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ABSTRACT

An analytical model, based on the Parallel axis theorem (Steiner theorem) and the procedure of
the transformed-section method applied for the evaluation of the elastic moduli of composite tim-
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ber beams, with different tensile-compressive elastic behavior, is proposed. A comparison between

experimental and analytic results has been made on multispecies glulam beams (Pine and
Platanus timber), compared with mono-species ones. As well, the work presents the results of a
parametric analysis, based on the global modulus and the equivalent moduli in tension and

compression.

1. Introduction

Wood has been used in the construction sector for thou-
sands of years, mainly due to its nature, which ensures its
noticeable bending performance, since it can withstand both
tension and compression. Moreover, the high strength to
weight ratio, esthetic appearance and the potential sustain-
ability of the source, make it more attractive for different
construction sectors, as residential buildings, industrial
buildings and footbridges [1, 2].

Structural glued-laminated timber (glulam) is one of the
oldest Engineered Wood Products (EWP) [3] and the devel-
opment of EWP starts to represent an attractive alternative
for the construction to gain healthy environments [4].
Wood by its nature is a material with anisotropic behavior
in longitudinal, radial, tangential directions, and besides
these, timber behaves differently in tension and compres-
sion. The numerical and analytical models become challeng-
ing and many authors proposed different models which take
into account the different behavior in tension and compres-
sion, respectively [5, 6].

By definition, composite structural members are com-
posed of two materials with different mechanical properties.
In order to analyze these members using the standard for-
mulations of the strength of materials theory, the composite
cross-section is transformed into a homogeneous one using
the transformation method in combination with the Parallel
axis theorem [7]. One of the most important parameters for
an analytical model, based on the Parallel axis theorem, is
represented by the modulus of elasticity (MoE) and geomet-
ric dimensions of each assembly part. Since timber is a
material characterized by a different behavior in tension and
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compression, the well-known transformed-section method
can be applied. A multitude of research works are developed
using the transformed-section method, especially in rein-
forced and/or prestressed beams, and composite steel-con-
crete structures [8-11]. Moreover, this technique starts to be
widely used also for the composite timber section, especially
in timber-concrete cross-section. An experimental and the-
oretical investigation employing the transformed-section
method was used in a recent research work related to timber
beam and concrete slab connected with coach screw [12].

In general, when a cross-section is composed at least by
two timber materials, or one timber material defined by dif-
ferent behavior in tension and compression, the utilization
of the transformed-section method needs to be involved.
This method is widely applicable in composite timber mem-
bers or multi-layered timber sections, analyzed in a com-
parative way with the experimental and FEM technique [13,
14]. Fossetti [15], developed an analytical model based on
homogenization, able to predict the stresses and the ultimate
bending capacity of multilayer large-scale glulam beams, tak-
ing into account the effect of the reinforcement. The same
approach has been used to characterize the global elastic
and bending parameters where several sections with differ-
ent properties were converted into equivalent transformed
sections with the same properties [16]. Many practical
research work [17-25] were carried out by several authors
employing different glulam beam layouts, being compared
with analytical models developed based on beam theory.

The modulus of elasticity has a strong correlation with
the strength parameters, in view of the fact that is a key par-
ameter for the wood products. Mainly, the MoE of a glulam
section is predicted employing the transformed section
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Figure 1. Section of a beam composed of a material with different behavior in tension and compression subjected to pure bending (a). General cross-section (b)

and its corresponding transformed section (c).

method based on the dynamic MoE of the timber layer [26,
27]. Other advanced techniques, such as the lamination sur-
face scanning, can be applied to measure the fiber direction
fields of the timber layers, thus obtaining a mapping of the
longitudinal distribution of MoE in a glulam beam [28, 29].
To compute the elastic moduli of the timber, an analytical
model is formulated, based on the transformed-section
method and parallel axes theorem for pure and combined
sections. These solutions provide relations for the mechanical
behavior in tension and compression, the global modulus of
elasticity and the neutral axis position. Static bending tests
were performed according to the EN 408:2010 + A1:2012,
2011 [30] standard, which provided the data required by the
developed model. The work also describes and discusses the
obtained analytical results based on the experimental results
as input data. Finally, a parametric analysis is carried out for
the combined section as a function of a particular-species
timber percentage. The parametric analysis is focused on the

global modulus of the whole cross-section and the ones in
tension and compression.

