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A B S T R A C T   

Environmental and urbanization challenges during the last few decades encouraged steady growth of mass 
timber construction where attention is drawn to cross laminated timber (CLT) as one of the most interesting 
products in terms of mechanical properties, versatility, efficient prefabrication and sustainability. Stand
ardisation and codification regarding testing and design of CLT elements are hence pointed out as one of the main 
issues within the ongoing revision procedure of Eurocode 5. A consistent and unified design approach for CLT at 
pure in-plane shear loading conditions (shear walls) and at in-plane beam loading conditions is however still 
missing. This paper deals with analytical models for the determination of stress components related to pre
dictions of load bearing capacity of CLT with respect to shear failure mode III – shear failure in the crossing areas 
constituted by the flatwise bonded areas between laminations of adjacent layers. This failure mode is relevant for 
both pure in-plane shear loading and in-plane beam loading conditions. The paper presents a review of previ
ously proposed models for the prediction of shear stresses in crossing areas of CLT, for both loading conditions. 
Comparisons between FE-results and model predictions are reviewed indicating significant differences between 
them concerning the predicted influence of the CLT element lay-up and values of maximum shear stresses. Based 
on simplifications of models previously presented, a unified design proposal that is based on a rational and 
consistent mechanical background for both loading situations and that shows overall good agreement with FE- 
results is presented.   

1. Background and introduction 

In the pursuit to meet the increasing needs for housing, schools and 
offices and to decrease the environmental impact of the construction 
industry, attention is naturally drawn to wood-based structural mate
rials. Today, cross laminated timber (CLT) is clearly one of the most 
interesting products in terms of mechanical properties, versatility, effi
cient prefabrication and environmental sustainability. During the recent 
10 to 20 years, significant research efforts have been invested to gain an 
increased understanding of the structural behaviour of CLT and to 
develop reliable test methods and rationally based models for structural 
design [1,2]. Standardisation and codification regarding testing and 
design of CLT elements are pointed out as one of the main issues within 
the ongoing revision procedure of Eurocode 5. 

The orthogonally layered composition of CLT gives many benefits in 
terms of structural performance at both in-plane and out-of-plane 
loading conditions. The layered composition, typically without 

adhesive bonding at the narrow faces of laminations within the same 
layer, gives, in combination with the strongly orthotropic material 
properties of the wood-based laminations, a relatively complex internal 
force and stress distribution. The element load-bearing capacity is hence 
not only dependent on the strength properties of the laminations and the 
dimensions of the element gross cross-section, but also affected by the 
element lay-up, regarding for example the ratio between longitudinal 
and transversal layer thicknesses and by the cross-section dimensions of 
the individual laminations. 

A consistent and unified design approach for CLT at pure in-plane 
shear loading conditions (shear walls) and at in-plane beam loading 
conditions is missing. For both loading conditions, three shear failure 
modes need to be considered in the design, see Fig. 1: gross shear failure 
(mode I), net shear failure (mode II) and shear failure in the crossing 
areas between adjacent longitudinal and transversal laminations (mode 
III). A unified test method is also missing where several methods, 
including “single-node” or “full scale” tests as the so-called Kreuzinger 
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test method [3], are included in the recently revised European product 
standard for CLT, see [4,5]. 

For shear walls, the CLT lay-up is in practice typically such that the 
external layers are arranged with vertically placed laminations. For pure 
in-plane shear loading, the layer orientation is however not of impor
tance for prediction of design relevant shear stresses acting in the 
crossing areas. For beam loading situations, the situation is however 
slightly different. High bending moment capacity is achieved for a large 
total width of the layers with laminations oriented in the beam length 
direction which in practice typically means using horizontally oriented 
laminations in the external layers. CLT beams with vertical orientation 
of the lamintations in the external layers would still be relevant for 
lintels in continuous CLT elements with cut-outs for doors and windows. 

Design proposals for in-plane shear loading conditions are so far 
reported by Bogensperger et al. [6], by Wallner-Novak et al. [7], in 
ÖNORM B 1995–1-1/A:2018–11 [8] (also included in the draft of the 
revised version of Eurocode 5) and by Danielsson et al. [9,10]. Design 
proposals for in-plane beam loading conditions are so far reported by 
Flaig & Blass [11,12], which are included in the draft of the revised 
version of Eurocode 5, and by Danielsson & Serrano [13] and Jeleč et al. 
[14]. Comparisons between full 3D finite element (FE) models and 
analytical model predictions are presented in [9,10] for pure shear 
loading conditions and in [14–16] for beam loading conditions. These 
comparisons indicate significant differences between the analytical 
models concerning the predicted influence of the CLT element lay-up 
and predicted maximum shear stresses. Furthermore, compared to FE- 
results, predictions of models which are included in the draft versions 
within the ongoing revision of Eurocode 5 show significantly different 
magnitude and distribution of internal forces and stresses relevant for 
the determination of load bearing capacity with respect to shear force. 

This paper deals with models for the prediction of stress components 
related to verification of load-bearing capacity of CLT with respect to 
shear failure mode III – shear failure in the crossing areas constituted by 

the flatwise bonded areas between laminations of adjacent layers. This 
failure mode is relevant for both pure in-plane shear loading (shear 
walls) and at in-plane beam loading conditions. The paper presents a 
review of previously proposed models for the prediction of shear stresses 
in crossing areas of CLT for both loading conditions, adopting failure 
criteria found in the literature without analysing experimental valida
tions. Based on simplifications of models previously presented, a unified 
design approach that is based on a rational and consistent mechanical 
background for both loading situations and that shows overall good 
agreement with FE-results is presented. 

2. Pure shear loading conditions 

2.1. Analytical model 

Pure in-plane shear loading of CLT (shear walls and diaphragms) and 
model predictions regarding shear failure mode III is discussed in [9] 
and [10] and reviewed below. CLT elements without edge-bonding and 
composed of either 3 layers (CLT 3s), 5 layers (CLT 5s) or seven layers 
(CLT 7s) are considered and the notation and definitions according to 
Fig. 2 are used. The individual longitudinal and transversal layers are 
denoted by index k and the crossing areas are denoted by index j, both by 
acknowledging the element lay-up symmetry with respect to the z-di
rection as illustrated in Fig. 2b) for CLT 5s. 

