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Abstract In the present paper, the bending behavior ofpact way of building. In the last 20 years CLT applications
Cross Laminated Timber panels is investigated by means dfave increased in use from small residential houses to more
the linear elastic exact solution from Pagano (1970; 1969than 8-story buildings. Although recently several staddar
The resulting stresses are the input for a wood failure-critehave been developed or updated for this product (ANSI/APA
rion, which can point out the first-crack load and the respec2012; DIN 2004) and some design manuals have been pub-
tive dominant failure mode. Heterogeneous layers are modished (Schickhofer et al 2009; Gagnon and Pirvu 2013),
eled as equivalent and homogeneous layers. This simplifictiere is still a need for efficient tools to assess structfral
and deterministic modeling gives results in good agreemerficiency in complex situations. CLT panels can be used as
with a reference experimental test. A comparison is madeoofs or slabs and therefore submitted to out-of-planedoad
with respect to the panel’s global stiffness and failurgeta The main structural issue related to their bending behasior
within the apparent elastic stage. Finally, parameteriatud the low transverse shear strength of cross layers. Theresul
are carried out, in order to quantify CLT limitations and ad-ing effect is a rotation of the wood’s fibers which leads to the
vantages. The effect of varying properties like the panel'so-calledrolling shear brittle failure. This phenomenon be-
slenderness, orientation of transverse layers and nunfber comes more relevant when decreasing the slenderness ratio
layers for a fixed total thickness are investigated. L/h (his the plate’s thickness arldthe span). During last
years a significant number of research studies have been car-
ried out on rolling shear effects in wood and in CLT (Zhou
1 Introduction et al 2014; Mestek 2011, Blass and Fellmoser 2004b; Aicher
and Dill-Langer 2000). This demand in research clearlyscall

Cross Laminated Timber (CLT) panels are relatively newf©r & method to analyze CLT panels in bending, which can
wooden structural products consisting in lumber layerdVell predict the transverse shear effects.
glued on their lower and upper faces and stacked crosswise. CLT plates in bending are affected by heterogeneities at
The combination of easy-assembling, and high in- and outdifferent levels. First, at the material scale, timber deas a
of plane stiffnesses makes this product competitive. Morepronounced variation in mechanical properties. Then,iwith
over, the crosswise orientation of wooden layers ensuregach layer, two other kinds of heterogeneities can be differ
uniform shrinkage and swelling properties. These qualitie entiated. The local orientation of orthotropic coordinsys-
allow their use for prefabricated floors, walls and even whol tem isa priori unknown due to the variation of annual ring
structures, in a new, innovative and low-environmental im{pattern. Moreover, each layer of CLT is made of wooden
boards placed side by side, which can be glued or not on
L. Franzoni- A. Lebee ) - G. Foret their lateral faces, depending on the fabrication procEss.
},J:r;\ﬁ.r;: E?;';AE?ML;?]?_?;?\';S ?:Vr':rr] C(:MR 8205), CNRS, ENPC’resu_lti_ng o!iscontinuities in the nonfgluing case have anon
E-mail: arthur.lebee@enpc.fr negligible influence on the mechanical response, as the stud
F. Lyon ies in Sebera et al (2013) showed. At the structural level, ad
Centre Scientifique et Technique du Batiment (CSTB), F-774s5ditional heterogeneities can be added in order to meet acous
Marne-la-Valke, France tic and structural needs. Indeed, CLT panels having voids
filled by insulating materials are already in production. In
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this paper, the study is limited to “low layer heterogenigity further CLT advantages deriving from the variation of layer
characterized by only a small spacing of lateral boards. CLDrientation and number.

panels having periodic spaces will be the object of further

studies.

At the layer scale, an “equivalent-layer” mechanical2 Reference experimental test
model is suggested to take into account the CLT layer’s het- )
erogeneities, leading to simplified hypotheses on layer bedochreiner et al (2013) tested square 3-ply and 5-ply CLT

havior. Concerning the structural heterogeneity giverhiay t panels with slenderness ratios of 10 and 20 and made of Nor-
multi-layer composition, there are currently three main de W&y SPruce lumber boards of strength class C24 (EN 2009).

sign approaches for CLT in bending: themethod (Blass The plates had their four sides supported and were submitted

and Fellmoser 2004a), thgmethod EN (2004) and the © concentrated loads at their center. Thanks to a combined
shear analogy method proposed by Kreuzinger (1999). Measuring system pf acoustic emission, LVDTs an_q accu-
These theories give acceptable results and some of thef@t€ cutting of specimens after the failure, progressiile fa
have already been adopted by standard design codes (ENE Stages were determined as afunct|o_n of load Ievels_ (Fig.
2004; DIN 2004). However their limits lie in a simplified 1)- At €ach failure stage, the corresponding crack type-iden
approach, which does ndt-fnethod) or partially (-method) tified by the panell’s cutting was assigned. The mo_st com-
take into account transverse shear effects or reduce the JB¢te documentation found in the reference paper is about
problem into a 1D one. Furthermore, all these solutions arl'e So-called specimen "EL4", a three-layer panel of slen-
suitable only for orthotropic (Oor 9C°) lay-up. Starting derness ratio pf 20. Figure 1 reprodyces the .reference test
from these inadequacies in existing methods, Sturzenbech&Sult for specimen “EL4 in terms of its load-displacement
et al (2010) showed that high-order plate theories can bgUTVe failure stages and respective failure modes. Tte pla
used to accurately predict the mechanical behavior of cLEhowed a global ductile behavior after the elastic limit du
panels in bending. A good match between the predicted dd2 ts bi-axial bending configuration, whose effect is to re-
flections and the results of an experimental test available jdiStribute the stresses after the first cracks appear. B *

the literature was found. In the present paper, the exact 3fs™" €ffect is particularly evident in Stage 2, where the

theory for laminated plates in bending (Pagano 1970; 196£Iobal Iinea}r behavior is not really affected by the appear-
. ance of rolling shear cracks.

