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ARTICLE INFO ABSTRACT

Keywords: The work presented concerns validation of a specific analytical model for Cross Laminated Timber (CLT) at in-
CLT plane beam loading conditions. The original model (model A) has previously been presented in the literature and
Beam is also suggested to be used as a basis for design equations for the next version of Eurocode 5. An improved

In-plane loading
Shear mode III
FE-analysis

version (model B) of that original model (model A), regarding basic assumptions relating to the internal force
distribution, has recently been presented in the literature. Here, comparisons between the original model (model
A), the improved model (model B) and FE-analyses regarding magnitude and distribution of internal forces are
presented. The main focus is on forces and torsional moments acting in the crossing areas between longitudinal
and transversal laminations and relevant for shear mode III failure, meaning the relative sliding and rotation
between two flat-side bonded laminations. The results show that the improved analytical model (model B)
outperforms the original model (model A) in terms of giving predictions very close to the predictions of the FE-
model. A further extension of the improved model (model B) regarding distribution of forces and torsional
moments in the beam width direction is also presented.

1. Introduction

The stress state in Cross Laminated Timber (CLT) at in-plane beam
loading conditions is influenced by many geometry parameters and
many failure modes need to be considered in design. Three failure
modes need to be considered regarding strength verification with re-
spect to shear: 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).

Several studies on CLT at shear loading are found in the literature. A
comprehensive experimental investigation and design concepts of CLT
diaphragms at shear loading has recently been presented by Brandner
et al. [1]. The stress state differs, however, partly between in-plane
loading of CLT diaphragms and CLT beams, for example regarding the
stresses relevant for shear mode III failure. Several experimental in-
vestigations regarding CLT beams are found in the literature, see e.g.
Jobstl et al. [2], Bejtka [3], Andreolli et al. [4], Blaf} & Flaig [5], Flaig
[6] and Danielsson et al. [7,8].

An analytical model for CLT beams has been presented by Flaig
[6,9-11] and by Flaig & Bla [12], including proposals for stress based
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failure criteria for relevant failure modes. That model has also been
used as a basis for design equations in the ongoing revision work of
Eurocode 5 (EC5). Finite element (FE) analyses of CLT beams are also
presented in [5,6,13], focusing on the beam bending strength as limited
by parallel to grain normal stress in the longitudinal layers.

The analytical model of Flaig & BlaR does, however, suffer from
some drawbacks relating to assumptions regarding distributions of in-
ternal forces and shear stresses acting in the crossing areas, as has been
pointed out in [8,14,15]. Some alternative model assumptions and
improvements of the original model, aimed at giving more accurate
description of the internal force distribution, were recently presented
by Danielsson & Serrano in [15]. Also the influence of the element lay-
up in terms of the individual longitudinal layer thicknesses on the in-
ternal force distribution differ between the two considered models. The
model by Danielsson & Serrano [15] has recently been used by Jelec
et al. [16] to formulate proposals for design equations for CLT beams
with respect to shear mode III failure.

The aim of this paper is to present a comparison of these two ana-
lytical models and 3D FE-analyses regarding magnitude and distribu-
tion of internal forces in CLT at in-plane beam loading conditions. The
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Fig. 1. Illustration of beam model and definition of load and geometry parameters.

main focus is placed on the forces and torsional moments acting in the
crossing areas between longitudinal and transversal laminations which
are relevant for shear mode III failure.

2. Analytical models
2.1. General

A CLT beam with geometry and load parameters according to Fig. 1 is
considered. Equations presented below relate to prismatic CLT beams
without edge-bonding and composed of transversal laminations of width
byy and longitudinal laminations of equal width b, and hence having an
integer number of longitudinal laminations, m = h/b,, in the beam height
direction. Index i refers to the position of the longitudinal laminations in
the beam height direction and index k refers to the position of the long-
itudinal and transversal layers in the beam width direction.

Cross section forces and bending moments are considered at three
separate levels according to Fig. 1: (V, N, M) refer to the forces and the
bending moment acting on the total cross section, (V}, N;, M;) refer to
the sum of forces and bending moments acting in all k longitudinal
laminations for a certain i and (Vj, Nik, M) refer to the forces and the
bending moment acting in an individual longitudinal lamination i, k.