At sections (horizontal or vertical) corresponding to locations be
tween adjacent laminations within the same layer, the shear flow νxy =

νyx must be carried by the layers oriented in the direction perpendicular 
to these sections. The shear flow acting in the k individual layers may be 
assumed according to 

νxy,k = βx,kνxy (1)  

νyx,k = βy,kνyx (2)  

where βx,k and βy,k are dimensionless weighting factors for the layers 
with laminations oriented in the x- and y-directions, respectively. 

The weighting factors may be defined from the thickness of the in
dividual layers according to 

βx,k =
tx,k

tx
(3)  

Fig. 1. Failure modes at in-plane shear loading.  

Fig. 2. Definition of load and geometry parameters for pure in-plane shear loading.  
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βy,k =
ty,k

ty
(4)  

where tx = Σtx,k and ty = Σty,k represent the two net cross-section 
thicknesses. Other choices of weighting factors are possible, as dis
cussed in [9]. 

For CLT without edge-bonding of the laminations, the shear flows 
give rise to torsional moments Mtor,j acting in the crossing areas between 
laminations of adjacent layers, see Fig. 2b). The design-relevant 
torsional shear stress, according to the stress distribution shown in 
Fig. 2c), can be determined according to 

τtor, j =
Mtor, j

IP,CA

bmax

2
(5)  

where j = 1 for CLT 3s, j = 1 or 2 for CLT 5s and j = 1, 2 or 3 for CLT 7s 
and where 

IP,CA =
bxby

12

(
b2

x + b2
y

)
(6) 

with bmax = max (bx, by). The stress τtor,j represents the maximum 
value of the shear stress at the centre of the four sides along the 
perimeter of the crossing area, see Fig. 2c). 

Based on shear flows according to Eqs. (1) and (2), the torsional 
moments Mtor,j can be determined by equilibrium considerations and the 
corresponding torsional shear stress components τtor,j can be determined 
from Eq. (5). A general expression for the torsional shear stress in CLT 
3s, 5s and 7s may then be formulated as 

τtor, j =
3νxy

bx
k1, jkb (7)  

where the factor k1,j is determined for each crossing area j in width di
rection according to 

k1, j =

⎧
⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

j = 1 ;
{

βx,1
}

for CLT 3s

j = 1, 2 ;

{

βx,1,
βx,2

2

}

for CLT 5s

j = 1, 2, 3 ;

{

βx,1, βy,1 − βx,1,
1
2
− βy,1

}

for CLT 7s

(8) 

with weighting factors βx,k and βy,k according to Eqs. (3) and (4) and 
where 

kb =
2bmaxbx

b2
x + b2

y
(9) 

which for the special case of equal lamination widths, bx = by, gives 
kb = 1.0. 

The maximum value of the torsional shear stress τtor,max in the 
element width direction is determined according to Eq. (7) by the 
maximum value of the factor k1,j according to Eq. (8), considering each 
crossing area j. For verification of load-bearing capacity with respect to 
in-plane shear loading and failure mode III, the torsional shear stress 
should fulfil the criterion τtor,max < fv,tor where fv,tor is a torsional shear 
strength parameter. This strength parameter can be determined from 
tests of single crossing areas and making use of Eq. (5) for evaluation of 
test results. The failure criterion, the involved strength parameter and 
experimental test results are further discussed in e.g. [5,16–18]. For tests 
on European softwood laminations and loading of single crossing areas 
in pure torsion, mean torsional shear strengths of fv,tor,mean ≈ 3.5 MPa 
are reported in [19–21] and a characteristic value of fv,tor,k = 2.5 MPa is 
proposed in background documents for the revision of Eurocode 5. 

2.2. Comparison of model predictions and discussion 

Comparisons between results according to full 3D FE-models and the 

analytical model predictions are presented in [9] for CLT 3s and 5s and 
in [10] for CLT 7s, considering symmetric element lay-ups and equal 
width of all laminations (i.e. bx = by = b). Four analytical models were 
considered, as follows; Model A – Representative Volume Sub-Element 
(RVSE) approach according to Bogensperger et al. [6], Model B – the 
approach stated by Wallner-Novak et al. [7], Model C – the approach 
stated in ÖNORM B 1995–1-1/A:2018–11 [8] and in the draft version of 
the revised version of Eurocode 5 (CEN/TC 250/SC5) [22] and model D 
– reviewed above in Section 2.1. The FE-models were composed of five 
longitudinal and five transversal laminations in each layer (see Fig. 2a) 
and considered symmetry in the out-of plane direction. The laminations 
were modelled as 3D solids with orthotropic linear elastic behaviour and 
the flatwise bonding between the laminations was modelled by a contact 
formulation. Loading was applied as shear forces on the end-faces of the 
respective laminations and displacement boundary conditions where 
applied to prevent rigid body movements. 

The evaluation of results was based on consideration of average 
lamination shear flows νxy,k and νyx,k for individual laminations and 
crossing area torsional moments Mtor,j at the centremost part of the 
model (see Fig. 2), by integration of stresses over the considered lami
nations’ cross-sections and crossing areas, respectively. For comparison 
to analytical model predictions, values of the torsional shear stress τtor,j 
according to Eq. (5) were determined based on the numerically found 
values of Mtor,j. 

Comparisons of model predictions for the maximum torsional shear 
stress, considering different CLT element lay-ups, are presented in Fig. 3 
based on results presented in [9,10]. These results are based on lami
nation widths bx = by = 150 mm, with element gross cross-section 
thickness (tgross) and shear loading (vxy) as; 100 mm and 100 N/mm 
for CLT 3s, 200 mm and 200 N/mm for CLT 5s and 240 mm and 240 N/ 
mm for CLT 7s. 

For CLT 3s, weighting factors βx,k according to Eq. (3) are (due to 
symmetry) always accurate and results of the FE-analyses are in very 
close agreement with model D for all considered lay-ups, which is also 
the case for models A and B. Model C predicts maximum torsional shear 
stresses in agreement with the numerical results only within the range 
1.0 ≤ tx/ty ≤ 2.0, see Fig. 3. It is concluded in [9] that the maximum 
torsional shear stress found from FE-analyses for CLT 3s is unaffected by 
the maximum layer thickness tmax = max (tx,k, ty,k) and also unaffected 
by the lay-up in terms of the ratio between the total longitudinal and 
transversal layer thicknesses tx/ty. 

