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According to the harmonized European design code for timber structures, Eurocode 5, all pitched timber trusses

Wood are designed as an in-plane structure, meaning that the bracing systems used are assumed to prevent the out-of-
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plane failure of the truss if sufficient strength and stiffness are provided. The present paper studies how the
stiffness of a wooden bracing system contributes to the out-of-plane stability of a trussed roof structure. Results
from numerical simulations indicate that significant bracing forces may occur in compressed structural members
for long-span timber structures. As well, the values obtained from the calculations according to Eurocode 5 are

occasionally far from the results obtained by numerical simulations.

1. Introduction

In Europe [1] and other regions around the world, slender timber
beams connected together with punched metal plate fasteners is a
common solution to form a trussed roof structure. There are various
ways how to brace these structures, e.g. by use of corrugated steel
sheathing or roof sheeting panels. But there are also several existing
roof structures without sheathing panels on top of the top chords, ty-
pically roofs covered by roofing tiles. And such roofs with tiles and
without sheathing panels are still being constructed. For stability these
roofs are using bracing trusses placed in the plane of the top chords
together with diagonal wind braces and roof battens, see Fig. 1. The
battens are connected to bracing trusses to prevent the lateral buckling
of the top chords. According to the author’s opinion, these roofs might
be insufficiently braced at times, because this bracing system shows a
semi-rigid deformation behaviour that often results in out-of-plane
buckling as a critical failure mode for the top chord design. This is
especially important for long span trusses over 15m, where metal-
plate-connected timber trusses are frequently used [2,3].

In Ormarsson et al. [4], the out-of-plane buckling length was studied
by using a simple 3D-beam/spring finite element model to analyse the
lateral buckling behaviour of a pitched long-span timber truss structure.
The 3D beam elements used to simulate the wood truss members were
connected together by six independent spring elements (three for
translations and three for rotations), representing the connection

stiffness for each degree of freedom of the used mechanical joints.
Maraghechi and Itani [5] also used this 3D-beam/spring modelling for
first order static analysis of a short span timber truss structure. Com-
pared to the commonly used design approach, which considers the
connections in the roof structure to be pinned, this semi rigid approach
[5] showed promising results. Burdzik and Dekker [6] adopted the
semi-rigid modelling approach for three-dimensional numerical buck-
ling analysis to simulate the whole double-W truss structure with the
span of 10 meter. Their work mainly focused on how to consider the
influence of the eccentricity between the centreline of the roof battens
and the centreline of the compressed top chord (marked by the letter e
in Fig. 1). They used beam elements to connect the centrelines of top
chords and battens with cross-section and material properties that were
according to Stanway et al. [7]. In contrast to Burdzik and Dekker [6],
Song [8] and Pienaar [9] used full-scale tests to study the out-of-plane
buckling length of the compressed top chords of the roof trusses. All of
the listed studies ([6,8,9]) pointed out not negligible threat of the out-
of-plane buckling for trussed roof structures stabilised by semi-rigid
bracing systems in wood.

An analytical formula to calculate the out-of-plane buckling length
of a top chord in a pitched long span roof truss braced with bracing
trusses and diagonal wind braces (see Fig. 1) is presented by Kessel
[10]:
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Fig. 1. Pitched timber roof structure with semi-rigid bracing system of wood: A-top chord, B-bottom chord, C-diagonals, D-bracing truss, E-wind brace, F-roof batten.

where [ is the effective buckling length for the out-of-plane buckling
of the top chord, Eq is the characteristic modulus of elasticity, L, is the
moment of inertia about the weak axis of the top chord and k is the
stiffness in [N/m?] of the elastic foundation with respect to the weak
axis of the top chord (i.e. a single support (spring) stiffness in [N/m]
divided with the c-c distance between the battens).

Eq. (1) is based on the Timoshenko’s theory [11], of a continuous
beam on an elastic foundation (a so-called Winkler foundation [12])
governed by the following differential equation:

EIW)" + (NW) + k(@w = g(x) ®)

where E is modulus of elasticity of the beam, I is the moment of inertia
of the beam, x is the length-coordinate of the beam, w is the unknown
lateral deflection of the beam as a function of the x-coordinate, N is the
compressive normal force, k is the stiffness of the elastic foundation of
the beam, q is the lateral load acting on the beam.

In [10], Eq. (2) is applied for the top chord in the roof plane, hence
the moment of inertia about the weak axis is used in Eq. (1) and the
(spring) stiffness of the supports represents the stiffness of the bracing
system in direction of the roof battens. Note that the displacements of
the bracing trusses in the roof plane are neglected. This assumption is
acceptable since the length of the half waves is small in relation to the
length of the top chord, less than 1/5.