is applied to CLT panels, in order to predict their mechani- : . .
cal response and to analyze plates with non-orthotropic lay Al the cracking modes found during the loading process

ups. Being a 3D solution, Pagano’s theory can give a be@'® presented in Figure 2. The cracks gppearing first ca}lled
ter estimation of stress distribution across the paneitkth R>' and “EG” stand respectively for rolling shear failure i
ness than simplified approaches, especially when the pan@ioss-layers and edge-gluing failure between lateraldsoar
is submitted to concentrated loads. The elastic bending sol

tion is therefore combined with a failure criterion for wgod y
in order to extend the comparison with a reference test irfailure
terms of failure stages. In the present paper, the main topietages
of interest is CLT mechanical behavior at the layer and struc
ture scale, leading to a simplified modeling at the material
scale. Whereas the wood variability has not been taken into
account in this study, having a detailed description of 3D 160
stress enables the determination of interesting features o |, —
CLT mechanical behavior. Indeed, the influence on panel's
bending behavior of having edge-glued or unglued layers is 0 /
pointed out, as well as the effects of varying layers numbeioa d /
and orientation. [N] | nocracks /is.x| 1| RS, i

All the modeling tools are presented in Section 3 after ° / . e
the introduction, in Section 2, of the reference experiraent 0 /
behavior of CLT panels. In Section 4, the comparison be- ~ *
tween the predicted and actual behavior is made in terms of o4 20 m m m
the plate’s global stiffness and variations in failure stag Midspan deflection [mm]

The good agreement with the reference results has led to an ] ) o i
investigation on CLT properties by means of the paramete'f'g- 1:. Schematic load - dlsp!acement curve with identi-
studies in Section 5. In this final Section, transverse stiear f1€d failure stages and associated crack modes found by

fects occurring in CLT in bending are quantified, as well agochreiner etal (2013)

coustic

dB]

100
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3.1 Mechanical behavior of solid wood

Wood is an orthotropic material with three principal axes.
The first one is aligned in the fiber or trunk direction (longi-
tudinal direction,L). In the transverse plane, the remaining
two axes are orthogonal to growth rings (radial direction,
R) and tangential (tangential directiomn) to them. Figure

3 presents the axes of orthotropy of solid wood. The cho-
sen wood species is Norway sprudtcga abies), since it

is the most widely used wood species in Europe for CLT
production and was also used in the reference experiment.
The mechanical properties are chosen on the basis of tests
in literature on specimens alear spruce, without knots.
Fig. 2: Failure modes of specimen EL4 (Hochreiner et alraple 1 shows the elastic and strength properties of Norway
2013) spruce taken respectively from Keunecke et al (2008) and
Dahl (2009). The first subscripts T andR represent the

fih | The fail ded 4“TL"is th wood coordinate system, while the followitigand ¢ rep-
o t € same layer. The faiure moge | enot_e - IS the teN<asent tensile or compressive strength. As it will be shown
sile failure in direction parallel to grain, while “I” is tHecal

) . . ; . in the next paragraph, the failure analysis requires the-com
indentation perpendicular to grain. The failure called “RS paragrap 4 q

T | Ki O : glete set of nine spruce strength parameters, whose values
IS & complex cra(.: |.ng.pattern oceurring in cross ay(?rs e present only in Dahl (2009). Another experimental cam-
the end of the elastic limit and assumed to derive from inter-

i bet " h dtensile st M paign on clear spruce strengths in the LT plane (Eberhard-
actions between rolling shear and tensile Sresses. Mereov giqinq, 2002) confirms the congruity of the chosen values,
the “RS - T” cracking pattern was also a consequence of th

ical di L ina b boardsenf gspecially for the tensile strength. The failure behavier p
geometrica |scont|numes_ appearing etween boar ! sented in Tab. 1 describes wood's strength with respect only
same layer, after edge-gluing failure.

. ) ) to pure uni-axial stresses. Therefore, in order to perform
The comparison between the predicted and experimental, o, haystive failure analysis, a mixed failure criterion f
bending response is made in terms of the panel’s global St'f(/vood is required

ness in the linear elastic load stage (stage 1 in Fig. 1) and th
variation of failure modes within the apparent elastic stag
(until stage 3 in Fig. 1).

