is strongly in uenced by the span-to-
thickness ratio: short spans result in shear-dominated batior, while longer spans
lead to an increasing in uence of exural deformation.
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Figure 63: Trend of rotation Rz of the beam between two consecutive springs for series withl

From the nite element models, it is possible to analyze theeformation behavior of
the central lamella, which does not directly interact with he outer layers (assumed
without voids), but interfaces with transverse layers thatinclude voids.

The graphs in Figure 63 show the rotation around the-axis (R;) for a group of
three lamellae in di erent con gurations. This rotation can be used to derive the
curvature and thus the exural deformation of the beam elem#. In the graphs,
the straight segments indicate regions near the bonded zenghere the sti ness has
been increased, while the parabolic segments correspondtte gap regions between
bonded areas, where rotation and curvature develop.

In the = 1 series (Figure 63), the rotation is nearly zero throughouthe span,
con rming that deformation is almost entirely due to shear.However, introducing
voids|such as inthe = 0:7 series (Figure 64)|results in a noticeable increase in
beam rotation. This e ect becomes even more pronounced ingh = 0:6 con gu-
ration (Figure 65), where larger voids lead to more evident »ural behavior.

This progressive transition from shear-dominated to exwr-dominated deformation
further con rms the in uence of void geometry on the internd behavior of CLT
panels.

Stress trends along the lamellas

One of the main advantages of beam-based modeling is the eafsextracting internal
stress parameters directly from the model. This feature allvs the extrapolation of
shear stress data along a representative beam element.

In this analysis, a beam inclined at 45and located at mid-height of the panel was
selected in order to minimize the in uence of boundary e e and edge disturbances.
Along this inclined beam, the shear stress distribution wasnalyzed.

Due to the discrete nature of the spring connections in the ben model, the shear
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Figure 64: Trend of rotation Rz of the beam between two consecutive springs for series withO; 7

Figure 65: Trend of rotation Rz of the beam between two consecutive springs for series with0 ; 6
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stress remains constant between two springs, as the beammadats are only loaded
at their nodal connections with the springs. This behavioreasults in a step-like
distribution of shear stresses along the lamella.

Figures 66, 67, and 68 show the shear stress trend along theestdd beam for the
A0, Al, and A2 series, respectively. It can be observed that the centrayer is
generally the most stressed in all con gurations. Furthermore, the peak shear stress
is noticeably higher in the full panel model A0) compared to the models with voids
(A1 andA2).

This result re ects the reduction in global stiness due to he presence of gaps,
which decreases the overall shear stress transferred asrtige panel layers.

Figure 66: Shear trend along a central lamella of the AO series

Figure 67: Shear trend along a central lamella of the Al series

Similarly, the bending moment distribution along the beam lement provides further
insights into the deformation mechanisms.
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Figure 68: Shear trend along a central lamella of the A2 series

As shown in Figure 69, the moment varies linearly between adgat springs, con-
rming that the shear force is constant in those intervals. Tis is consistent with
the beam being loaded only at the discrete spring connectigoints.

A characteristic feature of the moment diagrams is the chaegn sign at the loca-
tions of the springs, indicating the presence of double cature in the lamella | a
typical behavior when alternating bending moments are indied by discrete support
and loading points.

The spacing between sign changes remains regular for all gamations, occurring
approximately every 80 mm. However, in con gurations with gas | such as series
A1 (Figure 70) andA2 (Figure 71) | discontinuities in the linear trend are observed
at larger intervals. These interruptions correspond to th@resence of internal voids,
which reduce the number of spring connections and extend thieee span of the
lamella.

Unlike the shear force trend, which decreases in the presermdfegaps, the bending
moment magnitudes are higher in the voided con gurations. Ais con rms the con-
clusions drawn in the previous section: as the span betweeorgled areas increases,
exural deformation becomes more signi cant and dominateshe mechanical re-
sponse.

It should also be noted that both for the graphs showing the glar and for the graphs
showing the moment, the trend of the stresses for mirroredylars is essentially the
same, for perfect symmetry of the test.

5.3 Finite Element Model Using Solid Elements

To provide an additional comparison, a further model was deloped inAbaqususing
solid elements. Unlike the previous beam-based models, tbadid-element approach
is expected to yield a more accurate representation of thetaal physical behav-
ior. One of the primary limitations of the beam-element streegy is the simpli ed
modeling of the glue interface, which often results in an ov@ealized mechanical
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Figure 69: Bending trend along a central lamella of the AO series

Figure 70: Bending trend along a central lamella of the Al series

Figure 71: Bending trend along a central lamella of the A2 series
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response.
In contrast, the use of solid elements enables a more reatistepresentation of
the bonding region, allowing for the accurate modeling of B its geometry and

mechanical interaction. This approach makes it possible twapture a more detailed
stress distribution within the adhesive layer, includingdcal e ects such as peeling
stresses or edge stress concentrations. As a result, the delement model o ers
improved predictive capabilities, particularly in cases here the behavior of the
adhesive interface plays a structurally signi cant role.