For CLT 5s and 7s, models A, B, C and D show significant differences 
concerning the predicted influence of the CLT element lay-up and pre
dicted maximum torsional stresses, see Fig. 3. None of the analytical 
models give predictions in full agreement with the FE-results for the 
complete range of considered lay-ups. For model D, the differences be
tween numerical and analytical predictions regarding the maximum 
torsional stress are due to differences in the predictions of the shear 
flows νxy,k and νyx,k and assumed weighting factors βx,k and βy,k within 
the respective layers in the element width direction. Such differences are 
illustrated for CLT 5s in Fig. 3 by introducing two alternatives for the 
weighting factors βx,k for model D, i.e. defining βx,k based on either the 
individual layer thicknesses according to Eq. (3) or based on adjust
ments to results from FE-analyses for beam loading conditions, as 
described in Section 3.2 below and according to Eq. (20). Presented 
results indicate very close agreement between FE-results and the two 
alternatives of model D for specific lay-ups with tx,2/tx,1 = 2.0, i.e. for an 
internal longitudinal layer thickness twice the external longitudinal 
layer thicknesses, where for other lay-ups, some discrepancies between 
the results are found. Such lay-up for CLT 5s, and for CLT 7s with the 
addition of a fixed ratio ty,2/ty,1 = 1.0, seems to be the most favourable 
lay-up according to FE-results and Model D, since these lay-ups give 
equal torsional moments for all crossing areas in the element width di
rection and yield the lowest possible value of the torsional shear stresses. 

Based on the FE-results presented in [9] and [10] it was concluded 
that maximum torsional stress is unaffected by the lay-up in terms of the 
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Fig. 3. Comparison of maximum torsional shear stress for CLT 3s, 5s and 7s according to FE analysis and analytical models A-D for pure shear loading conditions.  
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ratio between the total longitudinal and transversal layer thicknesses, 
tx/ty, for fixed ratios between the respective individual longitudinal and 
transversal layer thicknesses, see Fig. 3, i.e. for constant ratio tx,2/tx,1 for 
CLT 5s and constant ratios tx,2/tx,1 and ty,2/ty,1 for CLT 7s. 

Model D with weighting factors βx,k according to Eq. (3) gives stress 
predictions for CLT 5s and 7s either in agreement with results of the FE- 
analysis or higher (conservative) compared to the FE-analysis, see Fig. 3. 
Although model D is not in perfect agreement with the results of FE- 
analysis, among the models presented in [9] and [10], it is the only one 
that has the same basic behaviour as that predicted by the FE-analyses 
both as regards the influence of the ratio between the longitudinal and 
transversal layer thicknesses, tx,2/tx,1 and ty,2/ty,1, and as regards the 
influence of the ratio of the two net cross-section thicknesses, tx/ty. It is 
hence concluded that model D, presented in [9,10] and reviewed in 
Section 2.1, with weighting factors βx,k and βy,k according to Eqs. (3) and 
(4), respectively, could be considered to be a reasonable choice for 
practical design purposes and for use in structural design codes. 

3. Beam loading conditions 

3.1. Analytical model 

The internal force distribution differs between the cases of pure in- 
plane shear loading and in-plane beam loading conditions. For beam 
loading conditions, see Fig. 4, uniaxial shear stresses acting over the 
crossing areas in the x- and y-directions are present in addition to the 
torsional shear stress discussed above for the case of pure in-plane shear 
loading. 

The presentation below considers beams having an integer number 
m = h/bx of longitudinally oriented laminations and the element 
orientation is such that these are placed in the external layers, a layer 
orientation which is here denoted beam orientation L. Index i refers to 
the position of the laminations in the beam height (y) direction, index k 
refers to the position of the layers in the beam width direction and index 
j refers to the position of the crossing areas in the beam width direction. 
Elements with symmetric lay-up in the beam width direction are 
considered, which is also acknowledged in the notation for indices k and 
j. 

The beam bending is assumed to give a linear normal strain distri
bution in the beam height direction. Considering elements without edge- 
bonding and considering the low stiffness of the laminations in the di
rection perpendicular to grain compared to the direction parallel to 

grain, normal stress parallel to the beam axis, σx, is assumed to be pre
sent only in the layers with laminations having grain direction oriented 
along the x-axis. Assuming equal parallel to grain stiffness for these 
laminations gives a normal stress σx which is constant with respect to the 
beam width direction. Shear stresses τxy are further present in all layers 
but since elements without edge-bonding are considered, all narrow 
faces of the laminations are assumed to be traction-free. 

The beam loading case give rise to shear stresses (τzx and τzy) acting 
in the crossing areas. These can be decomposed into stresses due to three 
basic in-plane loading situations: (a) shear stress parallel to the beam 
axis, (b) shear stress perpendicular to the beam axis and (c) torsional 
shear stress τtor. The corresponding resulting forces Fx,i,j and Fy,i,j and the 
resulting torsional moment Mtor,i,j are illustrated in Fig. 4 which also 
includes illustrations of the assumed shear stress distribution according 
to the model by Flaig & Blass, see [11,12,23–26]. The forces and the 
torsional moment acting over an individual crossing area i, j can be 
determined from static equilibrium, considering the cross-sectional 
forces and moments acting in the corresponding lamination oriented 
along the x-axis, see [13,27]. 

For verification of load-bearing capacity with respect to shear failure 
mode III, failure criteria may be formulated from the three crossing area 
shear stress components illustrated in Fig. 4. The uniaxial shear stress in 
the direction perpendicular to the beam axis, τzy, should be relevant 
mostly in areas of high concentrated loads in the direction perpendicular 
to the beam axis (e.g. at short supports or local load introductions) and 
should, in general, be of less importance compared to the uniaxial shear 
stress component in the direction parallel to the beam axis. Considering 
beam orientation L and disregarding the shear stress component τzy, a 
failure criterion considering linear interaction between the two 
remaining shear stress components is in [12] and [23] suggested ac
cording to 

τtor

fv,tor
+

τzx

fr
≤ 1.0 (10)  

where fv,tor is the torsional shear strength parameter (see Section 2) and 
where fr is the strength at pure uniaxial shear loading over the crossing 
area, corresponding to pure rolling shear stress. Experimental test re
sults of single crossing areas as compiled in [17] and [27] suggest a 
mean rolling shear strength fr,mean ≈ 1.5 MPa and a mean torsional shear 
strength fv,tor,mean ≈ 3.5 MPa for European softwood species. 