2, Transformed-section theory
2.1. General formulation

Timber is an anisotropic linear elastoplastic material with a
different behavior at tension and compression [6]. For struc-
tural members subjected to bending, it is considered that
timber behaves in the longitudinal direction as a linear elas-
toplastic material. Therefore, the longitudinal elastic behav-
ior must be defined by two different elastic moduli:
modulus in tension (E;) and modulus in compression (E,),
separated by the position of the neutral axis 1(Y,). Usually,
in order to define the global elastic longitudinal behavior of
a beam, the global modulus of elasticity is used (MoEgpal),
which comprises a value that lies between tension and



compression moduli and consequently represents the home-
genous elastic behavior of the whole section of a beam [31].

The different behavior in tension and compression allows
the cross-section to be considered as a composite section,
composed of two materials with different elastic moduli.
The transformed section method permits to analyze the
behavior of a composite cross-section as a section made up
of an equivalent material [26].

Figure 1 shows a general section of a beam subjected to
pure bending, where the position of the neutral axis (Y,)
defines the limit between the area of the section in tension
(E; - bottom part) and the area in compression (E. - top
part). The Navier-Bernoulli hypothesis considers that the
cross-section remains plane during bending (see Figure la),
consequently the condition of geometric compatibility of
deformation is satisfied. This hypothesis allows to geomet-
rically transform the section into an equivalent one, multi-
plying the width of each material b(y) by its corresponding
modular ratio (n). Figure 1b shows a general composite sec-
tion and the corresponding transformed section (Figure 1c)
as an equivalent material with elastic modulus Ej,, using two
different modular ratios, one related with the moduli in
compression (n.,) and the other one in tension (ngy,).

The curvature (p) of a whole cross-section and a homo-
geneous one is given by the following expression,

B M M
MOEglobal Iglobal Eh Ih .

p (1)

Since the acting moment on the entire cross-section and
the homogenous section is the same, the following relation
between the moduli of the entire cross-section (MoEggbal)
and homogeneous one (E}) are obtained,

2)

where Iggpa is the inertia of the entire cross-section (Figure
1b) and I, is the inertia of the homogeneous section (Figure
Ic). The computation of homogeneous inertia (I;,) follows
the Steiner theorem (Parallel axes theorem) as,

In=Lag + A (Ya — Ye6) + Luch +Aa (Yen — Yeg)'
3)

where Iom, Iach are the inertia of the homogenized tensile
and compression areas respect to their own center of gravity
(Yu, and Y, respectivelly, Figure 1c). The Ag,=nyA; is the
area of the transformed section in tension and Ay, = ng, A,
is the area of the transformed section in compression. The
ng,=E{/E and ny, = EJ/E,; are modular ratio for compres-
sion and tension of homogeneous material; Ycg is the center
of gravity of the transformed section computed as

_ Ay Yog +Ag Yo
Ag +Ag .

Yce (4)

For a homogeneous section subjected to pure bending,
the position of the center of gravity (Yog) coincides with
the position of the neutral axis [7] (Y,). The position of the
neutral axis defines the limit between the tension and com-
pression areas in the entire cross-section, consequently, this

MECHANICS OF ADVANCED MATERIALS AND STRUCTURES 3

a) b)
—b

N - -
Ec
> ! 5
K
N 1 A :
h
0] U >
o >
> | 2
>
Et R AL A

Ty b , L b2 "

Figure 2. (a) Cross-section made up of a timber material with different elastic
moduli in tension and compression. (b) Transformed section made up of a
homogeneous material, E.

limit must be in the same position as in the transformed
section, in order to achive the same compression-tensile
resultant forces and moment. Therefore, the computation of
the position of Y,, coincides with the position of the center
of gravity (Ycg) of the transformed section.

In view of these experimental data, several assumptions
are considered in this work: a) timber behaves purely linear
elastic in tension and compression; b) the connection of the
bondline between layers or between finger joints is rigid; c)
no de-bonding between layers occur. The linear elastic
assumption is valid for the usual applied loads in service.
Rigid joints are commonly assumed by many authors (see
eg [14, 32]: among others) when high stiffness resin is
applied. However, this assumption must be studied carefully
if a low stiffness polyurethane (PUR) resin is used [33] since
it implies a reduction in MoE. In a similar way, no debond-
ing between layers is assumed if a high stiffness resin is
applied and service loads do not produce stresses higher
than the tensile strength of the resin.