The panel geometry was initially modeled ininventor, which allows the construction
and assembly of individual solid lamellae. Each lamella waken exported and
reassembled within theAbaqus environment, where a full solid-element assembly
was constructed for nite element analysis.

5.3.1 properties of the material

In the solid model, the orthotropic mechanical behavior ofite wooden lamellae was
de ned by assigning directional material properties. The alues used are listed
in the following table: E; = 11;000 MPa, E, = E3 = 550 MPa, 1, = 0:48,
13= 23°= 0:42,Gq o = G13 =690 MPa, and ng = 69 MPa.
These values re ect the anisotropic mechanical behavior @food. Speci cally: -
E, and G, correspond to the direction parallel to the grain, where thenaterial
exhibits the highest stiness. -E,, E3, and G,3 refer to directions perpendicular
to the grain, which are signi cantly weaker. - The Poisson'satios 15, 13, and 3
represent the coupling between longitudinal and transvezsdeformations and are
chosen to match the typical transverse compressibility obffwood species.
This orthotropic characterization is essential for accutaly simulating the direc-
tional behavior of timber under multiaxial loading conditons.

Table 29: Ortotropic material properties assigned to the solid model

Model Young's Moduli [MPa] , Poisson's Ratios, Shear Moduli [MPa]
El E2 E3 12 13 23 GlZ Gl3 GZ3

Solid Model 11.000 550 550 0.48 042 042 690 690 69

To correctly apply the orthotropic behavior in Abaqus, it wasnecessary to de ne a
local coordinate system for each lamella. In this system, ¢tx-axis is aligned with
the grain direction (i.e., parallel to the length of the lam#a), the y-axis lies within
the plane of the lamella but orthogonal to the grain, and the-axis is perpendicular
to the lamella's surface.

Using this local orientation, Abaqus assigns the orthotropimaterial properties to
each solid element in accordance with the physical orientah of the wood layers.
This method ensures an accurate representation of the meaizal response of cross-
laminated timber (CLT) under multidirectional loading conditions.
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Figure 72: De nition of orthotropy orientation in model parts

5.3.2 Interaction between the slats

In the solid model, each lamella was represented with a 5 mmpybetween parallel
lamellae of the same layer. This choice re ects the real geetry of CLT panels,

where gaps are intentionally introduced during manufactung. Because of this,
there was no need to de ne any interaction between lamelladédt are parallel and

belong to the same layer. In reality, these lamellae are notugd to each other
and therefore do not transmit forces across the gap. Even wsrdloading, it is very

unlikely that these lamellae come into contact, unless theris a local failure or ex-
cessive deformation. For this reason, no contact interaoth was de ned between
them in the numerical model.

However, during real experimental tests, it is theoreticafl possible that under load,
the deformation could lead to contact between parallel larfiee. To simulate this

properly, a contact interaction with appropriate propertes (such as friction and
contact sti ness) should be de ned. Nevertheless, introdueg contact elements sig-
ni cantly increases the computational cost of the analysislt leads to more complex
convergence behavior and much longer solution times. In tlearrent case, since the
deformations observed at failure never reached levels thabuld cause contact (ex-
cept perhaps for some local crushing), the use of contact ikeen parallel lamellae
was considered unnecessary and was not implemented.

On the other hand, it is important to accurately represent tle interaction between
orthogonal lamellae that are glued together. In the real sticture, these layers are
bonded with adhesive that resists both shear and normal stges. In the model,
this interaction was de ned using atie constraint.

A tie constraint is a numerical tool used in nite element analsis to connect two
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separate surfaces or parts. When a tie constraint is appliedne surface is desig-
nated as themaster and the other as theslave The slave surface is forced to follow
exactly the displacements and rotations of the master suda. In other words, the
two surfaces behave as if they are perfectly glued togetheavith no relative move-
ment allowed between them. This means that no slip or separah can occur across
the interface.

Using a tie constraint o ers two main advantages. First, it sinpli es the model
signi cantly, as it avoids the need to de ne a complex adhege layer or cohesive
contact properties. Second, it reduces the computationainhie and complexity of
the simulation, which is essential when dealing with largena detailed models like
this one.

Of course, this simpli cation has some limitations. By usig a tie constraint, the
deformability of the adhesive layer is not taken into accoun In reality, the glue
deforms slightly under shear and tension, contributing tohte global deformation of
the panel. However, de ning a realistic cohesive behaviorrfohe glue line would
require very ne meshing and accurate material data, which euld make the model
extremely heavy and slow to solve. In large-scale simulati® like this, it is almost
impossible to introduce a detailed cohesive contact withbéacing impractical com-
putation times.