A linear normal strain distribution is assumed in the beam height (y)
direction. Due to no edge-bonding between adjacent laminations and
due to the low stiffness perpendicular to grain compared to parallel to
grain, normal stress parallel to the beam axis, oy, is assumed to be
present in the longitudinal laminations only. The normal stress o, is
further assumed to be uniformly distributed in the beam width (2) di-
rection. Shear stresses 7, are present in both longitudinal and trans-
versal laminations. Since elements without edge-bonding are con-
sidered, all narrow faces of the laminations are traction-free.

Shear stresses 7, and 7, act in the crossing areas between the
longitudinal and transversal laminations. These shear stresses can be
decomposed into stresses due to three basic in-plane loading situations:
(a) shear stress parallel to the beam axis z,, (b) shear stress perpendi-
cular to the beam axis 7, and (c) torsional shear stress 7,,. The corre-
sponding resulting forces F.;x and F,;; and the torsional moment
M,ri are illustrated in Fig. 1 where also the assumed shear stress
distribution according to the model by Flaig & Blaf} are shown.

2.2. Original model — Model A

Flaig & BlaR suggest that the forces and torsional moments acting in
the crossing areas, with sufficient accuracy, can be taken as uniformly
distributed in the beam width direction irrespective of the element lay-
up in terms of the individual longitudinal layer thicknesses t, for CLT
made of softwoods and with lay-ups as used in practice. Their model is
further based on assumptions of equal torsional moments for all
crossing areas in the beam height direction, which corresponds to as-
suming equal lamination shear forces in the beam height direction, i.e.
Vi=V/m.

The parallel to beam axis force F.;; and the corresponding shear
stress component 7 ; x can according to [12], with sufficient accuracy,
be expressed as

b 1
ST g nea @
o P 12V 1
bk boboy  mbg nca (2
where
m+1 .
m:%( _J ©)

and where n¢, is the total number of crossing areas in the beam width
direction, i.e. ncy= 2, 4 and 6 for CLT beams with 3, 5 and 7 layers,
respectively.

The torsional moment M, ;, and the corresponding torsional shear
stress component 7, ; x can according to [12], with sufficient accuracy,
be expressed as

Vb 1 1
Mtor,i,k = 20 (_ - _3)

Hea \mM m (C))
o= Mtor,i,k bmax _ XL(L _ L) 2b0bmax
tor.Lk Ibca 2 b nca\m  m*)b¢ + b 5)
where

boby ,, > 2

I = bs + b.
P,CA 12 ( 0 90) (6)

and where b, = max{bg, boy}.
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2.3. Improved model — Model B

With respect to the original model of Flaig & BlaR, the model im-
provements presented by Danielsson & Serrano in [15] include: (a)
consideration of the influence of the element lay-up in terms of the
individual longitudinal layer thicknesses t; ; on the stress distribution in
the beam width direction and (b) consideration of an uneven dis-
tribution in the beam height direction of the torsional moments My, ; x,
which is a consequence of an uneven distribution in the beam height
direction of the lamination shear forces Vi .

At locations in the beam length direction corresponding to a section
in-between adjacent transversal lamination, the shear force V must be
carried by the longitudinal laminations only. The distribution of the
total shear force V over the individual longitudinal laminations can be
expressed as

Vik = ‘xiﬁk 14 @)

where o; and §, are dimensionless weighting factors describing the
distribution of the shear force in the beam height («;) and the beam
width (B,) directions. Weighting factors «; according to

6 — 6i2 + m(6i —3) — 2
= e

: @®
are proposed in [15], based on the parabolic shear stress distribution
found from conventional engineering beam theory for a homogeneous
beam of height h = mb, and width ;o = D, tox. A distribution in the
beam width direction based on the individual longitudinal layer
thicknesses t; according to

B =

tnet,0

Lok

9

is further proposed in [15].
The parallel to beam axis force F,;; and the corresponding shear
stress component 7., ; ; can according to [15] be expressed as

_ 12Vbgy fox 1

WLk a;

ST MG teo neak 10)
- E ik 12V tor 1
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where nc, is the number of crossing areas that the individual long-
itudinal lamination shares with adjacent transversal laminations, i.e.
neax = 1 or 2.