The lateral load acting on the top chord is neglected, thus the stu-
died application is only loaded axially with a constant compressive
normal force. To ensure reasonable good solution of Eq. (2), form of the
first buckling mode is also assumed to consist of half waves that are at
least three times the c-c distance between the roof battens (minimal
length according to Timoshenko [11]). These assumptions result in a
simplified differential equation usable for a top chord with a constant
bracing stiffness, a constant normal force and no lateral load as

EL,w!"V + Nw” + kw =0 3

where I, is the moment of inertia about the weak axis of the beam and w
is the lateral deflection of the beam in direction of the battens cen-
trelines.

By neglecting the influence of the eccentricity e shown in Fig. 1, and
assuming that the top chord at its ends is simply supported and moment
free (i.e. w(0) = w() =0 and w”(0) = w”()) = 0) the solution of Eq. (3)
becomes

. mmx
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where [ is the length of the beam and m is the number of half waves.
After inserting Eq. (4) into Eq. (3), it can be written as
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The only non-trivial solution of Eq. (5) is obtained when the term

inside the brackets is equal to zero, giving the critical normal force as
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(6)

For a fixed number of half-waves (m = 1,2,3,..), the critical normal
force can be used to study the number of sinusoidal half-waves in the
critical buckling shape for top chords of varying lengths, see Fig. 2.

The minimum of the critical normal force function N min is de-
termined by setting the partial derivative of N, with respect to  equal
to zero. The obtained minimum value becomes

Ner,min = 2- E'Iz'k 7)

Therefore, the minimum value depends neither on the length of the
beam nor on the number of half-waves (see the diagram in Fig. 2) since
it represents the critical compressive normal force of an infinitely long
beam on an elastic foundation. The influence of pinned boundary
conditions on the buckling modes is also shown in Fig. 2.

The length of a half-wave for a minimum of the critical normal force
function N min can be calculated as

E]
L =4 —=
(A (8)

According to a numerical study by Ormarsson et al. [4], Eq. (8) can
be used when the minimal number of springs within a half-wave is
equal to or larger than two.

Assuming that the minimum critical normal force N, mi, is equal to
the critical compressive normal force N, of an Euler II column with the
same cross section dimensions as the top chord, but without an elastic
foundation, the effective buckling length is calculated with the Euler II
column formula in [13] as
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Fig. 2. Visualisation of critical normal force variation N.(m,l) (according to Eq. (8) with Eg; = 8.461 GPa, [, = 3.60 10~%m* k = 335.5 kN/m?) for one, two and

three half waves.
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To calculate the out-of-plane buckling length of a top chord, Eq. (1)
can be then obtained by replacing N, in Eq. (9) with the right side of
).

Fig. 2 shows that the numerical buckling analysis of a beam on an
elastic foundation gives the same minimum critical normal force N min
as Eq. (6). By using the assumption of equality between the minimum
critical normal force N, mi» and the critical compressive normal force
N,, of an Euler II column, a numerical buckling analysis can be used to
find the same effective buckling length as Eq. (1), by using

1 _ lh—w _ ﬂz'Eo’kIZ
T2 "\ aN (10)

where « is the first eigenvalue of Euler II column loaded by the re-
ference compressive normal force N. As described above, this issue is
from a purely analytical perspective, but there are reasons to choose
another numerical approach.

The advantage of numerical modelling is the possibility to consider
more advanced issues like:

e overall in-plane bending stiffness of the bracing truss, since it is not
representing a fully stiff support;

e an efficient bracing system that provides supports to trusses in heel

and crown joints;

an orthotropic material model;

eccentricity between the centrelines of the top chord and the bracing

system;

non-uniform normal force distribution in the top chord;

the influence of an interaction between a compressive normal force

and the biaxial bending moments on the top chord design [14];

o stabilising effect from the diagonal members connected to the top
chord;

o interaction between flanges of bracing trusses and adjacent top
chords;

The aim of this paper is to use the finite element method to study the
behaviour of long-span pitched timber roof structure stabilised by
bracing trusses in the plane of the top chord. The simulations will be
used to study in detail how factors as those previously listed have in-
fluence on the top chord stability.

2. Methods
2.1. Finite element modelling

To determine the bracing system efficiency for pitched long-span
trusses, a finite element simulation of the entire roof structure was
performed, see Fig. 3.