2.2. Formulation for a Mono-species cross-section

The aforementioned theory is applied here to the pure rect-
angular section depicted in Figure 2a.
The transformed section is shown in Figure 2b, using the
following modular ratios:
E. E;

E*h)nth:*- (5)

nep =
Ey

The position of center of gravity is given as:

(ALY + A.Y,)
Yog = ot 272) 6
G A+ A, ©)

where A] = bl(h — Yn), A2 = szn, Yl = hJFZY", Yz = %,
by = bny, b, = bny,. By using the condition Y, = Y to
equation (Eq. 6), the position of the neutral axis is com-

puted as follows:

_ JE
VRt VE

The global modulus is computed as MoEg,palc = Eply,

b’
12

Y, (7)

where I = %% is the inertia of the whole section and I, is
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Figure 3. (a) Cross-section made up of two timber materials with different glo-
bal moduli. b) Transformed section made up of a homogeneous material, E;.

the inertia of the homogeneous section with respect to its
center of gravity (Ycg). Steiner theory (Parallel axes the-

orem) further can be applied as I, = I; + A;(Y; — YCG)2 +

3
L+ A (Y, — YCG)Z, where I} = w and I, = bzl—g’“S.
Applying the above relations, the global modulus as a
function of the moduli in tension and compression is

expressed as follows:

4E E
MOEglobal = (8)

(VE: + VE)*
Additionally, the relations between E. or E, MoEgopan
and Y, can be computed by solving the system of equations
(Egs. 7 and 8), and the solutions are:

. 1‘/1015globalh2

. M"Eglobalh2
4h—Y,)*’ '

= 9
t 4Yn2 ( )

c

2.3. Formulation for a multispecies cross-section

Figure 3b shows the transformed section from material 1
(MoEgjopbar,1) and material 2 (MoEgjopay2), into an equivalent
material (Ep), using the modular ratios defined as:

MOEglobal, 1 MOEglobal, 2

, = 10
Eh Nogl Eh ( )

Nigl =
The position of the center of gravity of the transformed
section is:
AY; +AY, +A5Y
YCG:(11+ 2 Y, + 33), (11)
A+ A+ A;
where A; = bihg, Ay = bz(h —hg — htl): Az =bshy, Y, =
h _%’ Y2 = h - (hCl + htl)/%—’— htl): Y3 = h7,1’ b] == bnlgl)
b, = angla bs; = bnlgl-
Applying the condition, Y, = Y¢¢ to Eq. 11, the position
of the neutral axis Y, is computed as follows:

_ MOEgIobaI,Z((h - hcl)2 - htlz) + MOEglobul,l(Zhhcl - hc12 + htlz)

Y,
2(M0Eglobal,2(h - hcl - htl) + MOEglohul, 1 (hcl + htl))

>

(12)

where h, h., hy is defined in Figure 3a. The global modulus
of the combined section is computed with the relation,

MoEgopailc = Epl,, where Ig = ”l—h; is the inertia of the entire
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Figure 4. (a) Cross-section made up of two timber materials with different elas-
tic moduli in tension and compression. (b) Transformed section made up of a
homogeneous material, Ej.

cross-section, I, is the inertia of the homogeneous section with
respect to its center of gravity (Ycg). Steiner theory (Parallel

axes theorem) further can be applied as I, =1 +
A1(Y1 = Yeo) + L+ Ax(Ya = Yea)’ + 15 + As(Ys — Yeo),
hha® 1 _ ba(hmha=hy)’ _ by

blhha—hu) - and Ip = baha’,

where I} =25, I, =
Applying the above relations, the global modulus of the
combined section, as a function of the global modulus of

each material, can be expressed as:

1
MOEglobul = F4(M0Egloba1,2(h - hcl - htl)(h2 + hclz - hclhtl

+ hy? + h(—2hy + by — 3Y,) + 3k, Y,
— 3hn Y, + 3Ys?) + MoEgigbar, 1 (3H°hey
— 3hhy (hey +2Y,) + (B + b)) (ha® — by
+hy® +3ha Y, — 3ha Y, + 3Y,%))).
(13)

It can be observed that the global modulus depends on the
moduli and the depth of each material (h, hg, hy), consequently,
the geometry of the specimens influences the global modulus.