The torsional moment M, ;, and the corresponding torsional shear
stress component 7, ;; can according to [15] be expressed as

Vb for 1
Miorix = —2>| ciff — ——

ncak bnet,0 M 12)
—_— Mior,i.k bax _ X 1 B tox 1 ) 2bobpax
tor,i,k = - i - -3

Ipca 2 B neax\ " F taro m® ) b + b 13)

3. Numerical model

Full 3D FE-analyses were carried out in order to study the internal
force distribution in CLT at in-plane beam loading. Results of the nu-
merical model are compared with the original analytical model of Flaig
& Blal} [12] (model A) and the improved model of Danielsson & Serrano
[15] (model B). CLT beams composed of 3 layers (3s) and 5 layers (5s)
are considered in the study, with beam geometries as illustrated Fig. 2.

The laminations were modelled as linear elastic and orthotropic
with stiffness parameters according to Table 1. The rectilinear material
directions are denoted by L in the lamination length direction, T in the
width direction and R in the thickness direction. Adjacent laminations
within the same layer were modelled with a gap of width ty, =
0.2 mm. The flat-wise bonding between the laminations was modelled
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Engineering Structures 179 (2019) 246-254

using a combination of hard contact in compression and elastic re-
sponse in tension perpendicular to the crossing areas and in the two
shear directions. The linear elastic traction-separation model used a
single stiffness value for all three directions, K,, = K;; = K= 1000 N/
mm?, for tension and the two shear directions, respectively. The FE-
analyses were performed using Abaqus 2017 [17] and 8-node linear
brick elements (C3D8 in Abaqus) were used. Symmetry in the beam
width (z) direction was considered and the FE-meshes consisted mostly
of cubically, or close to cubically, shaped elements having a side length
of about 5 mm.

The widths of the individual longitudinal and transversal lamina-
tions were consistently by = bg for all geometries. Most analyses were
performed on a reference beam geometry of CLT 5s and with lamination
widths by = byg = 150 mm, m = 4 longitudinal laminations in the beam
height direction and 7 transversal laminations in the beam length di-
rection. For the CLT 5s beam geometries, a longitudinal net cross sec-
tion width tye o = D) tox = 120 mm was consistently considered.

A parameter study concerning various beam geometry parameters
was carried out to study the influence on the internal force distribution
in the laminations and in the crossing areas. The longitudinal layer
thicknesses were varied within the ranges 26 < ty; = o3 < 52 mm and
16 < to» < 68 mm in such a way that the relative longitudinal layer
thicknesses were varied within the range 0.31 < to/to1 = to/to3 < 2.62.
Transversal layer thicknesses to; = too> = 10, 20 and 40 mm were
considered giving ratios of longitudinal to transversal net cross section
widths within the range 1.5 < tuer0/ther00 < 6.0. Analyses were per-
formed considering m = 3, 4, 5 and 6 longitudinal laminations in the
beam height direction and with lamination widths then being by = by
200, 150, 120 and 100 mm, respectively. A beam part of length
L ~ 2h and consisting of an odd number of transversal laminations in
the beam length direction was considered for all analyses.

Loads were applied to the individual longitudinal laminations at the
two respective ends of the CLT beam. The applied loads were in equi-
librium and the model was only constrained to prevent rigid body
motions. Shear forces V 15,000N and bending moments
M; = Mr = M = VL/2 were applied, giving zero bending moment (pure
shear) at a section through the middle of the centre-most transversal
lamination. The loads on the individual laminations were applied ac-
cording to assumptions of the analytical model as presented in [15] and
may hence be expressed as

_12M ok
Nk = W—al
m>bg’ tyet,0 14
M tox
k= —
' m3 tnel,() (15)
Vik = iV (16)

with a; and §, according to Egs. (8) and (9).

Presented results relate to the lamination shear forces Vj, the tor-
sional moments My, ;; and the parallel to beam axis forces F ;. The
forces and moments are evaluated in laminations and in the crossing
areas according to Fig. 2, at a beam section around the centre-most of
the odd number of transversal laminations in the beam length direction.
Forces and moments from the FE-analyses were determined by in-
tegration of the stresses over the relevant areas.

Results are in the following partly presented as the sum of the forces
over the k layers of laminations/crossing areas in the beam width di-
rection and over the i laminations/crossing areas in the beam height
direction according to the following notation

Vii+ Vi for 3s
EOL S I
. i1t Via+ Vs for 5s 17
m
Ve= D) Vik = Vik + Vage + oot Vink
i=1 (18)
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Fig. 2. Illustration of considered beam geometry for FE-analysis.

Table 1
Lamination stiffness parameters used for FE-analyses.