3.2 Van der Put’s mixed failure criterion for wood

Failure criteria define the material failure by means of nor-
malized expressions, which represent the material’sgtinen

Atth ol | di idered lastitlebri surface. A stress state, that reaches or exceeds the filure
tthe material scale, wood is considered as an elastitieorit face, leads to inelastic phenomena such as damage or plas-

and homogeneous material. The heterogeneities character-
izing the CLT layers are taken into account by means of an
equivalent and homogeneous layer, whose mechanical prop-
erties are defined both in terms of elasticity and failurecén

the simplified mechanical behavior is set, the exact 3D so- Radial (1)

lution in elasticity for laminated plates in bending (Pagan Angential (T)\ //V e
1970; 1969) is chosen in order to obtain precise estimation oneiudigst (L)
of the plate’'s mechanical response. Finally, a failureeerit
rion suitable for wood (van der Put 1982) can point out the

failure load and the corresponding dominant failure mode of . ) )
CLT panels in bending. Fig. 3: Material axes of orthotropy for solid wood

3 Modeling of CLT panels bending behavior

Table 1: Elastic and strength properties of Norway sprucedM

Elasticity E_ Er Er Gre Gt Gtr VLR VLT VRT
(Keunecke etal 2008) 12800 397 625 617 587 53 0.36 045 0.48
Failure fLt fle frr fre frRe fre fRe fir frR

(Dahl 2009) 634 289 28 38 49 3.6 7.1 4.8 2.0
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tic strains. The most widely used isotropic failure crideri positive quantityA. Detailed derivation of the new function
are based on von Mises maximum distortion energy. Thesg(o) is reported in Appendix A of the Online Resource.
criteria generally follow a quadratic expression which-rep The valuei represents the multiplier coefficient to reach the
resents an elliptic surface. Dealing with anisotropic mate failure point. The spatial distribution within the CLT pdne
als, the rotated and translated ellipsoid of Tsai-Wu (Tedi a of A (o) multiplied by the failure loadr; represents the load
Wu 1971) is the most common failure surface. The generdkvels necessary to reach progressive failures underrlinea
quadratic expression for orthotropic materials can be@rit elastic hypotheses.
as: When the failure load is determined, it is of particular
interest to establish the associated dominant failure mode
f(o) :A0L2+BGT2+C0F%+DUL0T+E0LGR+ This can be achieved computing the ratips between each
of the six stress components expressed in the wood’s co-
+FOTOR+GoL +HOT + 10+ (1) ordinates 61, or, Or, TiT, TR, Trr) and their respective
+L123 + M1+ N3 = 1.0 strengths fLct, fret, fre-t, fLT, frL, fTR). The maxi-
mum value of these ratios can point out the dominant failure

where g and t are respectively the longitudinal and mode. This ratio is computed at any point within the panel.

shear stresses in orthotropic coordindted’, andR. The
capital letters are function of the material strengths &ieg t
determine the geometry of the failure surface. While the cog 3 Equivalent CLT Layer model
efficients of quadratic termsA( B, C andL, M, N) repre-

sent the semi-axes of the elliptical surface, lin€dsil, 1)  Both complete (3D) and reduced (2D or 1D) solutions for
and interaction, E, F) terms in (3.1) respectively trans- |ayered plates in bending consider every layer as homoge-
late and rotate the elIIpSOId The value of interaction ®rm neous. In practice, each CLT |ayer is made of boards p|aced
in failure criteria for anisotropic materials is still nodays sjde by side and it is affected by the heterogeneities pre-
under discussion. During his studies on failure criteria fo sented before. Hence, itis necessary to set a homogeneous
wood, van der Put (1982) showed how the value of the inteP*Equiva|ent CLT Layer” modeL which could take such het-
action term has a negligible influence when the stress path igogeneities into account. As presented before, the finst co
closed to the failure surface. Therefore, Van der Put'sifail p|ex|ty derives from the variation of growth rings’ orienta

criterion is a functionf (U) like (31) but without interaction tion inside each |ayer' which leads to an unknown orienta-
terms. This failure criterion has been compared in Cabrer@on of the local orthotropic coordinate system.

et al (2012) with other criteria applied to spruce failuneda Moreover, in case of unglued lateral boards, the result-
it turned out to be one of the most predictive. Thereforejng discontinuities influence the equivalent layer. Nott th
considering also its simple implementation due to the abif the |ateral edges of boards were initially glued, the expe

sence of interaction terms, Van der Put’s failure functies h jmental evidence showed that the edge gluing detachment is
been chosen for the failure analySiS. The actual values ane of the first failure modes (See Section 2)

the strength coefficients of (3.1) as function of the strengt
moduli are presented in Appendix A of the Online Resourceg 3 1 continuous Equivalent Layer
If the failure criterion is proportional to the applied Igad

it is straightforward to find the failure load from a single |f the poards’ lateral edges are glued, each wooden layer
linear solution. Whereas is already proportional to the ap- can be viewed as a continuous layer. The same material be-
plied load, the functiorf (o) derived by van der Put (1982) nayior in directionsN andZ of the board’s reference frame
turns out not to be proportional. Hence, it is necessary trig. 4) is considered, in order to overcome the irregufarit
derive a new functior (o), which will describe the same  of growth rings. While theZ direction remains always the
failure surface, but also satisfy the condition same, directions andN change together with the orienta-
F(Ag)=AF(0), A>0 (3.2) tion of the considered layer. Tqble 2 presgnts the elastic an
strength properties of the continuous Equivalent Layee Th
Property (3.2) ensures the same variatlonf F (o), when  defined elastic moduli for thH or Z direction are the mean
varying the external load (and the related stress stptdfa  values between the correspondifigand R ones for solid

Table 2: Elastic and strength properties of a continuous Iai&r [MPa]

Elasticity EL En Ez Gz GnN Gnz Viz  VIN V2N
12800 511 511 602 602 53 041 0.41 0.48
Failure fLt fle e fne fze fze  fz fin Inz

634 289 28 36 2.8 3.6 4.8 4.8 2.0
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Table 3: Elastic and strength properties of a discontin@itslayer [MPa]

Elasticity EL En Ez Gz Gn  Gnz iz VIN  Vzn
12800 0.0 511 602 602 53 041 0.0 0.0
Failure fLt fle e fne  fze fze  fzo fin Iz
63.4 28.9 - - 2.8 3.6 4.8 4.8 2.0

ities along directiorN as in Figure 4b, the values of these
coefficients are assumed to be zero.