The timber roof structure in Fig. 3 is simulated with quadratic 3D
beam elements through a use of the finite element software Abaqus®
[15]. The beams are assigned with typical material properties for wood
and connected with special spring type connector elements. The result

Fig. 3. Visualisation of a critical buckling mode for a roof structure loaded with
a symmetric snow load as shown in Fig. 5. Colour field represents a magnitude
of lateral displacement of the top chords. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this
article.)
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Fig. 4. Illustration of spring connections between the centre-lines of roof battens and in-plane bracing truss and adjacent top chords.

in Fig. 3 clearly shows that the maximum out-of-plane buckling de-
flection of the top chords occurs in the roof plane.

Material constants E; = Eg mean/Ym = (11 000/1.3) = 8462 MPa, G,
= Gy = E/16 = 529 MPa were adopted from Kessel [10] where E is
the longitudinal modulus of elasticity and G is the shear modulus. The
index Lr,t represents longitudinal, radial and tangential material di-
rections for the wood material. The longitudinal fibre direction corre-
sponds to the length direction of each beam element in the roof struc-
ture. The directions r and t also represent the directions of the principle
axes of the cross section of the beams elements.

The top chords have a cross section dimensions 60200 mm, the
bottom chord 60'160 mm, the diagonals 6080 mm, the bracing truss
members 60160 mm and the roof battens 60'40 mm.

Nails with a diameter d = 3.1 mm are used to connect the roof
battens to the top chords and to each of the flanges of the bracing truss.
All the nail joints are simulated with spring elements as shown in Fig. 4.
According to Kessel [10] the slip modulus (spring stiffness for shear
action in the joint) for this fastener dimension is given as:

prd 35015308 kN
25 25 “ mm 1)

Kser =

where K., is the slip modulus for a wood-to-wood nail joint and py is
characteristic density of the timber material of strength class C24.
The global roof stability is also secured by diagonal wind-stripes
acting in pure tension and connecting the roof ridge to the heel sup-
ports. The flanges of the bracing trusses are not connected to the ad-
jacent top chords of the trusses (see Fig. 4). The support conditions of
each truss in the roof structure are assumed to be simply supported. The

@ Location of applied forces by battens
— Compressive normal force in kN

— Bending moment in kKNm

static load applied on each truss represents snow and dead loads acting
on the top chords and only dead load on the bottom chords, see Fig. 5.

Qop = at~(yQ-sk-cos(oc) + ¥%8.1) = 1-(1.5-0.65-cos (20) + 1.35-0.68)
kN
=183 —
m 12)
kN
Dbottom = A V8 2) = 1:(1.35-0.60) = 0.81 o (13)

where a, represents the distance between the roof trusses, yq is the
partial factor for variable actions, s is the characteristic value of snow
load, « is the roof slope, y ¢ is the partial factor for permanent actions, g
is the characteristic value of dead load.

Although all of the trusses in Fig. 3 are loaded in the same way, see
Fig. 5, the maximum of the lateral displacement of chords occurs in the
mid zone of the roof. In Fig. 3, the maximum displacement in the close
vicinity of the bracing trusses is about 20% lower than the maximum
displacement in the top chords located in the mid zone of the roof. This
is possibly because the roof battens do not provide as stiff elastic spring
supports to the top chords in the mid-zone as for the other trusses,
which are closer to the bracing trusses. The analytical expressions de-
scribed in the following subsection also support this.

2.2. Analytical methods

The analytical expression for the out-of-plane elastic stiffness of the
spring support may be calculated as [4]:

i

19.08

Fig. 5. Variation of normal forces and bending moments in the truss when loaded with a symmetric snow and dead loads.
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Fig. 6. Influence of out-of-plane bracing stiffness (A, B, C, D in Table 1) on eigenvalues and illustration of buckling modes for four top chord models defined in

Table 2. The horizontal elastic bracing is not plotted in the figure.
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where k;; is a (slip) stiffness of the joint between a roof batten and a top
chord, k. is a (slip) stiffness of the joint between a roof batten and the
bracing truss and ks3 is an effective axial stiffness of one roof batten.
The overall bending stiffness of the bracing truss is not included in Eq.
(14), since it is assumed to work as a stiff support in the design pro-
cedure dealing with the out-of-plane effects in the top chords. The
stiffness values in Eq. (14) are calculated as:

2 K
kg ==—"m
3 Yn (15)
ks, = E&ﬂ
o =
3 Y Mo (16)
ke = Eo,mean Ab
g = —meanfh
’ Y oo a7

where K., is the slip modulus for a wood-to-wood single nail joint, y,, is
the partial coefficient for the timber joints, the constant 2/3 in Egs. (15)
and (16) is used to obtain a corresponding ultimate slip modulus, n; is
the number of nails used for the joint between a roof batten and a top
chord, n, is the total number of nails used for the joints between a
selected roof batten and all the bracing trusses, ny, is the number of
braced trusses that this specific batten is connected to, Eq mean is the
mean modulus of elasticity for the roof battens, Ay is the cross section
area of the roof batten and I, ¢ is an effective length of one roof batten
for a specific bracing truss used to calculate the effective equivalent
axial stiffness of the roof batten. This is given by

n.(n, + Da,
2 (18)

where n, equals to the number of trusses between the studied truss and
the bracing truss (i.e. 5 for the worst case of structure shown in Fig. 3)
and q, is the c-c distance between the trusses. More explanations and
examples of parameters used in Egs. (14)—(18) are given in Section 2.4.

lpef =

2.3. Design of the roof members

Because the maximal lateral displacement in Fig. 3 is in the top
chord of the truss, the eigenvalue of that mode is used to find the cri-
tical normal stress, which in turn is used to calculate the relative

slenderness ratio for the top chord as:

— — —
[
Foi _ [T _,  _ [
P = p = Arel,z = Nerk
k,z"Yc,k c,cr.k T (19)
eam

where f; o« is the characteristic compression strength in the wood fibre
direction, 0. is the critical compression stress based on the char-
acteristic load combination, a; . is the first eigenvalue for the char-
acteristic loads and o is the corresponding characteristic compression
stress at a location suitable to calculate A, i.e. the relative slender-
ness ratio for the top chord.

For columns with varying compression stress (as in this case), the
chosen stress could be the average stress over the half wave with the
largest out-of-plane deflection or just the stress where the maximum
out-of-plane displacement occurs.

Based on the relative slenderness ratio 1,., in Eq. (19) the effective
buckling length can be calculated as
Arel iz T

1 =
o e,k

Eok (20)

where i, is the radius of gyration for the weak axis of the cross section.

The buckling length L, represents a length of a simple supported
column (without lateral elastic supports) with the same cross section
and the same critical normal force. Hence, it may be used as an input to
the software packages ([16,17]), commonly used by the truss designers
in the industry.

The displacement field from the buckling analysis shown in Fig. 3
may also be used as an input for the non-linear stress analysis to cal-
culate the stabilising forces in the battens. These stabilising forces, to-
gether with the forces induced by the initial inclination of the roof
trusses and any external horizontal force component, may be used to
design the bracing trusses in the roof plane.

2.4. Parametric study

A number of parametric studies were performed at three geome-
trical levels; for the top chord, see Fig. 6, for a single truss, see Fig. 5,
and for the whole roof model, see Fig. 3. These studies were performed
to examine the influence of various variables and simplifications on the
simulation results. The stability analysis results can be compared
through their eigenvalues because all the simulations relate to the same
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Table 1
Stiffness parameters used for four various elastic bracing supports used in the
parametric studies, the stiffness symbols “k” correspond to Egs. (14) and (1).

Case kg1 ks2 kg3 ks k
[N/mm] [N/mm] [N/mm] [N/mm] [kN/m?]
A 166.03 33.21 1354.85 27.12 66.80
B 664.12 132.82 1354.85 102.32 252.02
C 664.12 196.19 1354.85 136.21 335.50
D 1328.24 392.39 1354.85 208.64 513.89

roof loaded by a combination of dead and snow load which is also
analysed analytically by Kessel, see [10]. The load case is showed in
Fig. 5. In Fig. 3, the roof model is simplified compared to the roof
analysed by Kessel in [10] to 20 roof trusses braced by two bracing
trusses. Two nails are assumed to connect the roof battens to the top
chords and to each of the flanges of the bracing truss. This assumption
gives the input parameters n; = 2, n, = 8 and ny,- = 20 in Egs. (15) and
(16). The roof analysed by Kessel in [10] consists of 40 roof trusses
braced by four bracing trusses which leads to the same values
ks1 = 664.12N/mm and k> = 132.82N/mm as for the studied roof.
The c-c distance between the trusses a,=1m and the length
lper = 5(5 + 1)1/2 = 15m is also the same as in the roof analysed in
[10]. Therefore, the results of this parametric study may be compared
to the conclusions presented in [10].

Table 1 shows four various data sets (referred to as A, B, C, D) for
the elastic bracing foundation stiffness used in the parametric studies.

The stiffness combinations in Table 1 are based on the conclusions
of Burdzik and Dekker [6], Ormarsson [4], Kessel [10] and a theoretical
case with high spring stiffness between the flanges of bracing trusses
and the top chords, i.e.:

A Is a “pessimistic” case according to [6], where the slip modulus of
each nail is reduced to 25 % compared to the example presented in
[10]. These nails are used to connect the roof battens to the top
chords and to the bracing trusses, i.e. in eccentric connections (see
Fig. 1).