Ep, Er Er GLr GLR G1r vLT VLR VIR
[MPa] [MPa]  [MPa] [MPa] [MPa] [MPa] [-1 [-] [-]
12,000 400 600 750 600 75 0.50 0.50 0.33

m
Ve = 0, Vi
i=1 (19)
Mt i1 + M[ 0,2 for 3s
Mtor,i = Z Mtor,i,k = MD” ort £
© tor,i,1 + 2Mt0r,i,2 + Mtor,i,3 or 5s (20)
m
Mtor,k = Z Mtor,i,k = Mmr,l,k + Mtor,z,k + ~--+Mtor,m,k
i=1 @1
m
Mtor,[at = Z Mtor,i
i=1 (22)
Fei1l + |E.i for 3s
Eg,i - Z Ec,i,k - I X,l,ll I x,l,2| ;
- [Friil + 21F 2| + |Fis| for Ss (23)
m
Fox = Z ik = |Ferel + 1okl + oot Fomil
i=1 24)
m
Foor = 2 Ee;i
i=1 (25)
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4. Results

A preliminary parameter study of the influence of the type of load
application, the contact stiffness parameters and the mesh density was
performed considering CLT 3s with results presented in Section 4.1. A
more comprehensive parameter study of the influence of the element
lay-up and the number of longitudinal laminations in the beam height
direction was performed considering CLT 5s and results are presented
in Sections 4.2-4.5. Forces and torsional moments according to the FE-
analyses as described in Section 3 are compared with forces and tor-
sional moments according to the analytical models A and B as presented
in Sections 2.2 and 2.3, respectively.

4.1. Preliminary parameter study — CLT 3s

A beam geometry CLT 3s with by = bgy = 150 mm, m = 4 and lay-up
(40-20-40), i.e. to; = top = 40 mm and ty; = 20 mm, is considered
here. The reference case for this parameter study is based on load ap-
plication, contact stiffness parameters and mesh density as stated in
Section 3. Six alternative variations of load application, stiffness para-
meters and mesh densities are considered within this parameter study:

Load alternative a

Lamination forces and bending moments according to Egs.
(14)-(16), with o; = 1/m and hence uniform distribution of the total
shear force V over the i longitudinal laminations in the beam height
direction.

Load alternative b
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Lamination shear forces Vi, according to Eq. (16), lamination
bending moments M;; = 0 and lamination axial forces N giving a
total bending moment M = " Niya; + >, Niza; = VL/2.
Stiffness alternative a

Contact stiffness parameters as K, = K;; = K= 100 N/mm>.
Stiffness alternative b

Contact stiffness parameters as K,,, = K;; = K= 10,000 N/mm°.
Mesh density alternative a

Overall element side length 4 mm.

Mesh density alternative b

Overall element side length 10 mm.

Results of these seven FE-analyses in terms of shear forces, torsional
moments and parallel to beam axis forces are presented in Fig. 3. The
forces and moments are equal for the two layers of longitudinal lami-
nations and the two crossing areas in the beam width direction since the
considered beam is composed of only two longitudinal layers and due to
symmetry. Results are hence presented for Vi, M,,; and Fy; only.

Only minor differences in terms of calculated forces/moments are
found for the FE-analyses with different types of load application, dif-
ferent contact stiffness properties and for the different FE-mesh den-
sities. The ratios between the forces/moments according to the six FE-
analyses with alternative input parameters and the forces/moments of
the reference FE-analysis are 0.97-1.04 for V;, 0.98-1.04 for M,,.; and
0.99-1.07 for F. ;. By comparison of results according to the reference
case and load alternatives a and b, it can be seen that the distributions
of the applied loads at the two beam ends seem to have only a very
small influence on the internal force distribution at the sections where
the forces are evaluated (i.e. around the center-most transversal lami-
nations).

Forces and torsional moments according to analytical models A and
B as presented in Sections 2.2 and 2.3, respectively, are also shown in

Fig. 3. Uniform distribution of the torsional moments M, ;x and the
shear forces V;; over the beam height, as assumed in model A, is in clear
disagreement with the FE-results. In contrast, distributions of M,
and V;, based on model B with «; according to Eq. (8) agree well with
the results from the FE-analyses. Egs. (1) and (10) for the parallel to
beam axis force E, ; x are identical for CLT 3s and are in good agreement
with the results of the FE-analyses.