In conclusion, the use of tie constraints is a good comproraighat allows the model
to capture the global structural behavior of the CLT panel wile keeping the simula-
tion e cient. Although it does not account for the local deformation of the glue, it

ensures that the mechanical connection between layers ispected and that forces
are transmitted properly across the glued interfaces.

5.3.3 Boundary conditions

For the solid model, the boundary conditions were de ned in way that closely mir-
rors those applied in the beam-element simulations, in ond&® maintain consistency
and allow for a meaningful comparison between the two modagj strategies.

Figure 73: Incremental displacement applied to the top surface of the glarAs shown in the picture
in the series with voids, displacement is only applied in thfaces present.
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At the top of the model, an incremental displacement was appd to simulate the
e ect of the imposed load during the experimental test. This @dplacement was
not applied all at once, but instead introduced in small step of Q1 mm. This
gradual application is intended to replicate the real behawr observed in physical
experiments, where the loading increases progressively tgpthe maximum load.
By applying the displacement in this way, it is possible to gature the progressive
evolution of deformation in the model, from the elastic stagto the point where the
peak load is reached.

At the base of the model, boundary conditions were de ned tdraulate the support
conditions of the real test setup. In particular, each lamk in the bottom layer
was supported individually using translational springs. Tese springs were de ned
in the x direction (horizontal, along the oor), simulating a defomable restraint
with stiness k, = 1000 N/mm. This value was chosen to be consistent with the
spring sti ness used in the most re ned beam models, ensugrnthat the in uence
of friction or partial restraint at the base was similarly cgtured.

Figure 74: The base of the panel is connected with a Rigid Body to a Referdtaiat constrained in
the y-direction, connected with a spring of translational stess x and z to another Reference Point
constrained in both directions.

Additionally, the vertical direction (y axis, normal to the panel plane) was con-
strained to prevent rigid-body movement and to simulate the ect of the test setup
that holds the specimen from moving vertically at the base. Heever, in thex and z
directions, the constraints were not fully xed. Instead, he support was made "soft"
or deformable through spring elements, allowing the lamak to displace slightly and
simulating a realistic contact with the test bench or oor, which is never perfectly
rigid in reality.

This combination of a xed constraint in the vertical direction (to prevent uplift)
and soft restraints in the horizontal plane allows the modeb more accurately re ect
the support behavior in experimental tests. The springs aoant for possible micro-
slips and compliant behavior at the support interface, whitis especially important
for load redistribution and shear behavior across the laygr

In conclusion, these boundary conditions were chosen to date computational
e ciency with physical realism. The incremental displacerent application mim-
ics experimental loading conditions, while the spring-bad supports ensure that
the bottom layer behaves in a mechanically plausible way,rsilar to how the real
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structure is supported in laboratory tests. This setup alls for a meaningful inter-
pretation of results and good alignment with experimental etcomes.

5.3.4 De nition of the mesh

The C3D8Relement, an 8-node hexahedral solid element belonging teetfamily of

linear hexahedron elements, was used for the discretizatiof all three-dimensional
models. The acronymC3D8Rn Abaqus indicates that the element is aC solid

element in a three-dimensional3D formulation with eight (8) nodes and reduced
integration (R). The shape functions used are linear ( rst-order), so theeformations

within the element vary linearly.

The numerical integration of the mechanical behavior is parmed using a single
(reduced) Gauss integration point, which makes the elementore computationally

e cient.

Figure 75: Incremental displacement applied to the top surface of the glarAs shown in the picture
in the series with voids, displacement is only applied in thefexces present.

A limitation of the model lies in the level of mesh discretizgon. A common rule
of thumb suggests that each part should be discretized with &east three elements
across its thickness. However, due to the student license iiation of only 250,000
nodes, this level of re nement was achievable only for th&2, B1-2, and B2-2
models.

5.3.5 Results of the analysis

displacement contour

The gure shows the contour plots of the displacements obtaed from the solid -
nite element model under shear loading. The vertical disgtament eld U2 is shown
on the left, while the horizontal displacement eldU1 is shown on the right.

In the contour corresponding toU2, the displacement distribution clearly re ects
the imposed boundary conditions: the maximum displacememtccurs at the top
of the panel, where the load is applied, and gradually decisss towards the base,
where vertical movement is restrained. The colour gradigntransitioning from red
at the top to blue at the bottom, con rms this continuous vertical displacement
trend, consistent with the expected deformation under shear
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In the U1 contour, a lateral expansion of the panel is evident, causby a Poisson-
like e ect. The two vertical edges move in opposite horizoat directions: the left
edge shifts negatively, while the right edge shifts posigly. This is re ected by
the symmetrical colour distribution, with opposing hues orthe two sides. In con-
trast, the central region of the panel experiences minimalohizontal displacement,
suggesting that the inner lamellae primarily deform vertially and remain nearly
aligned.