B Is a “numerical” case based on [4], where the spring stiffness of the
battens is calculated according to Eq. (14). In this case, all the wood
members are assumed to be perfectly straight.

C Is an “analytical” case based on [10], where k;, in Egs. (14) and (16)
is increased by the coefficient kg, = (1/0.677) to consider the in-
fluence of the geometrical imperfections of the truss members, ac-
cording to [10].

D Is an “optimistic” case where the stiffness of the elastic bracing
system is increased by assuming the stabilising effect of the contact
between the flanges of the bracing truss and adjacent top chords, see
Fig. 4.

3. Results and discussion

In Figs. 6, 7 and 9, the influence of the four stiffness combinations in
Table 1 (horizontal axes of the plots) on the eigenvalues will be shown
for each of the cases: the top chord model, the timber truss model and
the 3D roof model. Each eigenvalue from the different models will be
plotted against the spring stiffness used to calculate the batten stiffness
ks in Table 1. In all the models, each connection in the bracing truss
stabilises five roof trusses, which is based on an assumption used in
[10,4]. In the whole roof model, 20 roof trusses are stabilised by 4
connections to the bracing trusses. Connections between the top chords
and battens are modelled through springs with the stiffness k;; and
connections between battens and flanges of the bracing trusses are
modelled through springs with the stiffness equal to k»/4. The cross-
section and the modulus of elasticity of beam elements representing the
battens are, in accordance with the Eq. (17), comparable to the value of
ks3 in Table 1. These simulations at different scales provide an
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opportunity to compare results from the whole roof model with the top
chord model and the timber truss model. To study how buckling modes
can be influenced by different load variation and boundary conditions
Figs. 6, 7 and 9 illustrate various load/boundary cases called 1a-1d, 2a-
2d and 3a-3b which are described in Table 2.

3.1. Study of the top chord

To find the out-of-plane buckling length for a typical top chord in
the studied truss structure, one top chord was simulated with four
different combinations of boundary conditions and external loads. This
simplification of the roof structure does not consider buckling of any
other structural element than the top chord.

The results in Fig. 6 show variation in the eigenvalue as a function
of varying foundation stiffness ks, for four different sets of loading
conditions. The presented buckling modes and the numerically given
eigenvalues refer to the lateral spring stiffness data set “C”; it is
therefore possible to compare them to the analytical solution in Fig. 2.
A comparison of the critical normal force N, n calculated with Eq. (7),
Nermin = 201.8KkN, and the simulated one in case “la” indicates good
agreement, i.e. N, = 2.92 68.6 = 200.3 kN.

In case “1b”, the top chord is modelled as a beam on an elastic
foundation loaded by forces that represent the internal force distribu-
tion shown in Fig. 5. The eigenvalue in “1b” increases slightly com-
pared to “1a”, i.e. this approach predicts a more stable structure, i.e. N,
= 3.04 " 68.6 = 208.5kN.

In case “1c”, the external axial loads transferred through roof bat-
tens are applied to the top edge of the top chord by use of a rigid beam
element in between the centerline and the top edge as shown in Fig. 8
and marked in Table 2. The elastic bracing springs are also located at
the top edge of the top chord. These load and boundary conditions are
causing dominant lateral-torsional buckling which results in much
lower eigenvalues than for the other cases. The figure show clear local
lateral-torsional buckling shape of the bottom edge. This occurs because
the bottom side of the top chord is not braced at all for lateral move-
ment. The stiffening of the elastic bracing system above 250 kN/m>
does not either improve its stability. Note also that the eigenvalue ob-
tained by this buckling analysis can not be used directly to calculate the
buckling length for the top chord. In case “1d”, 1.0 meter long beam
elements representing battens and 0.12 meter long beam elements re-
presenting nails are added to the top chord model. The beam elements
representing nails connect beam elements representing battens which
do not intersect the beam element representing the top chord. Me-
chanical properties like the modulus of elasticity and the cross-section
were chosen according to Burdzik [6] to represent the slip modulus of
each simulated nailed connection between the batten and the top
chord. Compared to the case “1c¢”, the increased torsional stiffness be-
cause of the nailed roof battens is resulting in the buckling mode with a
higher eigenvalue and dominant lateral buckling. However, the eigen-
value is still lower than in case “1b”.

The results show clearly how the top chord model is sensitive for
external axial loads and external location of the lateral bracing mem-
bers. To study this stability phenomenon in more detail, single truss
models (type “double-W truss”) were created.