4.2. Distribution of forces in the beam height direction — CLT 5s

Distribution of forces and moments in the beam height direction for
CLT 5s with m = 4 longitudinal laminations in the beam height direc-
tion and individual laminations widths by = bgy = 150 mm are pre-
sented in Fig. 4 for different lay-ups. The presented forces and moments
are Vi, M,,; and Fy; according to the definitions in Eqgs. (17)-(25).

The distributions of Vi and My, ; in the beam height direction are
in good agreement with analytical model B. The ratios between the
forces and moments according to the FE-analyses and according to this
analytical model are 0.94-1.13 for V;, 0.94-1.14 for M,,.; and 0.98-1.00
for E, ;. Considering the maximum values, the corresponding ratios are
0.94-0.99 for max{V;}, 0.94-0.99 for max{M,,;} and 0.99-1.00 for
max{F,;}. The respective distributions in the beam height direction are
not much influenced by the relative longitudinal layer thicknesses
to2/to,1 = to.2/to3 nor by the relative net cross section widths tue o/ tnet.90,
within the limits studied here.

Distribution of forces and moments in the beam height direction for
CLT beams with 3 < m < 6 longitudinal laminations in the beam height
direction and with lay-up (40-20-40-20-40) are presented in Fig. 5.
Also here good agreement is found between results of the FE-analyses
and analytical model B. Thus it seems that Egs. (7), (8), (10) and (12)
are suitable to describe the distribution of forces and moments in the
beam height direction.
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Fig. 5. Distribution in beam height direction of internal forces and moments according to FE-analyses and analytical models for CLT 5s with 3 < m < 6 longitudinal
laminations in the beam height direction and element lay-up (40-20-40-20-40). Definition of forces and moments according to Fig. 2 and Egs. (17)-(25).

The assumptions of equal lamination shear forces and equal tor-
sional moments for all crossing areas in the beam height direction, see
analytical model A and Eq. (4), are clearly in disagreement with the

results of the FE-analyses.

4.3. Distribution of forces in the beam width direction — CLT 5s

Distribution of forces and moments in the beam width direction for
CLT 5s with by = bgy = 150 mm and m = 4 longitudinal laminations in
the beam height direction are presented in Fig. 6 for different lay-ups.
The considered forces and moments are Vi, M, x and E,; according to
the definitions in Egs. (17)-(25).
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Fig. 6. Distribution in beam width direction of internal forces and moments according to FE-analyses and analytical models for CLT 5s with m = 4 longitudinal
laminations in the beam height direction and lay-ups (to,1—t90,1~to,2—te0,2—to,3). Definition of forces and moments according to Fig. 2 and Egs. (17)-(25).

As can be seen in Fig. 6, the distribution of the lamination shear
forces found from the FE-analyses differ partly compared to the as-
sumptions used in analytical model B with 5, according to Eq. (9). The
ratios between the shear forces V; according to the FE-analyses and
according to this analytical model are 0.93-2.36 for V, and 0.79-1.09
for V] and V; for the wide range of CLT lay-ups used within the para-
meter study, with 0.31 < f95/t01 = to2/to3 < 2.62. FOr t55/t1 = ty2/te3 = 2.0,
i.e. an interior longitudinal layer thickness twice the external long-
itudinal layer thicknesses, the lamination shear forces found from the
FE-analyses agree very well with the assumed shear force distribution.
For to/to1 = to2/to3 < 2.0, however, the FE-analyses give distributions
of the laminations shear forces where a comparatively larger part of the
total shear force is carried by the centric layer (k = 2) and a com-
paratively smaller part is carried by the external layers (k= 1 and 3). As
for the shear forces V;, discrepancies between the results of the FE-
analyses and analytical model B are also found for the torsional mo-
ments Mo k-

Regarding the parallel to beam axis forces F;; and their distribu-
tion in the beam width direction, a very good agreement between the

FE-analyses and analytical model B can be observed in Fig. 6. The ratios
between the parallel to beam axis forces F ; according to the FE-ana-
lyses and according to Eq. (10) are 0.99-1.00 for F.;, F., and F, 3 for
the wide range of CLT lay-ups used within the parameter study.

The distributions in the beam width direction of the considered
forces and moments found from the FE-analyses are not much influ-
enced by the element lay-up in terms of the relative net cross section
widths et 0/ ther,00 Within the limits studied.