Figure 76: Displacements in vertical U2-direction and horizontal U1-dtren direction of panel AO

This general behaviour is typical of shear deformation, whe the panel tends to
expand laterally while undergoing vertical load, and conms both the goodness of
the boundary conditions set and the nature of the phenomenamalysed.

In panel AO, shown in Figure 76, the vertical displacement eld)2 is well distributed
along the height. A progressive deformation is observed fnathe bottom to the top,
with maximum values at the top|where the load is applied|and zero at the base,
as expected due to the boundary constraints. This indicatem e ective transfer of
stresses between the lamellae, favoured by the absence afl¥@nd the structural
continuity ensured by complete bonding.

The horizontal displacementUl shows a clear Poisson e ect: the lateral edges of
the panel (left and right) move in opposite directions, revaing a shear deformation
consistent with the expected behavior. The alternation of arm and cold colours
conrms a symmetrical and regular deformation pattern, a gin of a homogeneous
mechanical response.

In contrast, panel A2, shown in Figure 77, which features voidmd a reduced bond-
ing area ( = 0:6), exhibits a less uniform behavior. The vertical displaceent U2
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Figure 77: Displacements in vertical U2-direction and horizontal U1-dtren direction of panel A2

is still distributed along the height, but its magnitude is $gni cantly reduced, indi-
cating a lower global sti ness. This re ects the weakening fathe structure due to
the discontinuity between lamellae.

Furthermore, in the U1 contour, regions with reduced colour variation are evidén
indicating lower horizontal deformation. The Poisson e etis less pronounced, and
the lateral displacements appear more irregular and fragmied. This suggests that
the discontinuity in bonding between lamellae limits the stucture's ability to trans-
fer and withstand shear stresses.

Evaluation of shear modulus

Tables 30, 31, and 32 compare the shear modulus valUgg obtained from FEM
simulations with solid elements to the experimental valuederived from theoretical
formulations, according to EN 16351 and the second versiof the modi ed Bo-
gensperger formulation. This comparison allows for an eualtion of the numerical
model's ability to realistically represent the mechanicabehavior of the panels as a
function of the parameter.
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Table 30: Comparison of shear moduli for Series A

Series A A0 Al A2
[-] 1.00 0.70 0.60
Gyy:en [N/mm 2] 49592 173.17 125.21
Gyy:reasoupen [N/mm 2] | 573.00 224.75 115.82
CV [%] 13.45 2295 -8.11
Gyy:BoG 2nd [N/mm 2] 453.58 199.85 118.15
CV [%] 26.33 12.46 1.97

Table 31: Comparison of shear moduli for Series B1

Series B1 B1-0 Bl-1 Bl-2
[ 1.00 070 0.60
Gyy:en IN/MM?] { 24456
ny; FEA,SOLID,EN [N/mm 2] 597.51 257.58 150.67
CV [%] { 505 {
Gyy:BoG 2nd [N/mm 2] 547.14 253.71 156.97
CV [%] 921 153 401

Table 32: Comparison of shear moduli for Series B2

Series B2 B2-0 B2-1 B2-2
[ 100 070  0.60
Gyy:en [N/MM2] { 30592 {
ny; FEA,SOLID,EN [N/mm 2] 651.86 264.58 173.81
CV [%] { -1562 {
Gyy:BoG 2nd [N/mm 2] 582.30 301.21 202.62
CV [%)] 1195 1216 14.22

It is rst observed that, for Series 0 A0, B1-0, B2-0), i.e., those with solid panels
and no voids between the lamellae (= 1:00), the values obtained from the solid
FEM model tend to overestimate the experimental results. Fogxample, for con g-
uration A0, the FEM value is 57300 N=mm? compared to 4952 N=mm? from the
EN formulation, resulting in an overestimation of +1345%. Similar behavior is also
observed forB 1-0 (+9:3% compared to the second Bogensperger formulation) and
B2-0 (+11:95%).

This overestimation can be attributed to the modeling of theeontact between glued
lamellae: in the solid model, aie constraint is applied, which enforces perfect con-
tinuity between the contact surfaces, e ectively eliminaing any deformation associ-
ated with the adhesive layer. As a result, the model is excegsly sti, particularly

in con gurations with fully bonded interfaces, such as thasin Series 0.

However, as the value of decreases, the discrepancy between the FEM model and
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the theoretical or experimental results is reduced or everversed. For instance, in
con guration A1, the FEM result still overestimates the EN value by +2205%, but

in A2, the FEM value becomes 8:11% lower than the theoretical one. Similarly,
for B2-1, an underestimation of 15:62% is recorded relative to EN, while irB 2-2
the FEM resultis  14:22% lower than the prediction from the second Bogensperger
formulation.

Figure 78: Comparison of theoretical formula and results of FEA model withidselements

These results show a clear trend: as decreases, and thus the bonded surfaces
are reduced, the solid model becomes progressively moreuaate. This is due to
the fact that the over-sti ening e ect induced by the tie constraint loses relevance
compared to the overall deformation of the panel, which beowes the predominant
factor governing mechanical behavior.