3.4 Pagano’s exact solution for laminates in bending

Once the model for an equivalent and homogeneous CLT
layer is set, the analytical bending solution can be cho-
sen between complete or reduced approaches. 1D theories
(Blass and Fellmoser 2004a; EN 2004; Kreuzinger 1999)
have very low computational costs but give approximate re-
sults. 2D plate theories for laminates in bending @elnd

Sab 2011; Thai et al 2013) are still reduced approaches,
but return more precise results than beam theories. Never-
theless, the specimens of the reference test were submitted
to concentrated loads, which produce complex stress states

Fig. 4: Schematic continuous (a) and discontinuous (bflose to loading area, difficult to predict with reduced ap-

Equivalent CLT Layers together with the layer’'s referenceproaCheS' Therefore, the (_:omplete 3D SO_IUt'On frqm Pagano
frame (1970; 1969) was chosen in order to obtain a precise estima-

tion of CLT bending behavior. Pagano derived such solution
for plates having homogeneous layers and perfect connec-
wood (Tab. 1), while the strength parameters are the lowdions between them under uni-axial (Pagano 1970) or bi-

values. axial (Pagano 1969) bending configurations. The bi-axial
bending solution is used for the comparison with the ref-
3.3.2 Discontinuous Equivalent Layer erence test, while the uni-axial solution is applied to the p

rameter studies on CLT properties.
When CLT boards are not glued together on their lateral
edges, or when in-plane stress caused the edge-gluing d&4.1 Uni-axial bending
tachment, each layer becomes discontinuous (Fig. 4b) and
such discontinuities preclude any transmission of steessélhe most common bending configuration for structural pan-
between separated boards. This also means that failure @ts is represented by a plate simply supported on two sides.
N-direction cannot occur. Table 3 shows the considered md2agano’s 3D solution for layered plates in uni-axial bend-
chanical behavior of an equivalent and discontinuous layeing represents such a bending configuration. A plate under
made of Norway spruce. Intuitively, due to the gaps betweenni-axial, orcylindrical, bending has only two sides sup-
lateral boards, the equivalent layer's plane shear modulysorted along the same direction, while the other direction
GLn may be set to zero (Mestek et al 2008). However, alis assumed as infinite and there are no boundaries (Fig. 5a).
layers are glued on their upper and lower faces and hencghe displacement field is assumed to be a single Fourier-like
the discontinuous CLT panel has a (reduced) in-plane sheaeries, like the out-of-plane loa®, acting on the plate’s up-
stiffness (Moosbrugger et al 2006). The same conclusioper or lower surface. In Pagano’s uni-axial bending, thg onl
can be deduced for the plane shear strength of a discoimposed condition on the bounded edges is zero vertical dis-
tinuous layer. A more accurate investigation on the actugblacementi, leaving free the in-plane displacements.
plane shear behavior of a discontinuous layer will be the ob-
ject of further studies. In this paper, it is assumed that thg.4.2 Bi-axial bending
in-plane shear behavior of layers equals the wood’s behav-
ior. The Poisson’s ratiog, n andvzy represent the layer's CLT panels tested in the framework of the reference experi-
strain in directiorN, due to the imposed strain in directions ment were supported on their four sides, which corresponds
L and Z, respectively. Considering layers with discontinu-to the bi-axial bending solution from Pagano. This solution
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Fig. 5: Pagano’s uni-axial (a) and bi-axial (b) bending agunfations with corresponding applied loads and boundangdieo
tions.uz, U andug stand for the displacements in directioasx, andxg respectively

is valid for rectangular orthotropic plates, whose axes ard.1 Global stiffness
aligned with the axes of the supports. In this case, all the