Forces Fx,i, j acting in the crossing areas between laminations of 

Fig. 4. Illustration of beam model and definition of load and geometry parameters.  
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adjacent layers appear due to the differential lamination normal force 
ΔNi,k, caused by a differential bending moment ΔM and presence of a 
shear force V. The linear distribution of normal strain and stress in the 
longitudinal laminations, due to bending of the beam, yields forces Fx,i,j 
which vary linearly with the distance ai between the beam centre-line (y 
= 0) and the centre line of the considered lamination i 

ai = bx

⃒
⃒
⃒
⃒
m + 1

2
− i

⃒
⃒
⃒
⃒ (11) 

The magnitude of the forces Fx,i,j can be found from static equilib
rium and can according to [13,17,27,28] for CLT 3s, 5s and 7s with 
beam orientation L be expressed as 

Fx,i, j =
12V
h3

1
nCA,k

tx,k

tx
bxbyai (12)  

where j = k = 1 for CLT 3s, j = k = 1 or 2 for CLT 5s and where for CLT 7s, 
the cases j = k = 1 or 2 and j = 3, k = 2 are considered. Further, nCA,k is 
the number of crossing areas that the individual longitudinal lamination 
k shares with adjacent transversal laminations, i.e. nCA,k = 1 for external 
(k = 1) or nCA,k = 2 for internal (k = 2) longitudinal laminations, 
respectively, see Fig. 4. For CLT 7s, the equality Fx,i,2 = Fx,i,3 is derived 
from symmetry considerations and the assumption of a uniformly 
distributed parallel to grain normal stress distribution in the beam width 
direction. The expression given in Eq. (12) corresponds to the model 
presented by Flaig in [23] for CLT 3s and 5s. The design equations 
suggested by Flaig in [23] and by Flaig & Blass in [12] are however 
based on simplification by disregarding the influence of the individual 
layer thicknesses and assuming (1/nCA,k)•(tx,k/tx) to be constant for all 
layers. 

By assuming a uniform shear stress distribution over the respective 
crossing areas as illustrated in Fig. 4, the shear stress component τzx,i, j is 
given by 

τzx,i, j =
Fx,i, j

bxby
(13) 

which by the use of Fx,i, j according to Eq. (12) for CLT 3s, 5s and 7s 
yields 

τzx,i, j =
12V
h3

1
nCA,k

tx,k

tx
ai (14)  

where j, k and nCA,k should be used as for Eq. (12). 
At locations in the x-direction corresponding to sections in-between 

adjacent laminations oriented in the y-direction, the shear force V must 
be carried solely by the laminations oriented in the x-direction, i.e. the 
longitudinal laminations. The distribution of the total shear force V over 
the individual longitudinal laminations can for these locations be 
expressed as 

Vi,k = αi βx,kV (15)  

where αi and βx,k are dimensionless weighting factors describing the 
distribution of the shear force in the beam height (αi) and the beam 
width (βx,k) directions, respectively. Weighting factors αi according to 

αi =
6i − 6i2 + m(6i − 3) − 2

m3 (16) 

are proposed in [13], based on the parabolic shear stress distribution 
found from conventional engineering beam theory for a homogeneous 
beam composed of m laminations in the beam height direction, with 
equal lamination width bx = h/m. Weighting factors βx,k describing the 
shear force distribution in the beam width direction based on the indi
vidual longitudinal layer thicknesses as defined in Eq. (3) is further 
outlined in [15]. 

The individual lamination shear forces Vi,k are of importance in 
relation to the stress state in the crossing areas and thus for design with 

respect to shear failure mode III, since they influence the torsional 
moments Mtor,i,j and consequently the torsional shear stresses τtor,i,j. The 
crossing area torsional moments can be found from static equilibrium 
considering the differential lamination shear forces ΔVi,k and the dif
ferential lamination bending moment ΔMi,k. 

The torsional moment Mtor,i,j may for CLT 3s, 5s and 7s with beam 
orientation L, according to [13,17,27,28], be formulated in a consistent 
manner as 

Mtor,i, j = Vby

(

αik1, j −
1

nCA,k

tx,k

tx

b3
x

h3

)

(17)  

where j, k and nCA,k should be used as for Eq. (12). The factor k1,j is the 
same as found also for pure shear loading conditions, see Section 2.1, 
which should be calculated according to Eq. (8) for each crossing area j 
in the width direction considering corresponding weighting factors βx,k 
and βy,k according to Eqs. (3) and (4). Eq. (17) is, however, slightly 
reformulated compared to equations presented in [13,17,27,28], where 
instead of weighting factors βx,k, a more general form with the factor k1,j 
is used to allow for a consistent formulation for CLT 3s, 5s and 7s. 

The maximum torsional stress for crossing area i, j according to the 
stress distribution as illustrated in Fig. 4 is then found as 

τtor,i, j =
Mtor,i, j

IP,CA

bmax

2
(18) 

which by the use of Mtor,i,j according to Eq. (17) for CLT 3s, 5s and 7s 
yields 

τtor,i, j =
3V
b2

x

(

αik1, j −
1

nCA,k

tx,k

tx

b3
x

h3

)

kb (19)  

where j, k and nCA,k should be used as in Eq. (12) and with k1, j and kb 
according to Eqs. (8) and (9), respectively. 

According to the above given equations, the parallel to beam axis 
uniaxial shear stress τzx,i,j (which is assumed to be constant within an 
individual crossing area) varies linearly between the different crossing 
areas in the beam height direction. The maximum value of τzx,i,j is found 
at the lowermost (i = 1) and uppermost (i = m) crossing area, with the 
minimum at the beam centre-line. The torsional moments Mtor,i,j, and 
hence the torsional shear stress τtor,i,j, also varies over the beam height 
direction but instead with the maximum values found at the centremost 
crossing area and minimum values at the upper- and lowermost crossing 
areas. 