Furthermore, analyzing di erences between panel types, éhincrease in lamella
width is associated with an increase in the shear modulus @lited from the FEM re-
sults. Forinstance, for = 0:60, the solid model estimates increase from 183 N=mm?
in seriesA2, to 15067 N=mm? in B 1-2, and up to 17381 N=mm? in B 2-2. However,
the deviation from the theoretical values also increases some cases, particularly
with respect to the Bogensperger* formulation: the discregmcy rises from +197%
in A2, to +4:01% inB1-2, and up to +1422% in B 2-2.

This trend suggests that the Bogensperger* formulation exbits higher sensitivity to
lamella geometry, particularly in con gurations with wider slats, as it incorporates
geometric factors more explicitly into the calculation.

In conclusion, the solid FEM model o ers increasingly relidle predictions as bonding
Is reduced and voids become more pronounced, making it pattiarly suitable for
panels with partial lamination or reduced glue surface.
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Figure 79: Von Mises's Stress development in layers 1-2-3 of panel AO

Distribution of stresses

Observing the inner layers, one notices stress peaks locht&t the centre of the
bonded regions, followed by stress relaxation zones. Thessaks are clearly visible
in panel AO, where they appear regularly in all layers, due to the absea of voids
and the uniform distribution of bonding, as shown in Figure 79

As reported by Brandner [4] and illustrated in Figure 81, althogh the peak shear
stresses likely occur in the centre of the bonding regiond)et net shear failure in
full panels tends to localise in the narrow gap between adgat lamellae. This is
because such zones are uncon ned and therefore more susbépto cracking.

Figure 80: Von Mises's Stress development in layers 1-2-3 of panel A2

In contrast, these stress peaks are no longer regularly dibuted in the series with

gaps, as shown in Figure 80, and instead concentrate near thended regions. In
particular, in layers 1 and 3, extended portions without sigi cant stress can be

observed due to the presence of gaps. Conversely, layer 2ileith a more contin-

uous stress development, as it remains constantly bonded layer 1, which has no
interruptions.

The stress distribution along a lamella in panel A0, as shown Figure 82, where no
gaps are present between adjacent lamellae, appears to b&amm across all layers.
The stresses exhibit a periodic, parabolic pattern, with sgmetrical peaks located
at the lamella junctions, followed by a stabilization of thestress levels at the bonded
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Figure 81: net-shear fracture zone in cross layer in detail

interfaces.

Figure 82: Stress trends in the AO series in the di erent layers

In the Al series (Figure 83) and theA2 series (Figure 84), a distinctive behavior
can be observed in the stress development between the di etéayers of the panel,
due to the presence of voids between the lamellae and their tmal arrangement.

In particular, layer 2 shows a periodic sequence of clearlgaognizable stress peaks
along its entire length. In contrast, layers 1 and 3, orientelongitudinally, are inter-
rupted by the presence of voids in the transverse layers 2 add In these directions,
where there are no longitudinal voids, the structure becormanore complex. Due to
the lack of continuous contact with the transverse lamellaghe stresses cannot be
fully transmitted. As a result, the stress distribution in these layers appears more
regular and parabolic, with long stretches where stressetlsilize at lower levels.
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Figure 83: Stress trends in the Al series in the di erent layers

Figure 84: Stress trends in the A2 series in the di erent layers
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The \ at" areas between the peaks highlight the absence of stss transfer across
the voids, leading to a smoother distribution without abrup changes. This e ect is
more pronounced in theA2 series, where the voids are signi cantly larger.

Considering now the in-plane shear stresses, representgdlie ;, component (de-
noted asS12in Abaqus), these describe the shear acting in the;(y) plane, typically
induced by horizontal loading applied to the panel edges, a&sthe shear tests per-
formed in this study.

The contour plot shown in Figure 84 reveals a clearly periodaistribution of stress
peaks, localized at the bonding zones between the lamell&éis pattern is consis-
tent with that previously observed for the Von Mises stress.

Since the Von Mises stress does not represent a direct phgsimomponent, but rather
a scalar value derived from the combination of all normal anghear stress compo-
nents, its similarity to the 1, stress pro le suggests that shear stress dominates the
stress state in the panel.

Consequently, it can be concluded that the yielding criteon based on Von Mises is,
in this case, primarily governed by shear stress. This coms that the panel's me-
chanical response under load is predominantly in uenced ligngential contributions
associated with shear deformation.

It is therefore of interest to study how the stress varies whin a lamella. To this
end, control points have been de ned along the lamella, at wth the stress trend
will be analyzed. PointA is located at the center of the lamella (mid-width and
mid-thickness), point B at a mid-distance between the center and the edge, and
point C at the edge.

Figure 85: De nition of control points A, B and C in the lamella section.