plate’s sides are simply supported (Fig. 5b) and the displac

ments as well as the surface lopglare expressed as double

Fourier-like series. The boundary conditions, which makergpie 4 shows the plate’s global stiffness comparison be-
possible Pagano’s solution in bi-axial bending, consisein  yyeen the reference test and each model for an equivalent
straining vertical andangential displacements at the plate’s ¢\ T jayer, When the lateral boards are glued to each other,
bounded sides. As Fig. 5b shows, the tangential displacgpe panel is continuous and its global stiffness is the stépe
ments for edges along direction 2 and 1 are respectively he |oad-displacement curve in the proportional limit (fro
andu;. However, since the tangential displacements of thg) 1 50 kN). Then, when the edge-gluing detachment occurs
reference panel’'s edges were not restrained, the expetrime(@z 80 kN), the panel presents gaps between boards and its
configuration has more degrees of freedom than the bending;sfess slightly decreases. For each case, the corrdspon
solution. Further analyses not reported in this paper sdoweIng equivalent-layer model is used to predict the CLT piate’
that the reference slenderness ratio of 20 gives a differencg|oba| stiffness. Because of the experimental uncertainty
of about 10% between the estimated deflection preventing @f oy margin of error in measuring the reference value of
not edges’ tangential displacements. Hence, when choosinge pate’s stiffness is assumed. Taking into account the di
Pagano’s bi-axial solution to reproduce the reference itest crepancy between modeled and actual boundary conditions
is expected to find a global stiffness about 10% higher thaescribed in 3.4.2, a predicted plate’s stiffness about 10%
the reference one. greater than the reference stiffness is expected. Indsed, a
Table 4 shows, for both the continuous and discontinuous
case, the predicted global stiffnesses are about 10% higher
than the reference stiffness. A CLT plate made of continuous
layers shows higher stiffness compared to the one predicted
using a discontinuous model, due to the absence in the latter
4 Comparison with the reference test of any contribution of fibers along directidt (see Tab. 3).
However, the hypotheses made on elastic properties of con-
In this Section, the predicted bending behavior is comparetinuous and discontinuous CLT layers lead to a relatively
with the reference behavior in terms of the panel's globakmall difference between their elastic response in terms of
stiffness and failure stages. vertical displacements.

Table 4: Plate’s global stiffness comparison

Continuous panel (0 - 50 kN) Global Stiﬁnesi%{] measuring error
Experimental reference 4.60 +5.0%
Predicted 5.03 (+9.3%) -
Discontinuous panel (80 - 120 kN)  Global Stiffne:f.%ﬂ measuring error
Experimental reference 4.14 + 5.0%

Predicted 4.60 (+11.1%) -
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4.2 Failure stages comparison Table 5: Abbreviations of failure modes
Failure mode Abbreviation
Tensile Longitudinal L-t
Compressive Longitudinal L-c
Tensile Direction-N N-t
Compressive Direction-N N-c

In addition to the elastic panel’s deflection, Pagano’s-solu Tensile Direction-Z Zt

tion can precisely estimate the stress distributions withée compressive Direction-Z zc

P ) y . o . Transverse shear ZN (Rolling Shear) RS
panel. In Section 3.2, the identification of failure load and Transverse shear ZL 7L
the corresponding dominant failure mode are described. A Plane shear LN LN

progressive increase in the load after the first failureddea

to a proportional variation of the functidh(o) within the

panel. Therefore, considering simultaneously the spdigal  4.2.1 Continuous layer

tributions of the failure criteriorr (o) and the related fail-

ure mode, leads to the derivation of failure stages under linFigure 6a shows the distribution of failure load and fail-
ear elastic hypothesis. A preliminary analysis revealadl th ure modes within the panel's cross section predicted with
when considering the plate’s cross-section, the firstifadu a continuous equivalent layer. For a better presentatian, t
take place under the concentrated load at the plate’s cematio between the panel’s thickness and span is scaled at
ter. Hence, an investigation on the variation of failure e®d about 10:1. The first failure mode occurs at about 50 kN of
along the plate’s axes of symmetry is sufficient. The referioad level. Such a failure mode is a perpendicular compres-
ence specimen is a CLT 3-ply and its failure stages wersive failure close to the punching area (N-c), which is ac-
introduced in Section 2. For both continuous and discontintually difficult to observe experimentally. Detailed arsdg
uous cases, the distributions of failure load are plottethi®  of stresses revealed how this area is affected by a tri-axial
plate’s cross-sections &t = a/2 andx; = b/2 (see Fig. 5b). stress state. Therefore, the contribution to materialifail
This distribution highlights the load level necessary tacte  derives from all the compression components in direction
the failure along the plate cross-sections. Over such a-dist L, N and Z, with the latter as the dominant one. This is a
bution, the superimposition of the dominant failure modesvery local phenomenon not affecting the linear response of
points out the progressive failure stages. Table 5 preslemts the panel at a very short distance from the punch. Moreover,
chosen abbreviations for the failure modes within a layer ofhe punch, being modeled as a uniformly distributed load,
a CLT panel. cannot take into account the actual contact phenomena oc-

0 500 1000 1500 2000 0 500 1000 1500 2000
Xp[mm]

X [mm]

Fig. 6: Variation of failure load and failure modesxat= a/2 andx, = b/2 inside the panel predicted with the continuous
(a) and discontinuous (b) models
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rolling shear cracks within the cross layer
found in the reference experiment

Fc[kN] 20
> 6000 | =
4350 s B N
3130 T T T T ENA T
2250 Vi
1625 Xy
1165 m
605 [m] 10
435
315
225 JI\
160 0.5 IR
115 = ~—
85
60
0.0 ‘ ‘ ;
0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 15 2.0
x,[m] X;[m]
(@) (b)