The assumption of equal forces E ;) for all crossing areas in the
beam width direction irrespective of the element lay-up, see analytical
model A and Eq. (1), is clearly in disagreement with the results of the
FE-analyses. Also the assumption of equal torsional moments M,,, ; x for
all crossing areas in the beam width direction, see analytical model A
and Eq. (4), is in disagreement with the results of the FE-analyses,
however, not quite to the same extent as for Fy ;.

4.4. Alternative weighting factors 5, — CLT 5s

The distribution of the lamination shear forces V; is of importance
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Fig. 7. Comparison for forces F, ;x and torsional moments My, ;x for CLT 5s with m = 4 longitudinal laminations in the beam height direction, individual lamination
widths by = bgy = 150 mm and lay-ups (fo,1—t90,1~f0,2—f90,2—f0,3). The forces and moments are normalized with respect to reference forces F, s according to Eq. (10)
and torsional moments M,k s according to Eq. (12) considering a lay-up with t,/to1 = to2/to3 = 2.0.

in relation to the stress state in the crossing areas and thus for design
with respect to shear mode III failure, since o; and §, determine the
torsional moments My, ; ; and the torsional shear stresses 7, ; k., See Egs.
(12) and (13). Based on manual curve-fitting of the lamination shear
forces V; found from the FE-analyses as presented in Fig. 6, alternative
expressions for the weighting factors 8, were determined according to

1 fo,k
~(1+4—
8( + tnet,0
1
1(1 + 22k
4 tnet,0

with Zi:l B, = 1.0. Distributions of Vj and M, based on f according
to Eq. (26) are shown in Fig. 6.

) fork=1,3
6,(:

)fork:Z (26)

4.5. Overall comparison of forces in crossing areas — CLT 5s

Individual torsional moments M, ; x and parallel to beam axis forces
E. ik are presented in Fig. 7 for the FE-analyses of CLT 5s with m = 4
longitudinal laminations in the beam height direction, individual la-
mination widths by = bgg 150mm and different lay-ups
(to,1~to0,1~t0,2—t90,2—t0,3). The forces and moments are normalized with
respect to reference forces F ;s according to Eq. (10) and torsional
moments My ; 1, s according to Eq. (12) considering a reference lay-up
with [0’2/1’0’1 = tO,Z/t0,3 = 2.0.

Forces E, ;  are given for all crossing areas while torsional moments
M, are given only for the most centrically placed crossing areas
(i = 2, 3). Data points for k = 1 and k = 3 are identical due to symmetry
in the beam width direction and data points for i = 1,4 and i = 2, 3,

respectively, are (almost) identical due to symmetry in the beam height
direction.

For the parallel to beam axis forces Fy;;, an overall very good
agreement between the results of the FE-analyses and analytical model
B and Eq. (10) can be observed for all considered element lay-ups. The
ratios between the parallel to beam axis forces E, ;x found from the FE-
analyses and as given by Eq. (10) are 0.97-1.01.

For the torsional moments M, ;x, the overall agreement between
the FE-results and analytical model B is worse. The influence of the
element lay-up in terms of the relative longitudinal layer thicknesses
to/to1 = to/to3 given by Eq. (12) with 8, according to Eq. (9) is greater
than found from the FE-analyses. Considering the alternative expres-
sions for B, according to Eq. (26) give, however, reasonably good
agreement with results of the FE-analyses.

5. Discussion

For CLT at in-plane beam loading conditions, it has in Section 4
been shown that the internal force distribution found from FE-analyses
is significantly influenced by the element lay-up in terms of the relative
longitudinal layer thicknesses. The forces and torsional moments are
equal for the two crossing areas in the beam width direction for CLT 3s,
due to symmetry. However, the forces and torsional moments in general
vary between the four crossing areas in the beam width direction for
CLT 5s. For CLT 5s beams and the special case of an internal long-
itudinal layer having twice the thickness of the external longitudinal
layers, i.e. to/to1 = to2/to;3 = 2.0, the forces and torsional moments are
found to be equal for all crossing areas in the beam width direction. For
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this specific lay-up is the ratio tox/ncax, between the longitudinal layer
thickness ¢y, and the number of crossing areas that the longitudinal
layer shares with adjacent transversal laminations nc4 , constant for all
k longitudinal layers.