3.2. Comparison of model predictions and discussion 

Comparisons between results according to full 3D FE-models and 
analytical model predictions regarding lamination shear forces Vi,k, 
parallel to beam axis forces Fx,i,j and torsional moments Mtor,i,j are pre
sented in [14,15,27] for CLT 3s and 5s and in [27] for CLT 7s considering 
beam orientation L. Two analytical models were considered, as follows, 
Model A – the approach stated by Blass & Flaig [11,12] and Flaig 
[23,26] and found in the draft version of the revised version of Eurocode 
5 (CEN/TC 250/SC5) [22] and Model B – reviewed above in Section 3.1. 
Beams with m = 3, 4, 5 and 6 longitudinal laminations in the beam 
height direction and a wide range of element lay-ups regarding the ratio 
between internal and external longitudinal layer thicknesses were 
considered for CLT 5s (0.31 ≤ tx,2/tx,1 ≤ 2.6) and for CLT 7s (0.33 ≤ tx,2/ 
tx,1 ≤ 2.0) with a fixed ratio between internal and external transversal 
layer thicknesses ty,2/ty,1 = 1.0. The FE-models were based on assump
tions of linear elastic behaviour and in principle formulated and eval
uated as described in Section 2.2 (for the case of pure in-plane shear 
loading), however with loads adapted according to the beam loading 
situation illustrated in Fig. 4. 

The distribution in the beam width direction of shear forces Vi,k, 
torsional moments Mtor,i,j and parallel to beam axis shear forces Fx,i,j are 
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(due to symmetry) accurately predicted by model B and weighting fac
tors βx,k according to Eq. (3) for all lay-ups considering CLT 3s. The 
comparisons between FE-results and analytical model predictions hence 
showed overall very good agreement in this respect. Also, the distribu
tion of forces/moments in the beam height (y) direction agreed very well 
between the numerical results and analytical model B for CLT 3s, indi
cating that the factors αi according to Eq. (16) represent the distribution 
of shear forces Vi,k in the beam height direction accurately, see Fig. 5. 

The comparisons presented in [14,15,27] for CLT 5s and in [27] for 
CLT 7s also revealed very good agreement in terms of distributions of 
forces and torsional moments between the laminations and crossing 

areas in the beam height (y) direction for all considered beam geome
tries, see Fig. 4. For this comparison, only the distributions of the total 
forces (absolute values) for each location i in the beam height direction 
were considered, i.e. shear forces Vi, axial shear forces Fx,i and torsional 
moments Mtor,i and not the forces/moments in an individual lamination 
and an individual crossing area (Vi,k, Fx,i,j and Mtor,i,j). 

The (implicit) assumption of equal lamination shear forces and the 
(explicit) assumption of equal torsional moments for all crossing areas in 
the beam height direction according to analytical model A are clearly in 
disagreement with the results of the FE-analyses and predictions of 
model B. 

Vi V M i M Fx i Fx

Vi V M i M Fx i Fx

Vi V M i M Fx i Fx

Vi V M i M Fx i Fx

Fig. 5. Distribution in beam height direction of internal forces and moments according to FE-analyses and analytical models for CLT 3s, 5s and 7s with 3 ≤ m ≤ 6 
longitudinal laminations in the beam height direction. 
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The FE-results presented in [14,15,27] concerning the parallel to 
beam axis shear forces Fx,i,j and their distribution in the beam width 
direction showed good agreement with predictions according to model B 
for all crossing areas and all considered element lay-ups, see Fig. 6. The 
FE-results concerning lamination shear forces Vi,k and torsional mo
ments Mtor,i,j were accurately predicted by model B considering 
weighting factors βx,k according to Eq. (3) for lay-ups with an internal 
longitudinal layer thickness twice the external longitudinal layer 
thickness, i.e. tx,2/tx,1 = 2.0, see Fig. 6. For this comparison, only the 
distributions in the beam width direction of the total forces (absolute 
values) for each longitudinal layer k and corresponding crossing area j 
were considered, i.e. shear forces Vk, axial shear forces Fx,j and torsional 

moments Mtor,j and not the forces/moments in an individual lamination 
and an individual crossing area (Vi,k, Fx,i,j and Mtor,i,j). 

For lay-ups with tx,2/tx,1 < 2.0, the analytical model B predicts 
greater shear forces Vi,k for the external longitudinal layers (k = 1) 
compared to the FE-model predictions and consequently also predicts 
greater values of the maximum torsional moments, which for these lay- 
ups are found in the outermost crossing area (j = 1). Compared to FE- 
results, the analytical model B overestimates the maximum torsional 
shear stress for CLT lay-ups typically used in practice, with tx,2/tx,1 <

2.0. For the special case tx,2/tx,1 = 2.0, very good agreement is found 
between analytical model predictions and FE-results for all considered 
lay-ups, also in terms of the number of laminations in the beam height 

j k
j k

j k
x k j = k
x k j k
x k , j = k
x k j k

j k
j k
j k

j k
x k j = k
x k j k
x k j k
x k , j = k
x k j k

Vk
V

tx tx

Vk
V

tx tx

M
j

M

tx tx

M
j

M

tx tx

Fx
j

Fx

tx tx

Fx
j

Fx

tx tx

Fig. 6. Distribution in beam width direction of internal forces and moments according to FE-analyses and analytical models for varing lay-ups 0.31 ≤ tx,2/tx,1 ≤ 2.6 of 
CLT 5s and 0.33 ≤ tx,2/tx,1 ≤ 2.0 with ty,2/ty,1 = 1.0 of CLT 7s. 

H. Danielsson and M. Jeleč                                                                                                                                                                                                                   



Construction and Building Materials 355 (2022) 129167

9

direction. On the contrary, the assumptions of equal torsional moments 
and equal axial shear forces for all crossing areas in the beam width 
direction according to analytical model A, irrespective of the considered 
lay-ups, are clearly in disagreement with the results of the FE-analyses 
(and predictions of model B). The study concerning lamination place
ment and varying widths bx of the individual longitudinal laminations 
within a single CLT beam presented in [17,27] for CLT 3s and 5s and in 
[27,28] for CLT 7s revealed similar results as discussed above for the 
assumption of equal laminations widths. 