As shown in Figures 87, 89, and 91, th®,, shear stresses along the lamellae exhibit
distinctive trends in the three layers, with stress peaks talized at the midpoints
of the lamellae|particularly at point A, which experiences the highest stress. This
behavior is especially pronounced in layer 2, which showsegter stress peaks com-
pared to layers 1 and 3.

The primary reason for this is that layer 2 is directly bondedo layer 1, which is free
of voids. This continuous connection to the upper layer ensds a regular transfer of
stresses through the bonding interface, resulting in peda and uniform S;, peaks.
However, layer 2 is also bonded to layer 3 below, which contaiwoids in the adhesive
zones. This discontinuity leads to a less regular stress wlisution and introduces
variations in the magnitude of the peaks, with higher concémations occurring near
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Figure 86: S12 stress development in layers 1-2-3 of panel A0

bonding interruptions.

This asymmetric distribution of adhesive sti ness|contin uous above and discontin-
uous below|may explain why layer 2 experiences the highesttsess levels, being
located between two layers with di ering constraint conditons.

Figure 87: Trend of S12 stresses along the lamella at the three control pointthe three layers for
the AO series

A relevant aspect observable in the graph is the opposite Bigf the S;, shear stresses
in layer 2 compared to layers 1 and 3. This behavior can be attuted to the ber
orientation in the di erent layers: while layers 1 and 3 are nented at +45 , layer 2
is arranged at 45 .

During the deformation, the layers with opposite inclinatons tend to deform in
opposite directions, thereby generating shear stresseshwopposite signs.
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Figure 88: S12 stress development in layers 1-2-3 of panel Al

Figure 89: Trend of S12 stresses along the lamella at the three control pointghe three layers for
the Al series

Figure 90: S12 stress development in layers 1-2-3 of panel A2
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Figure 91: Trend of S12 stresses along the lamella at the three control pointthe three layers for
the AO series

5.4 Comparison of models

A general comparison between beam and solid-element FEM médean be made
based on the results presented above.

Beam models provide a simpli ed representation of CLT pangsl These models re-
quire reduced computational e ort and are e ective in captuing the global sti ness
of the structure. They are particularly suitable for paraméic studies and allow
exible modulation of parameters such as spring sti ness, kich are useful for simu-
lating bond lines or interlayer interactions. However, thisspproach involves several
approximations: the glue lines are modeled by linear springand the interaction
between lamellae is not physically continuous but realizetthrough discrete nodal
connections.

In contrast, the solid-element model provides a more detad and realistic simu-
lation. Each lamella is modeled with 3D orthotropic behavig and the geometry
explicitly includes the actual gaps between lamellae. Thigllows a more accurate
representation of deformation under load. The orthotropigroperties are de ned
through local coordinate systems for each lamella, alignedth the wood grain di-
rection.

However, a limitation of the solid model lies in how the bondm is represented.
The glued interface between orthogonal lamellae is modeleding tie constraints,
which impose perfect continuity between surfaces withoutlawing any relative dis-
placement or deformation. Although this choice simpli es te modeling and reduces
computational cost, it completely ignores the deformabtly of the adhesive.

This simpli cation is more impactful in Series 0, where paris are fully bonded and
the adhesive layer plays a signi cant role in the panel sti ess. Nevertheless, con-
trary to initial expectations based on preliminary results the updated solid-model
outcomes do not show strong sti ness overestimation. For$tance, in con guration
A0, the numerical shear modulus i&,, = 573:00 N/mm? versus 4992 N/mm? from
the EN 16351 formulation, corresponding to an overestimain of only +13:45%.
Similarly, in B2-0, the FEM result of 65186 N/mm? exceeds the Bogensperger*
value (58230 N/mm?) by just +11:95%.
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For Series 1 and 2, characterized by partial bonding, the ag@cy of the solid model
improves further. In several cases, the FEM values are evemwdy than the theoreti-
cal ones. For example, in con guration A2, the FEM shear modutiis 11582 N/mm?
versus 1251 N/mm? from the EN standard, with a deviation of 8:11%. In con-
guration B2-1, the underestimation reaches 15:62%, con rming that the solid
model becomes more reliable as the bonding ratiodecreases.

This trend can be explained by the fact that, as the contact &a between lamellae
decreases, the in uence of the adhesive layer on global stess becomes less signif-
icant. The structural response is increasingly governed e orthotropic elastic
behavior of wood, which the solid model captures accurately

For each con guration, the equivalent glue sti nesskeq corresponding to the solid

model was derived by applying the linear relationship betveas the global shear
modulus G,, and the glue sti nessk established previously from the beam model
simulations. Using the G, value obtained from the solid FEM results, a linear
interpolation was used to identify the equivalent glue stiness that would yield the

same behavior in the beam-based model.