Model A and Egs. (1), (2), (4) and (5) are in [12] stated as being
accurate for lay-ups having constant ratio tx/ncax and as providing a
sufficiently good approximation for CLT beams made of softwoods and
with lay-ups that are used in practice. Commercially produced CLT ele-
ments typically have lay-ups with varying ratio tox/ncax and ratios be-
tween internal and external longitudinal layer thicknesses in the range
0.5 < t2/to1 = to2/to;3 < 1.0. Within this range, the maximum values of
the parallel to beam axis forces F, ; x found from the FE-analyses were up
to about 60% greater than for the reference case of constant ratio to x/nca k
and ty2/to.1 = toa/to3 = 2.0, see Fig. 7. For the torsional moments M;, ; k,
maximum values found from the FE-analyses were up to about 30%
greater than for the reference case of constant ratio ty x/nca k-

The ratios between the maximum values of the torsional moments
M,ri k. for the centre-most crossing areas (i = 2, 3) found from the FE-
analyses and according to model B with 8, according to Eq. (9) are
0.73-0.85, for element lay-ups with 0.5 < to/to1 = to2/to3 < 1.0. The
corresponding ratios are instead 0.91-1.00 if considering weighting factors
B, according to Eq. (26). In other words, ignoring the approximate
weighting factors 8, according to Eq. (26) and assuming §; = to x/ter,0, S
suggested in [15], gives for practically relevant element lay-ups an over-
estimation of the maximum torsional moment of about 20-35% compared
to the results of the FE-analyses presented here. This (safe side) assump-
tion and simplification may be reasonable to use for practical design
purposes, since more user-friendly design equations may be obtained.

For CLT beams composed of longitudinal laminations of equal width
bo, the most stressed crossing areas are according to model A always the
upper- and lower-most crossing area in the beam height direction since
the forces F ;i increases with the distance from the neutral axis and
since the torsional moments M,, ;; are assumed to be equal for all
crossing areas in the beam height direction. According to model B and
the FE-results, however, the torsional moments M, ;; have their
maximum value in the crossing areas located closest to the beam centre-
line. The location of the critical crossing area is hence not obvious and
depends on the number of longitudinal laminations m in the beam
height direction, the considered failure criterion and considered
strength value/values with respect to the stress components 7, and ;.
This issue is further discussed in [15,16].

Within the work presented here, only CLT beams composed of either
3 or 5 layers were considered. Further studies of CLT beams composed
of 7 layers should preferably also be conducted. It may also be relevant
to study CLT beams with inverted layer orientation compared to the
layer orientation considered within this work, i.e. element orientation
such that the outermost layers are the transversal layers.

Another interesting aspect yet to be studied is the influence of
varying lamination widths. In practice, CLT beams are often arbitrarily
cut from large panels meaning that the width of (at least) the upper-
and lower most laminations may differ compared to the nominal la-
mination width. Model B as presented here is in general valid also for
the case of varying lamination widths, but with slight modifications to
the equations given in Section 2.3 regarding the weighting factors o;
and forces and torsional moments acting in the crossing areas.

6. Conclusions

The analytical model as presented by Flaig & Blaf3 [12] has been
used as a basis for design equations for CLT beams in the ongoing re-
vision work of Eurocode 5. This model is, however, based on erroneous
assumptions regarding the distributions of internal forces relevant for
shear mode III failure, which has been pointed out in e.g. [8,14,15] and
also shown here. Improvements of the original analytical model of Flaig
& Blal? have been presented by Danielsson & Serrano [15].

Engineering Structures 179 (2019) 246-254

The internal force distributions according to the original model (model
A) and the improved model (model B) have here been compared to 3D FE-
analyses of 3- and 5-layered CLT beams, with focus on the forces and
torsional moments acting in the crossing areas. The comparison supports
the proposed improvements in model B regarding the distributions in the
beam width and beam height directions of the forces F;; and the dis-
tributions of the shear forces V;; and the torsional moments M, ;  in the
beam height direction. Concerning the distribution in the beam width
direction of Vix, and consequently also M, ;x, some discrepancies be-
tween model B and the FE-analyses were found.

A distribution of the shear forces based on the relative thicknesses of
the k layers of longitudinal laminations according to Vi, = o; 3,V with
By = to,k/tnet,o Was assumed in [15]. Distributions of shear forces found
from the FE-analyses presented here differ partly from this assumption
and alternative expressions for the weighting factors §3,, based on curve-
fitting of the shear forces found from the FE-results, were proposed.
Using this modification, model B as presented in [15] yields good
agreement also for torsional moments and their distribution in the
beam width direction as compared to the FE-analyses.
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