Equations 9 and 13 allow computing the influence of the
global modulus of both materials of the moduli in tension
and compression of the combined beam, considering that
the global modulus takes into account the behavior of a
beam as it was composed of one material. Consequently,
these moduli will be defined as combined moduli E_
and E; omp, Which can be calculated as:

M OEglobal hz

MOEglobalh2
y b — > - <, 7 -
¢, com 4(h — Yn)z

14
Y, (14)

t,comb —

On the other hand, the combined rectangular section
depicted in Figure 4a is transformed into a homogeneous
section, taking into account the elastic moduli in tension
and compression of each material.

Hence, for this case, the following modular ratios are
applied:

Ecl EcZ Etl Et2

ey = 7> Beh2 = 7> N Ry = —.

Ej Ep Ey Ey

Based on the geometry of the combined section, the
MoEgoba and Y, as a function of E. and E; of each mater-
ial, are obtained.
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Table 1. Glulam beams layouts studied in this paper.

Nomenclature Pi Pl PiPI

Description Pine Platanus Pine (outer layers) + Platanus
) (inner layers)
Cross-section 5 | .

i ‘
i =

Geae
ﬁ ; v
ety 4

The position of the center of gravity corresponding to the
transformed section in Figure 4b is:

(A1Y) + A Y, + A3Y; + AsYy)

Yce = , 16

co A +A) +A3 + Ay (16)

where Al = b]hcl, Az = bz(l’l — Yn — hcl)) A3 = b3(Yn —
h1), Ay =bshy, Yy =h— hz—l, Y, =3(h+ Y, —hy), V3=

h
Y4:7“)

1(Yn + ha),
b4 = bl’lthl.
By using the condition Y, = Y¢; into the Eq. 16, the
position of the neutral axis is computed as follows:
1

E, — Ep

by = bngy, by = bngy by = bny,,

Y, = (Eoh + Ecihey — Eghey + Eqhyy — Ephy

1
3 J(4(Ey(h — hey) + Eahey + (Eq — En)hy)

- 4(E02 - EtZ)(ECZ (h - hcl)z + Ecl (2h - hcl)hcl

+ (En — En)hn?))),
(17)

where h, h.j, hy, he and hy, are defined in Figure 4a. The

global modulus of elasticity is computed with the relation,

3
MoEgopalc = Eply, where Ig =%
cross-section, Ij, is the inertia of the homogeneous section

with respect to its center of gravity (Ycg). Steiner Theory
(Parallel Axes Theorem) further is applied I, =1 +
A (Y1 — Yeo)? + L+ Ay(Ys — Yo)? + I + As (Y3 — Yeg)* +

2 _ bihg® _ bZ(h7Yn7h51)3 _
I4+A4(Y4—YCG) s where I] =0 Iz——, 13 =

2 12
_ 3 3
M, and I, :%. Hence, the global modulus as a

function of E, and E. of each material is:

is the inertia of the
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1
F4(Et1ht13 — Epha® + Eo(h—hy — Y,)°

— 3Enhy Yy + 3Enhy*Y, + 3Enhy Y,
— 3EphnY,’ + EnY,’

+ Eqha (30 + hy? +3h, Y, + 37,7
—3h(h,4 +2Y,))),

M OEglobul =

(18)

Similarly, the equivalent moduli in tension and compres-
sion can also be calculated using Eq. 14, applying the
obtained MoEg,p. from the Eq. 18.