3.2. Study of a single truss

The results from the study of the single truss are illustrated in Fig. 7.
The buckling modes shown in Fig. 7 for the trusses are related to the
spring stiffness data set “C” in Table 1. It is therefore possible to com-
pare them with an analytic modes in Fig. 2 and with simulated modes in
Fig. 6.

In case “2a”, the single truss model is loaded with line-loads (see
Fig. 5) assigned to the centre-lines of the chords. The roof battens are
modelled with lateral springs located at the centre-lines of the top
chords. The connections between chords and diagonal members and the
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Fig. 7. Influence of out-of-plane bracing stiffness (A, B, C, D in Table 1) on eigenvalues and illustration of buckling modes for four single truss models defined in

Table 2. The horizontal elastic bracing is not plotted in the figure.

Table 2

Description of boundary cases used in Figs. 6, 7 and 9. Bullet points mark cases
where are used rigid beam elements (see Fig. 8), blank boxes point out cases
following static sketch in Fig. 5.

Model name  Stiffness case  Rigid Model description
beams

la C Top chord, constant axial load

1b C Top chord, non-uniform internal
force distr.

1c C . Top chord, lateral-torsional buckling

1d C Top chord, battens and nails

2a C Truss, loads and lateral springs to
centre-lines

2b C . Truss, pinned joints, lateral-torsional
buckling

2c C . Truss, stiff joints

2d C Truss, battens and nails

3a C 3D roof, stiff bracing truss

3b C 3D roof, weak bracing truss

connections between chords in the crown and heels of the truss are
modelled by six rigid constraints (three for translations and three for
rotations). According to [18], such a model should provide reasonably
accurate results compared to the real behaviour (within approximately
10 per cent). This truss model brings a higher eigenvalue than the single
top chord model “la” due to the stabilising effect of a more correct
stiffness of the heel joint, crown joint and the jointed diagonals to the
top chord.

In case “2b”, all joints are modelled as pinned joints and the battens
are modelled as a lateral elastic springs located at the top edges of the
top chords as it is shown in Fig. 8. The line-load representing the snow
and dead loads is also applied to the top edges of top chords. This truss
model gives a lower eigenvalue than the single top chord model “1¢”,
i.e. due to the lateral-torsional instability of the whole truss.

Case “2c” differ from case “2b” because of the large rotational
stiffness between the truss members. The slight difference in the ei-
genvalue between case “2¢” and “2a” is due to the influence of the
lateral torsional buckling of the top chords. The battens are modelled as

Elastic foundation
(out-of-plane)

members

Applied loads

]
|
]
|
|
|
|
|
|
I
|
i
|
Truss i
|
|
|
|
|
|
|
1
I
)
|
|
]

AN

2,8

o)

Fig. 8. Visualisation of the rigid beams between the centerline and the top edge of the top chord used to create external location of the axial loading and the bracing

supports.
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Fig. 9. Influence of out-of-plane bracing stiffness (A, B, C, D in Table 1) on eigenvalues and illustration of buckling modes for two 3D roof models defined in Table 2.

described in the case “2b”.

In case “2d”, beam elements representing battens are added to the
case “2c¢”. The battens are connected by beam elements representing
nails to the top chords which is increasing lateral-torsional stability.
The snow and dead load is applied to the battens instead of to the top
chords. Here, the eigenvalue is lower than in the most simple case “2a”,
due to the effect of the eccentric acting of the load to the top chords.

In summary, the possibility of lateral-torsional buckling of both, the
top chord and the whole truss significantly affects the eigenvalue of the
studied single truss models.

3.3. Study of the whole roof

To study how bracing truss stiffness influences the total stiffness of
the lateral bracing system, two 3D models of the entire roof structure
were created. In both roof models the eccentricity between the cen-
trelines of the roof battens and the top chords is neglected.

Since the presented buckling modes in Fig. 9 of the trussed roof
structures are related to the spring stiffness data set “C” in Table 1, it is
possible to compare them to buckling results in Figs. 2, 6 (case “1b”)
and Fig. 7 (case “2a”).