Table 33: Comparison of sti ness valuels between beam and solid models

Series AO Al A2 B1-0 B1l-1 B1l-2 B2-0 B2-1 B2-2

keeamw [N/mm?3] | 12,78 8,70 8,25 6,88 743 7,36 6,10 6,91 6,44
kKsoupo [N/mm?3] | 1466 9,28 8,24 8,04 7,06 645 7,32 579 522
k [%0] -12,80 -6,22 0,10 -14,43 5,21 14,04 -16,60 19,41 23,32

The results thus obtained, reported in Table 33, are consestt and show a fairly
close agreement with the sti ness values assigned in the meanodels. This con-
rms that, despite the use of the idealized \tie" constraintin the solid models, the
overall behavior is in line with that predicted by simpli ed models in which glue
deformability is explicitly modeled.

This implies that the e ect of the tie constraint can be backguanti ed: although
the adhesive is not explicitly modeled as a deformable lay¢ine mechanical response
of the panel can still be interpreted as corresponding to aneetive glue sti ness.
This observation suggests that the tie constraint, while iglalized, can reproduce a
global structural response compatible with realistic adlstve sti ness values.

In summary, beam models prove to be practical and su cientlyaccurate tools for

preliminary evaluations and conceptual analysis, partidarly suited for parametric

studies. Solid models, on the other hand, o er a more detadeand physically

consistent representation of the system, especially formplex or heterogeneous
con gurations. However, the idealization of the glue intedce through tie constraints
remains a limitation in fully bonded panels, where local adisive deformation may
play a critical role.

The choice between the two modeling approaches should there be guided by the
speci ¢ objectives of the analysis: whether one aims to insigate global sti ness,

interlayer interactions, or local deformation e ects. Thetrade-o between computa-

tional cost and accuracy must be carefully balanced dependion the desired level
of detail.
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Conclusions

On the basis of the values presented in Table 34, and compayithem with those
reported in Brandner's article [4], some signi cant consifations can be made.
For the AO series|which represents the only solid panel tested in tts study and
comparable to those investigated by Brandner|the values olained using the vari-
ous formulations are indeed consistent with those proposéuthe literature. This
con rms the reliability of both the experimental setup and tie numerical elabora-
tions carried out in this thesis. In particular, the values btained according to the
EN 408 standard (49592 N/mm?) and Kreuzinger's formulation (46118 N/mm?) fall
within the range reported in [4].

The article also highlights a discrepancy between the valsealculated with EN 408
and those obtained using Kreuzinger's method. According td] values computed
with Kreuzinger's formulation are on average about 10% loweThis is attributed to
the fact that the compression test con guration imposes geger vertical deformation
compared to horizontal deformation. A similar trend is obgged in the present
study: EN 408 consistently yields slightly higher values #n Kreuzinger's approach.
For instance, in the AO series the di erence is approximately +5%. This behavior
Is con rmed across all other series with di erent void rati®, reinforcing the general
validity of this observation.

Another interesting aspect, also noted in Brandner's studys the in uence of the
ratio between lamella width and panel thicknessat). From Table 34, it is evident
that as the parametera=t decreases (indirectly re ecting an increase in void conten
and reduced bonded surface), the values G, tend to decrease. This reduction is
more pronounced in theA series than in theB1 and B2 series.

This suggests that panels composed of lamellae with a greatgdth (the SeriesB 1
and the serieB 2) are less sensitive to the presence of bonding voids whempared
to panels composed of narrower lamellae, such as those ini&eA. This observa-
tion is consistent with the hypothesis formulated by Brandaer and collaborators,
according to which an increased ratio between the lamelladth (a) and the total
panel thickness () results in a higher overall shear sti ness. In fact, widerdmellae
contribute to improved structural continuity and enable a nore e ective transmis-
sion of stresses across the panel, even in the presence ofmgédc discontinuities
such as unbonded regions or adhesive voids.
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Table 34: Comparison of shear modul@,y: mean [MPa] according to di erent formulations for di erent

panel series

Serie AO-1 Al-1 A2-1 Bl-1 B2-1

EN 408 495,92 173,17 125,21 244,56 305,92
CV [%] 10,32 7,95 22,72 8,57 15,92
Rid. AO [%] 0 65,08 74,75 50,69 38,31
Kreuzinger 461,18 174,75 103,82 254,12 279,02
CV [%] 9,37 6,21 20,14 11,19 12,66
Rid. AO [%] 0 62,11 77,49 4490 39,50
Boegensperger 453,58 317,50 271,24 347,09 368,49
Rid. AO [%] 0 30,00 40,20 23,48 18,76
Boeg.* - 2nd Form 453,58 199,85 118,15 253,71 301,21
Rid. AO [%] 0 55,94 73,95 44,07 33,59

Considering the net shear strengthf,..t, it is clearly observed that Serie?\0O, which
is characterised by the absence of voids and is thereforelfjutomparable with
the standard con gurations reported in the literature, exhbits the highest average
strength value of 871 N/mm?. This result is consistent with the values reported by
Brandner [4], where a typical net shear strength for crosashinated timber (CLT)
panels is given as approximately 9 N/m/M with a range between 7 and 10 MPa,
depending on the panel con guration and the number of layers

For the other series, the theoretical formulation used to ¢eulate the net shear
strength proves to be less accurate. Indeed, the introduoh of voids signi cantly
modi es the shear behaviour of the panel, in uencing key pameters such as con-
nement, stress distribution, and stress transmission beteen the lamellae. These
e ects, which are not fully accounted for in the classical fonulation, result in net
shear strength values that are not directly comparable wittstandard theoretical
references.