Fig. 7: Horizontal section of the plate & = +13mm. Failure stages predicted with the discontinuous modehiia) the
corresponding cracking pattern found in the referenceraxgat (b)

curring in the experiment. The subsequent failure stage i4.2.3 Discussion

tensile failure of the bottom layer in directidth (N-t =~ 70

kN). Such a predicted failure could explain the correspondTable 6 summarizes the predicted failure stages with con-
ing edge-gluing (EG) separation found in the experimentafinuous or discontinuous CLT layer and compares them to
test at similar load levels (see Section 2) along direchon the experimental evidence. As for the elastic stiffness-com
of boards. Rolling shear failure of cross layers (S0 kN)  parison, each equivalent-layer model is in accordancemvith
and longitudinal tensile failure of bottom layer (L=t 100  ranges of load levels, which correspond to glued or unglued
kN) are the next failure modes. Both of them are estimatethteral boards. Indeed, the continuous CLT layer gives good
at load levels, which slightly deviate from the experiménta prediction on failure modes at low load levels, when the nar-
evidence, especially the tensile failure. row boards are still glued. Notwithstanding the compressiv
indentation under the punch, the first predicted failure in
this stage is tensile failure in the tangential directiothini

the bottom layer, which could cause the actual edge-gluing
failure of neighboring layers found in the experiment. The
discontinuous model fits well the experimental evidence at
Since the first significant observed damage is the edgérigher load levels, where the actual rise of rolling shear an
gluing detachment, it is worth investigating a discontinu-tensile failures are predicted with a more accurate preci-
ous equivalent layer. Figure 6b presents the predicted faikion than in a continuous geometry. Finally, it appears that
ure stages for a discontinuous equivalent layer. As introthe edge-gluing of narrow boards makes the panel a little
duced before, the modeling of discontinuous layers praventstiffer but, being the first failure mode, the already “dam-
wood'’s failure inN-direction (Fig. 4b). Therefore, the first aged” discontinuous model gives better prediction of globa
compressive failure close to the punching area is a contribload-carrying capacity of the panel. Therefore the disoent
tion of only compression in directidnandZ, where the for-  uous equivalent-layer model will be used for the parameter
mer is the dominant one (Lse 60 kN). Again, the modeling

of wood'’s mechanical behavior led to a compressive failure

close to the punching area, which does not affect the platesable 6: Summary of predicted failure stages in comparison
global behavior. Rolling shear failure in the cross layéhes ~ With the experimental evidence

following predicted failure, with a corresponding loaddév

4.2.2 Discontinuous layer

(RS~ 80 kN) in accordance with the reference test. More—-02d1evel [KN] efoerosTaat Fa'(l:”;stmggi Srco s
over, the propagation of such a failure from the plate’seent 50 - N-C -
toits’ edges is in agreement with the experimental evidence 60 N-c L-c
as Figure 7 shows. Finally, the predicted failure stage @t 12 ;8 RYEG ""\ltt '-F'fs
kN is longitudinal tensile failure in the-direction (L-t) of 90 RS/EG RS RS
the bottom layer, which is in a good agreement with the ref- 100 RS/EG L-t RS
120 L-t L-t L-t

erence behavior (see Fig. 1).
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studies on CLT properties presented in the next section. CLT properties and quantify their advantages and limitg Th

Like every modeling procedure, the predicted bending beeonsidered bending configuration is a uni-axial bending and
havior with the present model depends on the chosen méhe out-of-plane load is an evenly distributed load. In this
chanical properties of raw materials. Surprisingly, étast Section only the mechanical and deterministic behavior is
and strength parameters of clear spruce lead to an accoensidered.

rate prediction of the experimental bending behavior, even

if the reference CLT panel was made of boards of strength

class C24 having knots. When dealing with CLT in bend->-1 Influence of transverse shear effects

ing, elastic and strength responses mainly derive froneeith .
Y ) . 9 P y . . The transverse shear weakness of CLT panels is due to the

tensile or (rolling) shear effects (Mestek 2011; Hochreine .
presence of cross layers and their low shear strength and

et al 2014; Czaderski et al 2007), as the previous Section . ; .
. . . stiffness. Shear effects in bending elements become more
4.2 also shows. While rolling shear stiffness and strength. ificant. while the slend o d Fi
are commonly assumed to be independent from the presemszgm cant, whil€ the slenderness ratio cecreases. gure
ows the failure load and mid-span deflection for a 3-ply

of defects (ETA 2013; Blass and Fellmoser 2004b;a; Blas3 . )

and Gorlacher 2000), tensile properties strongly depend oarjnd 5-ply CLT as a fu,nct|c')n of th? plate’s slenderness ra-
lumber strength class. Generally, dealing with C24 stﬂengttlo L/h. The total plate’s thicknessis assumed to b? con-
class, a mean elastic modulus value of 11.0 GPa (EN 200 fant at 20cm for both 3-ply and 5-ply panels, while only
and a mean tensile strength of about 30 MPa (Stapel ar’l

the plate’s spah changes. The slope variation of the failure
van de Kuilen 2014) are assumed. Further simulations no?ad trend in Fig. 8a points out the change of failure mode

. . . as a function of the slenderness ratio. This derives from the
reported in this paper showed that when using such mealp

values of wood having knots, the predicted stiffness ard fai near and guadratlc dependency of, respectlvgly, shear an
, S . bending failure load from the slenderness ratio. Moreover,
ure stages deviate significantly from the experimentakfefe

ence. In Section 4, a good agreement between the predictg?{r atiplﬁtz Li\rlbderr]abu;]:jf%rm L;rél—aﬁlalrl?ard, th?/:ﬁ]i'ls ?Or Iln;/v
and actual bending behavior is found using an elastic moqt—e action be e.e N g.a s .ea ° ces.. ? or ‘o
lenderness ratios the dominant failure mode is rollingshe

lus of 12.8 GPa and a tensile strength of 63 MPa. Thi ) :
u ! g ! RS) in cross layers, when the plate is slender, the bend-

could be explained by a “system effect” when assemblin il v Lo of | b the domi
lumber boards in a CLT configuration, which increases thé"d farure (namely L-c of upper layer) becomes the domi-

panel stiffness and tensile strength, as also suggestebby J nant failure mode. The transition slenderness from bending
stl et al (2006) ' to shear failure turns out to be 15 for a 5-ply and 19 for a

3-ply. The 5-ply panel, having lower transition slendemes
and higher shear failure load, shows less weakness togollin
5 Investigation on CLT panel properties shear stresses than the 3-ply CLT.