The roof structure in case “3a” uses stiffer bracing truss than the
roof structure in case “3b”, resulting in slightly different eigenvalues for
the structures. This is less significant when the spring stiffness of the
connections between battens and trusses is changed (data sets C and D).
When the stiffness of the batten-top chord connection is highest, the
compliance in the bracing truss affects the eigenvalue the most. In the
magnified buckling mode in Fig. 9, the top chords of the bracing trusses
have significantly different shape than the adjacent flanges of the bra-
cing trusses. As in the technical solution shown in Fig. 4 where no
connectors are between the flanges of the bracing trusses and the ad-
jacent top chords, this allows small deformations between them. The
displacement field in the bracing truss shows that a bracing system
modelled by beam elements in its entirety acts weaker than in the
simplified version using springs with analytically calculated stiffness.
When comparing cases “1b”, “2a” and “3 a-b”, the simulations of the
whole roof structure gives noticeably lower eigenvalues. This indicates
that bracing truss stiffness is an important parameter that affects the
lateral stability of the top chords of the studied roof structure. An ef-
ficient contributor to the overall roof stability seems to be stiffening up
the nail connections between the roof battens and flanges of the bracing
trusses.

3.4. Design of roof battens

To calculate the design forces acting in the bracing system a geo-
metric nonlinear analysis of the timber truss is utilised. The initial
imperfection used for the timber truss is based on the out-of-plane
buckling mode “2a” shown in Fig. 7.

In the nonlinear stress analysis used to generate the spring force
variation in Fig. 10, the maximum initial bending eccentricity of the
largest half-wave is set to 1/300 of its length which corresponds to
6.8 mm. The timber truss is loaded incrementally up to the design load
shown in Fig. 5. Fig. 10 shows the variation in spring forces along the
top chord at this load state. The maximum spring force F; = 371N
occurs in the third half wave from the eaves. This value is considerably
smaller compared to the design force value calculated according to EC5
[19] using the maximal design force from Fig. 5 as
N; _ 686

—— =137kN

FE = =
4ECS T 5y T Ts0 21)

The difference between calculated and simulated values is partly
explained with the small initial imperfection value used in the model
and because the Eq. (21) is based on a buckling mode with half-waves
of the same length as the c-c distance between the roof battens. The
results of the buckling analyses shown in Figs. 6, 7 and 9 indicate that
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Fig. 10. Variation in lateral bracing forces (spring forces) along the top chord
based on geometric nonlinear stress analysis of a single timber truss loaded with
a design load in Fig. 5 together with illustration of the initial geometrical im-
perfection shape of the truss.
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Fig. 11. Variation of twisting moment, out-of-plane shear and out-of-plane bending moment simulated with geometric nonlinear stress analysis of the truss “2a”.

this assumed buckling mode in practice never occurs for the timber
truss studied, i.e. the EC5 [19] expression significantly overestimates
the design force in the connections and underestimates the buckling
length in the top chord.

The design force F; is used to design the roof battens and the nail
connections between the roof battens and the timber trusses. The geo-
metrical imperfections in the out-of-plane direction of the top chord
may also indicate non-negligible out-of-plane forces acting on the truss
(see Fig. 11).

The internal force and moment diagrams in Fig. 11 indicate that
nonlinear stress analysis can also be used to calculate twisting moment,
out-of-plane shear and the out-of-plane bending moment in the studied
truss. These three force components are neglected in commonly used in-
plane truss design. In relation to the cross-sectional characteristics of
the analysed top chords, the out-of-plane bending is the most critical. It
causes a maximal bending stress of magnitude 0,,, = 3.3 MPa which is
about 20 % of the design load-bearing capacity of the analysed top
chord. The internal forces in Fig. 11 are also contributing to increased
loading on the connections when designing the truss. However, for
punched metal plate fasteners, which are commonly used connectors in
pitched long-span timber trusses, the design procedure does not include
the out-of-plane behaviour of the joints. Therefore, their different out-
of-plane load carrying capacities are still unknown.

3.5. Design of the bracing truss

Another possible use of the results from the geometrical nonlinear
stress analysis is for bracing truss design. A bracing truss should transfer
forces caused by wind loads acting on the gable of the building and
lateral stability forces from the top chord of the timber trusses to the
bracing system of the walls. A bracing truss is typically designed to
stabilise about 8 to 10 trusses. Design of the bracing structure is based
on a load combination (wind- snow- and dead load), where the wind
load is treated as a dominating load and the corresponding (upward)
wind load acting on the roof is neglected since it is the favourable load
in this load combination. The wind load on gable is only partly carried
by the bracing truss. For the adopted load combination the design wind
pressure acting on the gable is qupqa = 0.77 kN/m? The part of the
pressure supported by the bracing truss can be expressed as a linear line
load qy,4 with maximal value 1.33 kN/m in the ridge of the roof.

To design the bracing truss, two types of initial imperfections are
imposed. The first one is that the top chord has a bow imperfection with

eccentricity e = ,,/300 = 0.033 m and the next one that the slope of
the truss out of its plane is ¢ = 0.02(2.5/h)(180/7) = 0.83°. These
imperfections are used for the nonlinear stress analysis. To create this
initial geometry a buckling analysis of a truss with an initial slope of ¢
=0.83" and without springs representing battens is performed. In the
geometric nonlinear analysis, the truss is loaded incrementally up to the
design load shown in Fig. 5. A variation in the lateral bracing forces
along the top chord is presented in Fig. 12.