The comparisons between analytical model predictions and FE- 
results reviewed above revealed some deviations regarding forces and 
moments acting in individual laminations and crossing areas. These 
deviations are related to the distribution of laminations shear forces Vi,k 
in the beam width direction, which also govern the distribution of 
torsional moments acting in the crossing areas between laminations of 
adjacent layers. The FE-analyses gave results with a more uniform dis
tribution of shear forces Vi,k in the beam width direction compared to 
model B with predictions using βx,k according to Eq. (3). Based on 
manual curve-fitting regarding the influence of the individual layers’ 
thicknesses on the distribution of the lamination shear forces Vi,k found 
from FE-analyses of CLT 5s and 7s beams with orientation L as presented 
in [14,15,27] and [27,28], respectively, adjusted expressions for the 
weighting factors βx,k were determined. Overall good agreement be
tween FE-results and model B predictions of lamination shear forces and 
maximum torsional moments were found for weighting factors 

βx,k,FE =

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

1
8

(

1 + 4
tx,k

tx

)

for k = 1

1
4

(

1 + 2
tx,k

tx

)

for k = 2
(20) 

for CLT 5s and for weighting factors 

βx,k,FE =

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

1
6

(

0.5 + 3
tx,k

tx

)

for k = 1

1
6

(

1 + 3
tx,k

tx

)

for k = 2
(21) 

for CLT 7s, see Fig. 6. 
The FE-results presented in [27] for CLT 7s indicate some differences 

between axial shear forces Fx,i,j and equality of torsional moments Mtor,i,j 
for j = 2 and 3 for all considered lay-ups, see Fig. 6. On contrary, for j = 2 
and 3 analytical model B assumes equal axial shear forces Fx,i,j and 
different torsional moments Mtor,i,j according to Eq. (12) and Eq. (17), 
respectively. Equal torsional moments Mtor,i,j for j = 2 and 3 according to 
Eq. (17) are obtained just for the specific case with an internal longi
tudinal layer thickness twice the external longitudinal layer thickness, 
tx,2/tx,1 = 2.0, and equal transversal layer thicknesses, ty,2/ty,1 = 1.0, see 
Fig. 6. Such a lay-up seems also to be the most favourable lay-up ac
cording to FE-results and Model B, as was the case of pure shear loading 
conditions, see Section 2.2, i.e. the lay-up giving equal torsional mo
ments for all crossing areas (j = 1, 2 and 3) in the element width di
rection and yielding the lowest possible value of the torsional shear 
stresses. Adjusted expressions for the weighting factors βx,k,FE according 
to Eq. (21) were derived in accordance with results of FE-analysis 
assuming equal torsional moments Mtor,i,j for j = 2 and 3 for all 
considered lay-ups. Only two crossing areas need then to be considered 
for CLT 7s (j = k = 1 or 2), meaning that βx,k,FE and nCA,k may be used in 
Eqs. (17) and (19) instead of the factor k1,j. 

3.3. Design relevant stresses and critical crossing areas 

The maximum value of the parallel to beam axis shear stress, τzx,i,j, 
and the maximum value of the torsional shear stress, τtor,i,j, are in gen
eral not found within the same crossing area, considering the beam 
height direction. This complicates the procedure of verification of load- 
bearing capacity since, in general, all m crossing areas in the beam 

height direction would need to be considered in the design. As stated in 
Section 3.1, the maximum torsional shear stress is found at the centre of 
the beam, with respect to the beam height direction. For the parallel to 
beam axis shear stress, minimum values are found at the beam centre- 
line while the maximum stress is found in the upper/lower-most 
crossing areas. 

Considering the proposed failure criterion according to Eq. (10) and 
assuming a strength ratio fv,tor/fr = 3.5/1.5 ≈ 2.3, it has in previous 
publications (see [13,14,17,27,28]) been shown that the critical 
crossing area is located close to the beam centre-line (the neutral axis), 
for the here considered numerical and analytical models. By critical 
crossing area is here meant the crossing area which shows the highest 
utilisation ratio according to the failure criterion in Eq. (10). For a 
critical crossing area with placement close to the neutral axis of the 
beam, a (conservative) choice is to assume ai = bx/2 in Eq. (14) for 
calculation of τzx,i,j, which corresponds to the maximum possible dis
tance between the beam centre-line and the centre-line of the most 
centrically placed longitudinal lamination. For CLT 3s, 5s and 7s, this 
simplification yields a design relevant parallel to beam axis shear stress 
according to 

τzx, j =
6V bx

h3
1

nCA,k

tx,k

tx
(22) 

where j, k and nCA,k should be used as in Eq. (12). 
By identification of the most centrically placed crossing area as the 

critical crossing area, several simplifications regarding predictions of the 
design relevant torsional shear stress τtor,max are possible. To arrive at 
convenient design equations, two simplifications are introduced here. 
The first of these two simplifications relates to the distribution of 
lamination shear forces Vi,k in the beam width direction and the corre
sponding weighting factors βx,k, see Eq. (15). The second simplification 
relates to the distribution of the shear forces Vi,k in the beam height 
direction and the corresponding weighting factors αi, see Eqs. (15) and 
(16). The maximum torsional shear stress is given by the maximum 
value of αi which in turn depends on the total number of laminations m 
in the beam height direction, where m = h/bx. Approximations accord
ing to 

αmax,approx,1 =
3
2

1
m

−
4
2

1
m3 (23)  

αmax,approx,2 =
3
2

1
m

−
1
2

1
m3 (24) 

are proposed in [14]. Compared to Eq. (16), αmax,approx,1 gives exact 
values for even number m laminations while αmax,approx,2 gives exact 
values for odd number m laminations. Approximation according to αmax, 

approx,1 and αmax,approx,2 gives for m ≥ 4 no more than 5 % and 7 % error 
compared to the exact maximum value of αi according to Eq. (16). To 
allow for a more uniform formulation for CLT 3s, 5s and 7s, further 
simplifications for max(αi) may be introduced according to 

αmax,approx,3 =
3
2

1
m

(25) 

which for m ≥ 3 gives no more than 9 % error compared to the exact 
value. Ratios between the three approximations and the exact value of 
max(αi) are presented in Fig. 7. 