3. Materials and methods
3.1. Timber

In this study, two wood species were used, Pinus Sylvester
and Platanus (Platanus hispanica Mill.ex Muenchh). The
Platanus wood was extracted from a 16year old plantation
belonging to IFAPA (Instituto de Investigacion y Formacion
Agraria y Pesquera) located at the Vega de Granada, Spain.
After harvesting and sawning, timber planks were dried nat-
urally for at least 7 months, ensuring that a moisture content
(MC) below 12% was achieved. The Pine wood was supplied
by the company Madera Pinosoria S.L. located at Soria,
Spain. In this case, the wood was dried by the same com-
pany in an industrial wood kiln. In both cases, planks of
35 x 75 x 2000 mm were extracted, which after drying were
subjected to an acoustic resonance NDT test in the longitu-
dinal direction (grain direction). By means of the plank
density and the propagation velocity obtained from the nat-
ural resonances, the dynamic elastic modulus (MoEg,,) was
obtained [34], which was adjusted to 12% according to the
standard EN 384:2016 + A1:2018 [35] by measuring the mois-
ture content of each board by means of a protimeter model
surveymaster SM from the company Neurtek S.L. Figure 5
shows the distribution of MoEg,, for the planks of both spe-
cies with a total of 300 and 80 planks for Pine and Platanus
and a mean value of 12290 MPa and 9989 MPa, respectively.
In order to objectively discard the planks with the highest
deviation, the standard deviation was calculated, with a value
of 1123 MPa for Platanus and 2169 MPa for Pine. Then, the
planks included in the range of the standard deviation, i.e.
[11167-12290] and [8866-11112] MPa for Pine and Platanus,
respectively, were used for the manufacturing process.
Meanwhile the planks outside this range were discarded in
order to avoid as much as possible the heterogeneity factor of
the modulus of elasticity during the elaboration process.

3.2. Glulam beams

Three different layouts were tested, as shown in Table 1. Two
layouts were made of pure monospecies Pine and Platanus
wood, respectively (Pi and Pl). A third layout was a composite
multiespecies one, manufactured by placing the Pine planks at
the outer portions (compression and tensile) and the Platanus
in the inner part of the beam, due to the lower mechanical
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properties of Planatus compared with pine. All the specimens
were elaborated by assembling 6 layers of planks with a thic-
nekss of 17mm, resulting in a final cross-section of
105 x 50mm?” and a total length of 2100 mm. The manufactur-
ing process included the finger-joint technology, according to
the specifications of the standard EN 14080 [36] (Annex 1.4
and L5). A polyurethane resin was used as structural adhesive.
In order to ensure a correct adhesive application, the moisture
content of the wood was controlled during the whole process,
with an average value of 10.8 +1%. Once the beams were man-
ufactured, they were conditioned in a climate chamber at
20+1°C and 65+ 5% of relative humidity.

4. Bending tests

Static four-point bending tests were carried out by using a
MICROTEST multi-testing machine, with a bending device
and a load cell with a maximum capacity of 200 kN, model
PB2-F/200. The tests were performed according to the require-
ments of the EN 408:2010 + A1:2012 standard [30], with a dis-
placement control rate of 8.7mm/min, so that the rupture
would occur in 300+120s, at least for the beams without
reinforcement. As indicated in the EN 408:2010 4 A1:2012
standard [30], a distance between upper supports of 612 mm
and a distance of 1920 mm between the lower supports were
established to avoid the shear failure (Figure 6). The strain
measurement was carried out with four strain gauges placed
on the mid-span of each beam, two on the faces of maximum

tension and compression and two on the lateral faces at /4 of
the height. For the case of Platanus beams only a strain gauge
was placed at the bottom due to lack of sensors. For that rea-
son, the neutral axis could not be measured in the tests. Using
the strain gauge located at the bottom face (maximum tensile)
present for all tests, the static elastic modulus (MoE;) was cal-
culated. For that, the stress-strain relationship in the range
10%-40% of the maximum ultimate stress f,, was used, where
_3a Py

In="pp

Pnax being the maximum load, b the base of the beam, h
the height of the beam and a the distance between the appli-
cation points of the load. By means of a LVDT placed at the
mid-span of the specimens, the global elastic modulus
(MoEgjopa) Was calculated according to the standard EN
408:2010 + A1:2012 [30].

(19)

5. Results
5.1. Experimental results

The stress-deflection curves, the normal statistical distribu-
tion of the modulus of elasticity and the main mechanical
features for all specimens obtained through the four-point
bending tests are showed in Figure 7 and Table 2, respect-
ively. Table 2 shows the mean values of global modulus
(MoEgjopa) based on the recorded displacements using the
LVDT, and the maximum bending strength (f,). Using



the Pine layout (Pi), as control specimen (the layout with
the higher mechancial properties), the variations of the
mean properties between (Pi) and Platanus (Pl), (Pi) and
Pine-Platanus (PiPl) are computed respectively.