Fig. 12 shows the variation of the lateral bracing force along the top
chord with 10 times magnified initial bow imperfection and 1000 times
magnified vectors showing the out-of-plane displacements (in colours)
of the top chord after the applied design load. The distribution of sta-
bilising forces shows a noticeable trend to follow the critical buckling
shape influenced by positions of jointed truss diagonals to the top
chord. The distribution also shows that the most loaded connections
between the battens and the flange of the bracing truss might not de-
fined by the maximal magnitude of the wind load, as according to the
assumption of uniformly distributed stabilising forces in EC5.
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Fig. 12. Variation in lateral bracing forces (spring forces) along the top chord
calculated with the nonlinear stress analysis and illustration of the initial bow
imperfection and the out-of-plane deformation caused by the design load shown
in see Fig. 5.
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4. Summary of the found results

Three parametric studies were performed with the finite element
software Abaqus® to study how different spring stiffness influences the
out-of-plane stability behaviour of the trussed timber roof structure, see
Fig. 1.

The first study was a beam on an elastic foundation, representing
the simplified model of a top chord braced with a semi-rigid bracing
system of roof battens. The stiffness of the battens was derived by using
an analytical expression under the assumption of negligible deflections
in the bracing trusses. Based on these results, conclusions on how much
the top chord is stabilised by battens can be drawn, assuming that the
heel joint and ridge joint act as pinned supports for the beam. The
model results were used to compare the analytical and the numerical
results, see Eq. (1). Both models give the same number of half-waves for
the critical buckling mode, resulting in good agreement of the critical
buckling forces and the buckling lengths.

The second study was made on a single timber truss, where the top
chord was braced by lateral elastic springs representing the roof bat-
tens. This model considers the variation of the internal normal forces
along the top chord of the pitched truss structure, see Fig. 5. This
variation causes the maximum out-of-plane buckling of the top chord to
occur close to the heel of the truss. The single truss model could also
better consider the jointed elements influence on the buckling results in
more sophisticated way than the individual top chord model. In this
study, two types of joints (pinned and constrained) were used to con-
nect the chords and the diagonal members. The truss with constrained
connections was also analysed with a geometric nonlinear stress ana-
lysis, using initial imperfections from the buckling analysis. The model
showed non-negligible out-of-plane forces acting on the truss connec-
tions. However, all these out-of-plane forces are neglected in commonly
used two-dimensional truss design, which potentially could cause under
designed connections in the truss structures. To improve this knowl-
edge, the out-of-plane stiffness and capacity of punched metal plate
connections is a scope for future research using advanced (shell/solid
element based) numerical simulations in combination with experi-
mental testing.

The third study was performed on an entire roof structure using a
3D spring/beam model. The model was implemented to load the
complex bracing system and there achieve stiffness values used in
analytical and more simplified models. The deflection of the bracing
truss contributed to the fact that the global stiffness was significantly
smaller than those values calculated analytically.

5. Conclusions

The presented analytical and numerical analysis can be used to
calculate more realistic out-of-plane buckling lengths than those typi-
cally used in truss design today. The entire roof buckling analysis in-
dicates that the stiffness of the bracing truss is an important parameter
that affects the lateral stability (in term of the out-of-plane buckling
lengths) of the top chords in the analysed roof structure.

The buckling analysis of the single truss and individual top chord
models, specifically the eccentricity between the centrelines of top
chords and battens, clearly shows that lateral torsional buckling of the
top chord negatively influences the load carrying capacity for the out-
of-plane buckling failure. This could be a critical for some connections
especially if they are not properly designed.

The eigenvalue of the modelled long-span pitched roof structure,
based on realistic dimensions of used timber boards, is close to three
which is a typical value for this type of structure. For values lower than
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so a more accurate second order analysis should be applied [16].

Based on the geometric nonlinear analysis it can be concluded that
out-of-plane forces caused by the top chord members may occur for
long-span pitched timber trusses. These out-of-plane stability forces are
especially important for connection designs of the nail joints between
the roof battens and top chords and for the punched metal plate con-
nections between chords and diagonal members. The design of these
connections regarding both in-plane and out-of-plane loading is a scope
for further studies. Another scope for further studies is the experimental
verification of the presented simulations to improve the current state
when only the analytical approach presented by Kessel [10] is used for
comparing the results of various numerical analyses.
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