By the introduction of the simplifications mentioned above, two 
different suggestions for expressions for the design-relevant torsional 
shear stress, based on adjustments to FE-results, are discussed in 
[14,17,27,28] for CLT 3s, 5s and in [27,28] for CLT 7s with beam 
orientation L. These suggestions can be formulated as follows 

τtor, j =
3V
b2

x

1
nCA,k

(

αmax,approx,1βk,x,FE −
tx,k

tx

b3
x

h3

)

kb (26) 

and 
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τtor, j =
3V
b2

x

1
nCA,k

tx,k

tx

(
bx

h
−

b3
x

h3

)

kbγ (27) 

with 

γ =

⎧
⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

3
2

for CLT 3s

0.20
tx,2

tx,1
+ 1.1 for CLT 5s

0.25
tx,2

tx,1
+ 1.0 for CLT 7s

(28) 

where j, k and nCA,k should be used as in Eq. (12). The factor kb is 
given by Eq. (9) and weighting factors βx,k,FE in Eq. (26) are given by Eqs. 
(20) and (21) for CLT 5s and 7s, respectively, while for CLT 3s due to 
symmetry βx,k,FE = tx,k/tx = 0.5 for all lay-ups. 

To allow for more uniform and simplified formulations for CLT 3s, 5s 
and 7s, a further conservative assumption may be introduced in Eq. (27) 
with γ = 3/2 also for CLT 5s and 7s beam elements, irrespective of the 
considered lay-ups, as the highest possible value according to Eq. (28). 
In this case, design relevant torsional shear stress for CLT 3s, 5s and 7s 
with beam orientation L may be calculated as follows 

τtor, j =
9
2

V
b2

x

1
nCA,k

tx,k

tx

(
bx

h
−

b3
x

h3

)

kb (29) 

One additional proposal for calculation of the design-relevant 
torsional shear stress at in-plane beam loading conditions is suggested 
here, to allow for a unified formulation of design equations for both pure 
in-plane shear loading and in-plane beam loading conditions. Consid
ering the expression for the torsional shear stress according to Eq. (19) 
and using the approximation αmax,approx,3 according to Eq. (25) gives the 
following expression for the design-relevant torsional shear stress 

τtor, j =
3V
b2

x

(
3
2

bx

h
k1, j −

1
nCA,k

tx,k

tx

b3
x

h3

)

kb (30) 

where j, k and nCA,k should be used as in Eq. (12) and with k1,j and kb 
according to Eqs. (8) and (9), respectively. 

CLT beams with a large number of laminations in the beam heigt 
direction (m = h/b greater than 8) gives bx/h ≫ bx

3/h3. By expressing the 
mean shear flow over the beam height as vxy = V/h, Eq. (30) can then be 
rewritten as 

τtor, j =
3
2

3νxy

bx
k1, jkb (31) 

which corresponds to the expression in Eq. (7) multiplied by 3/2, 

indicating a uniform design approach, but reflecting the difference be
tween the even shear distribution in the pure shear case and the para
bolic distribution for the beam loading case. 

Comparisons between FE-results reviewed in Section 3.2 and model 
predictions for design-relevant stresses, τzx,max and τtor,max, are pre
sented in Fig. 8 assuming equal laminations widths bx = by = 150 mm 
and total number of laminations in the beam heigt direction m = h/bx =

4. Design-relevant stresses were determined by equations presented 
above, as indicated in Fig. 8, considering each crossing area in the beam 
width direction (j = 1 and 2 for CLT 5s and j = 1, 2 and 3 for CLT 7s) and 
adopting only the maximum value. Results indicate fair agreement be
tween FE-results and model B predictions, as concluded above in Section 
3.2, but also reasonable agreement with several design proposals based 
on model B. For some proposals, the gain from more accurate stress 
predictions compared to FE-analysis comes at the price of more 
complicated design equations. However, all of them are predicting 
higher values of design relevant stresses compared to FE-results, indi
cating their conservative aspect. 

4. Unified design proposal for in-plane shear and beam loading 
conditions 

The analytical models for stress analysis of pure in-plane shear 
loading and in-plane beam loading conditions, presented above, can be 
used to formulate a unified design approach for the two loading cases. 
Using these rationally based models and introducing the above
mentioned simplifications, yields the following proposal for a unified 
design approach and calculation of design-relevant stresses for shear 
failure mode III in CLT. The design proposal is based on Eq. (7) for the 
torsional shear stress at pure in-plane shear loading and on Eqs. (22) and 
(30) for the shear stress components at in-plane beam loading condi
tions. The element lay-up is in this design proposal considered by the 
factors k1,j and k2,j. 

CLT at pure in-plane shear loading: 
The torsional stress component for crossing area j can be determined 

according to 

τtor, j =
3νxy

bx
k1, jkb (32)  

where the factor k1,j is given by 

k1, j =

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

j = 1 ;

{
1
2

}

for CLT 3s

j = 1, 2 ;

{
tx,1

tx
,

1
2

tx,2

tx

}

for CLT 5s

j = 1, 2, 3 ;

{
tx,1

tx
,

ty,1

ty
−

tx,1

tx
,

1
2

−
ty,1

ty

}

for CLT 7s

(33) 

and where the factor kb is defined according 

kb =
2bmaxbx

b2
x + b2

y
(34) 

with bmax = max (bx, by). 
CLT at in-plane beam loading: 
The stress components to be considered in design can be determined 

according to 

τtor, j =
3V
b2

x

(
3
2

bx

h
k1, j −

b3
x

h3k2, j

)

kb (35)  

τzx, j =
6V bx

h3 k2, j (36) 

with k1,j according to Eq. (33), kb according to Eq. (34) and where the 
factor k2,j is given by 

m
Fig. 7. Ratios of approximate values and exact values of max (αi).  
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k2, j =

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

j = 1 ;

{
1
2

}

for CLT 3s

j = 1, 2 ;

{
tx,1

tx
,

1
2

tx,2

tx

}

for CLT 5s

j = 1, 2, 3 ;

{
tx,1

tx
,

1
2

tx,2

tx
,

1
2

tx,2

tx

}

for CLT 7s

(37) 