Finally, with regard to torsional stress, an average value &30 N/mm? was mea-
sured in this study, which is slightly higher than the referace value of approximately
2:5N/mm? recommended by Brandner. This discrepancy can be explainbyg the

more conservative nature of the value suggested in the lisgure, which is intended
to ensure an adequate safety margin in design calculations.

The table 35 summarises the percentage changes in the megbanperformance of
the panels with gap < 1 compared to the reference con guratio®0 without voids,

in the three tests all performed at the KIT in Karlsruhe. The wt-of-plane bending
and buckling tests were described in Stefanie Christl's thies work [24].
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Table 35: Reducing the mechanical properties of CLT panels with gaps fieplane bending [24],
buckling[24] and shear tests

Series A0 Al A2 Bl B2
[-] 1,00 0,70 0,60 0,70 0,70

FLEXURAL [%] | 0 -28,7 -62.9 -349 -368

CVeex [%] | 95 70 155 52 59
BUCKLING [%] | 0 -30,8 -612 -267 -31,0
CVsuckune [%0] | 8,2 8,4 21,0 6,1 4,0

SHEAR [%)] 0 -65,08 -74,75 -50,69 -43,74
CVspear [%0] 10,32 0,95 22,72 8,57 15,92

For the bending test, signi cant losses are noted, decreagiby 287% in the Al
series to 629% in the A2. For the same voids, the con gurations with wider
lamellaeB1 and B2 report a greater loss of strength than serie&1. This shows
that at equal voids, con gurations with shorter lamellae pgorm better than wider
lamellae.

For the buckling test, the reduction values are very close tthose observed for the
bending: going from 30:8% intheAlto 612% inthe A2 series and from 26:7%
inthe B1to 310% in the B2 series. This suggests that the buckling behaviour
follows a similar trend to the exural one, with comparable eductions especially for

the same series.
In the shear test, the reductions are even more pronounceding from 65.08%

Figure 92: Reduction in properties compared to the AO series for di ereests performed on CLT
panels with GAP.

in the Al series to 7475% in the A2. In the wider lamellae con guration there's
a reduction of 50:69% for B1 and 4374% forB2. The shear test is therefore
more sensitive to the presence of voids, especially for penwith thin slats. This
behaviour is expected, considering that the shear capaciy strongly in uenced by
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the continuity and transverse connection between the laniak. It can also be de-
duced that for bending tests where the outer layers withoutoids are much more
bene cial to the strength of the test.

These comparisons indicate that it is not possible to de ne single law that corre-

lates the percentage of voids | with a constant reduction for all three performances.
Shear reduction is generally more pronounced, while bendiand buckling tend to

have similar and slightly lower values.

The modi cated Boegensperger's formula, given in section345, captures the re-
duction in shear modulus su ciently well, but needs furtherdata to be validated. |

therefore extend the invitation for validation with other void percentages.

The nite element model with beam elements simpli es the moelling but has been
re ned with two fundamental corrections: the rst one takesinto account the out-of-
plane deformability of the lamellas arranged at 0 and 90 dicéons, and the second
considers the e ect of the glued area through the introduabin of a sti er zone next
to the spring. Initially, it was decided to adopt the value poposed in the literature
by Blass ofk = 5N=mm? and then it has been calculated an equivalent sti ness de-
rived from experimental data. This sti ness, on average, iaround k = 7:8N=mm?
SO as to guarantee a better representation.

The simulations showed that, while the series without voidshow a predominantly
shear response, the con gurations with gaps develop signant exural deforma-
tions. This proves that the presence of voids in uences thdapal behaviour of the
panel, accentuating more complex deformation mechanismehich the beam model
can only partially capture.

The solid model implemented with tie constraints between # contact surfaces sim-
plies the interaction between the lamellas assuming comgile continuity. This
approach leads to a slight overestimation of the sti ness ipanels without voids
and with more bonding, but improves signi cantly in the seres with voids, where
the lower amount of bonding reduces the in uence of the conaint and brings the
model closer to real behaviour.

In conclusion, it should be enforced that although more re@d models with non-
linear contacts and explicit glue modelling could o er gre@r accuracy, their com-
putational impact is high. The models adopted here thereferrepresent a good
compromise between complexity, required resources and gictive accuracy.
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