The difference between the deflection predicted using
Since the discontinuous equivalent-layer gives a good preRagano’s solutionUz pag) and the deflection predicted us-
diction of crosslam bending behavior, parametric studiesng the Kirchhoff-Love plate theory for laminates (March
with this model are carried out in order to better understand936) Uz kir) which neglects the shear deformation, can

¥—x CLT - 5ply =—=a CLT - 3ply
(a) (b)
1000 0.6
0.5 \
e \i\\
\ 0.4 =
Fc U*
[kN/m] N& 03 \\
0.2 \\\s
100 0.0
10 20 30 10 15 20 25 30
Slenderness L/h Slenderness L/h

Fig. 8: Failure load (a) and deflection (b) trends for 3-plg &ply CLT in uni-axial bending when varying slendernéss.
_ Uz pag—Uskir
= 2
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guantify the shear contribution to the total deflection.-Fig creases with oscillations (see Fig. 9a). This is because CLT
ure 8b presents the variation of this difference as a funcpanels with a central longitudinal layer (5ply, 9ply etcayh
tion of the CLT panel’s slenderness ratio. When the plate’she cross layers placed at a distance from the cross-sisction
span increases, the increasing slenderness yields ainegligenter (where the shear stresses are maximum), while for the
ble shear deflection and an increasing bending one. Howsther lay-ups (3ply, 7ply etc.), the central layer is crasd a
ever, even when the panel is slender and the failure mode shear-compliant. Therefore, the trend of shear failurd lea
bending, the shear contribution to deflection is still akldut  dependent on the kind of lay-up, in addition to the number
%. of layers within the cross section.
From a deterministic point of view, homogenizing the
panel in uni-axial bending by means of progressive thinner
5.2 Varying the number of layers for a fixed total thickness layers has a negative impact on the mechanical response.
However, taking into account wood’s defects such as knots

Of particular interest in CLT applications is the optimal (reliability approach), thinner layers could lead to moné-u
number of layers in the cross section to obtain the best M&5rm CLT mechanical properties

chanical behavior. Therefore, this study aims to show how

the CLT mechanical response changes when the number of

layers increases from 3 to 23 for a fixed total thicknesss.3 Varying cross layer orientation

which involves a progressive thinning of layers. The result

are as follows expressed in terms of the panel’s maximum solution to mitigate CLT shear weakness could be vary-
vertical displacemeritls and failure load~. The two cases ing the in-plane orientation of transverse layers, in otder
when the plate is thick or slender are presented. For a bethange their actual shear stiffness and strength ffétio

ter visualization, mid-span deflection values are norredliz RL. Hence, in this section the effect of a progressive rotation
to the Kirchhoff-Love deflection (Kirchhoff 1850) of a cor- of transverse layers on CLT bending behavior is analyzed.
responding “solid wood” panelJg swkir) having only one  Four different configurations with varying layer laminatio
longitudinal layer. Figure 9 presents the variation ofeél  have been studied. Configurations calledahd b (Figure
loadF; and mid-span deflectidds as a function of the num- 10 - top) are five-layer panels and the difference between
ber of layers for slender and thick CLT plates. The panel'shem is the opposite orientation of transverse layers. Gonfi
dimensions aré. = 5m, h = 20cm for the panel having a uration 2 comes from a study present in literature (Chen and
slenderness ratio of 25 ahd= 2m, h=20cmfor the thicker Lam 2013), which involved a 4-ply CLT with the two central
plate. For a plate in uni-axial bending only the layers pardayers oriented crosswise at +4fhd -45. Finally, configu-
allel to the main direction bear the bending stresses, whileation 3 is a 3-ply plate whose central layer has variable ori
the transverse layers do not contribute to global stiffnesentation. At = 90°, all the configurations have the cross-
and strength. Hence, the progressive decreasing of tHe totaise CLT lamination, while ab = 0° they behave like a
thickness of longitudinal layers leads to higher deflection Glued Laminated Timber. Figure 10 illustrates the variatio
and lower failure loads. Unlike the slender case, the variaef elastic mid-span deflectiddg as a function of the layers’
tion of failure load when the dominant effect is shear, de-orientationd for the four configurations having the same to-

»—=x Slenderness 25 G—=8 Slenderness 10
(@) (b)
600 3.5
—
500 \\E—_E\ 3.0 P a—
\E_E\Er—ﬁ\s_—a‘g 25 /
400 S
Fc 2.0
[KN/m] 300 \a‘\ U* e e
\"\x\\x\x\x‘xhx_ 15 /e,/x/*’
200
1.0
100 0.5
0 0.0
3 5 10 15 20 3 5 10 15 20
Number of layers Number of layers

Fig. 9: Variation of CLT failure loadr. (a) and normalized mid-span deflectids (b) as a function of the increasing number

of layers for thick and slender panels* = UU3‘P""9
3,5w,Kir
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c—o la G+ 1b —v 2 »*>—x3
0° 0° 0° 0°
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h ¢ - g 0
0° 0° 0° 0°
L =2m, h =20cm, Load = 400 kN ’s L =5m, h=20cm, Load = 80 kN
16
12 g Le o R S ey |
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= 15 e
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2
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Fig. 10: Variation of deflectiobs as a function of layer orientation for slenderness ratioBlofleft) and 25 (right)

tal thicknessh = 200mm. Both cases of a thick and slender ues of deflection at every slenderness ratio when varying its
panel are analyzed using respectively a span of 2m and 5Srtransverse layer’s orientation.