Design-relevant stresses for pure in-plane shear and beam loading 
conditions, τtor,j and τzx,j, have to be calculated in the general case for 
each crossing area j in the beam width direction and the maximum 
values should be used in design verification, i.e. in the respective failure 
criteria. This is however only necessary for CLT 5s and 7s elements while 
in the case of CLT 3s only one crossing area (j = 1) needs to be verified. 
However, for practically relevant lay-ups of CLT 5s elements with tx,2/ 
tx,1 ≤ 2.0, stress verification need only to be done for the outermost 
(critical) crossing area (j = 1) of the external longitudinal laminations (k 
= 1). In the case of CLT 7s it is not so straightforward to define the 
critical crossing area due to dependence on both longitudinal and 
transversal relative thicknesses, i.e. tx,2/tx,1 and ty,2/ty,1. However, for 
practically relevant lay-ups of CLT 7s elements with tx,2/tx,1 ≤ 2.0 and 
equal transversal layer thickness ty,2/ty,1 = 1.0, stress verification needs 
only to be done for the outermost crossing area (j = 1) of the external 
longitudinal laminations (k = 1). For other ratios of ty,2/ty,1, crossing 
areas for internal longitudinal laminations (j = 2 and 3) should be also 
considered. 

5. Conclusions and outlook 

Unified and consistent design proposals for in-plane shear and beam 
loading conditions are presented based on the same rational mechanical 
background, but taking into account the difference between the even 
shear distribution in the pure shear case and the parabolic distribution 
for the beam loading case. Presented design proposals show overall good 
agreement with FE-results where both are predicting higher values of 
design-relevant stresses, indicating their conservative aspect. 

However, some limitations and assumptions are introduced. The 

presented unified design proposals are based on a macroscale material 
level considering equal and homogeneous material for all laminations. 
Possible effects on the lamination strength and stiffness by splitting of 
laminations, e.g. influence of knots and knot placement, are hence not 
taken into account. Further assumptions are related to the adopted 
crossing area shear stress distributions, see Fig. 2 and Fig. 4, and the 
adopted failure criterion found in literature, i.e. τtor,max/fv,tor ≤ 1.0 for 
pure in-plane shear and τtor,max/fv,tor + τzx/fr ≤ 1.0 for in-plane beam 
loading conditions. Such failure criteria are based on a simplified linear 
elastic approach where verification is done on only one single critical 
crossing area. 

Another aspect is related to the origin of the in-plane shear stress 
components acting in the crossing areas, which from a theoretical point 
of view, is irrelevant. Namely, the shear capacity is expressed in terms of 
the sum of the shear stress along the direction of the beam (rolling shear) 
and a torsional shear stress, and for these two contributions, different 
strength values are applied. The torsional shear strength fv,tor should in 
this sense be understood as a fictitious strength parameter which is 
strongly related to the structural properties, rather than a material 
property as in a conventional strength-of-materials approach. In a 
continuum-based approach, the stress situation would be described by 
two perpendicular shear stress components acting in the crossing area, 
τzx and τzy, without taking into account the loading situation provoking 
these stresses. Other approaches for verification of load-bearing capacity 
could be favourable, e.g. using failure criteria based on only the rolling 
shear strength as discussed in [18,29] or using approaches based on 
fracture mechanics. 

The design proposals are based on the assumption of equal longitu
dinal lamination width bx in the element height direction. This is mostly 
relevant for beam elements, since dimensions and placement of indi
vidual laminations with respect to the element edges are generally not 
known in the actual design situation as beams typically are cut from 
larger CLT panels with no consideration of the location of the element 
edges in relation to the edges of the individual laminations. However, as 
shown by Jeleč et al. [17,27,28], a reduced lamination width close to the 
edges for CLT 3s, 5s and 7s beam elements indicate a relatively small 
influence on predicted shear capacity with respect to failure in the 

tx tx

L, tx ty

tx tx

L tx ty
ty ty

tx tx

L tx ty

tx tx

L tx ty
ty ty

Fig. 8. Comparison between FE results and model predictions for design relevant stresses for varing lay-ups 0.31 ≤ tx,2/tx,1 ≤ 2.6 of CLT 5s and 0.33 ≤ tx,2/tx,1 ≤ 2.0 
of CLT 7s. 
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crossing areas (mode III). Compared to the reference cases with equal 
widths for all longitudinal laminations, the differences in predicted 
stress ratio τtor,max/fv,tor + τzx/fr, see Eq. (10), for reduced widths of the 
upper- and lowermost laminations are not more than 2 % for CLT 3s, 5 % 
for CLT 5s and 6 % for CLT 7s. Lamination widths bx and by are in ETAs 
commonly stated as an interval, typical ranging from 80 mm to 250 mm. 
In cases where the lamination width is not known, a conservative 
approximation as bx = by = 80 mm may be assumed, following the 
recommendation in the draft version of the new Eurocode 5 (CEN/TC 
250/SC5, 2021) [22]. 

Further investigations of CLT beam elements with outer laminations 
parallel to the vertical direction (beam orientation T) should preferably 
also be conducted, since some differences in weighting factors in beam 
width direction could be expected. As mentioned in Section 1, such layer 
orientation would be relevant for lintels in continuous CLT elements 
with cut-outs for windows and doors. In order to determine a complete 
unified design proposal for CLT at in-plane shear and beam loading 
conditions, irrespective of the orientation of outer laminations for beam 
elements, further experimental and numerical investigations are hence 
needed. 
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[17] M. Jeleč, H. Danielsson, V. Rajčić, E. Serrano, Experimental and numerical 
investigations of cross laminated timber at in-plane beam loading conditions, 
Constr. Build. Mater. 206 (2019) 329–346. 

[18] H. Danielsson, E. Serrano, Cross laminated timber at in-plane shear loading – 
Strength and fracture analysis of shear mode III, in: Proc. WCTE, Santiago, Chile, 
2021. 

[19] H.J. Blass, R. Görlacher, Zum Trag- und Verformungsverhalten von LIGNOTREND 
Elementen bei Beanspruchung in Plattenebene, Lehrstuhl für Ingenieurholzbau und 
Baukonstruktionen, Universität Karlsruhe (TH), 2002. 
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