While changing the panel's lamination from GLT to CLT,

the deflection increases. This effect is particularly enide ~ Figure 11 presents the variation of failure loBdand

at a low slenderness ratio, showing that a variation of thdailure mode as a function of the orientation of transverse
actual shear modulus frorg to Gr. mitigates the shear layers. While for a dominant shear regime, varying trans-
deflection. The influence of the cross layers’ direction @n th Verse layer orientation leads to an increasing failure load
panel’s deflection is lower when increasing the slendernes§ig- 11-left), when dealing with a slender CLT, the effett o
ratio. For a thick panel, CLTd.generally shows lower val- rotating cross layers becomes less significant (Fig. 1itxig
ues of deflection thanklwhich has opposite lamination of Interestingly, and contrary to the deflection case, theadiff
transverse layers. Configuration 2 leads to the highest vafnce between failure load trends for solutiomsahd b is

ues of deflection at low slenderness ratio, due to the consigignificant, especially at a low slenderness ratio. Thismaea
erable thickness of its central shear-compliant layers.iwhethat imposing an opposite lamination of transverse layers
the bending effects become dominant, the configuration $ads to higher shear strengths while changing their orien-
shows lower values of deflection than the panels with fivdation. At values of6 between about T0and 40, all the
layers. This derives from the greater thickness of its uppefLT configurations of both slenderness present sharp drops
and lower longitudinal layers (the middle one does not rein the failure load. Further analysis proved that in thisyen
ally contribute) than in CLT 5-ply. For the same reason theof 6, the transverse layers are submitted to torsional effects

plate 3 with three layers presents generally the lowest valvhich produce high in-plane shear stresses, leading to an
unexpected plane shear failure (LN) of layers.

CL failure L=2m, h=20cm CL failure L =5m, h=20cm
1200 5 600
LN failure RS failure . .
LN fail !
1000 «\ 500 alure CL failure
800 [\ O 400
F. 600 \ = = [KN/m] 300 fy-3 g
[kN/m)] N \S\a
400 200 e
200 100
0 0
0 10 20 30 40 50 60 70 80 90 0 10 20 30 40 50 60 70 80 90
0 [deg] 0 [deg]

Fig. 11: Variation of failure loadr; as a function of layer orientation for slenderness ratiolofleft) and 25 (right)
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Not surprisingly, considering the uni-axial bending con-more the mid-span deflection increases and the failure load
figuration, the Glulam-like plate lay-up having all layeesp decreases. This means that “homogenizing” CLT panels in
allel to the bending direction, returns the best bending bedni-axial bending yields a worse mechanical behavior from
havior. The favorable effect of rotating the transverse laya deterministic point of view. Finally, CLT shear weakness
ers on the CLT mid-span deflection is more evident at loncan be mitigated by varying the lamination of cross lay-
slenderness ratios, which are not very common in practicars, especially in terms of deflection and dealing with thick
applications. Only thick CLT plates show increasing falur plates. However, the small gains in terms of uni-axial bend-
loads when rotating their transverse layers up to about 40ing performance make these further CLT configurations not
After that lamination angle, plane shear stresses witliasr really interesting.
layers increase drastically and lead to a failure load drop. Note that the discontinuous equivalent layer suggested
Unless dealing with a thick panel and a dimensioning critein this paper involves simplified hypotheses on the layer's
rion driven by deflection, the low gains when varying trans-in-plane shear stiffnes<G() and Young's modulusHy).
verse layer orientation make these configurations awkwar@he actual reduction of in-plane stiffnesses of a non edge-
to exploit. glued CLT panel can be significant, as pointed out by theo-
retical (Moosbrugger et al 2006) and experimental (Brand-
ner et al 2015) studies, but it is difficult to predict with sim
plified approaches. Therefore the hypotheses on the discon-

In the present paper, the bending behavior of CLT panelgnuous layer’s in-plane properties will be further invest

has been modeled by means of an equivalent layer mod gtlezd_ \ggg; m_?ﬁ.EI cur;erlltlyln d:evelopnc’;.e?ttﬁbe.tafrll d Sab f
combined with a 3D elastic solution and a failure criterion. ’ ). This model can also predict the influence o

The heterogeneities at layer scale are taken into account gtronger hete_rogengltles like perlqdlc voids wnhm_thgepa
nd filled by insulating material, in order to obtain lighter

means of a homogeneous and equivalent layer whose me-

chanical properties change whether or not the narrow boarcflsnd more acoustically efficient floors for mid-rise and high-

are glued to each other. Concerning the heterogeneities are timber buildings.

the structure’s scale, the exact 3D solution for layeretkpla

in bending provides an accurate description of stresses, gAcknowledgements The authqrs gratefully acknowledge the res_earch_
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