The stress-deflection curves depicted in Figure 7a show that
all specimens have a linear elastoplastic behavior with a clear
limit between the elastic and plastic range. The maximum
and minimum slopes of the relations correspond to Pine (Pi)
and Platanus (Pl), with a mean MoEgp, of 14027 MPa and
8962 MPa, respectively. The composite multiespecies Pine-
Platanus layout (PiPl) reveals a behavior closer to the one of
the Pine with a mean decrease of 11% with respect to the con-
trol layout (Pi), while the decrease of the Platanus is 36%.
Hence, the combination of both spicies provides a specimen
with agreeable properties. Figure 7a evidences that the plastic
range for Platanus is higher than the one for the Pine, while
the Pine-Platanus beam provides high MoEgp, and relatively
acceptable plasticity (Figure 7b). For Pine layout, the maximum
bending strength is clearly higher than for Platanus one with
mean values of 72MPa and 51 MPa, respectively. As stress-
deflection relation and experimental data state, the maximum
bending strength of the Pine-Platanus specimens exhibited a
mean value of 66 MPa and a corresponding decrease of 8%
with respect to control layout (Pi). It is worth mentioning that
the Platanus layouts are characterized by a mean decrease of
30% in terms of maximum bending strength compared with
the Pine layout (P1i).

5.2. Analytical results

5.2.1. Application 1: Calculation of elastic moduli in
tension and compression

The analytical formulations previously developed provides

the relations between MoEgqpa, Ec. and E; for pure

Table 2. Experimental mean values: global modulus of elasticity (MoEgiobal,ex)s
and maximum bending strength (f,,,) with their corresponding mean variation.

Global modulus Maximum bending

(MoEgopal) strength (f,)
Specimen Name / Variation (MPa) (MPa)
Pine (Pi) 14027 72
Platanus (Pl) 8962 51
Pine-Platanus (PiPl) 12510 66
Variation PI to Pi (%) —-36 -30
Variation PiPI to Pi (%) -1 -8
a)
15000
E Bz MOE,gIobaI,ex T Yn,ex 54
2145001
s - 52
140001
g
= F50
’§813500 -
= F48
$13000
O

S
[o)]

Pine beams (Pi)

Neutral axis position (Yn) [mm]
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specimens, and the equivalent E. ., and E¢comp for com-
bined multiespecies specimens. Given the experimental data
of MoEgba and the position of the neutral axis (Y,) for
Pine (Pi) and the composite Pine-Platanus beam (PiPl), it is
possible to compute analytically the moduli in tension and
compression applying the equations Eqs. 9 for mono-species
and Eqgs. 14 for multispecies beams, respectively. Figure 8
shows the experimental global modulus and the correspond-
ing position of the neutral axis for 8 specimens for Pine and
Pine-Platanus layouts.

The left part of Table 3 shows the experimental input
data (MoEgjoparex and Yney). The right part shows the corre-
sponding analytical results, i.e. moduli in tension and com-
pression for Pine (Pi) and Pine-Platanus (PiPl), where “K” is
the ratio between the tension and compression moduli.
Table 3 shows a clear tendency for the computed analytical
values, since the modulus in tension is higher than the
modulus in compression for each specimen. Notice that
Table 3 and Figure 8 only show the data for the specimens
for which the neutral axis could be computed with strain
gauges located at the top and bottom mid-sides.

Table 3 also summarizes the variations of the analytical
moduli of elasticity in tension, compression and experimen-
tal global moduli for the Pine-Platanus beams (PiPl), with
respect to the mean value of moduli of the control layout
(Pi). It is shown that the decrease of the moduli is relatively
low, defined by a mean decrease in compression and ten-
sion, around 10.1% and 11.2%, respectively. The same
reduction range is observed for the experimental global
modulus, whereas the mean decrease of the Pine-Platanus
(PiPI) layout with respect to the Pine (Pi) layout is
around 10.8%.

5.2.2. Application 2: Calculation of the global modulus

Based on the experimental values of the global modulus of
Pine (Pi) and Platanus (Pl) glulam beams depicted in Figure
7, it is possible to assess the global modulus (MoEg,p.1) of
the combined beam (PiPl). Applying Eq. 13, it is possible to
compute the MoEgopa of 64 virtual Pine-Platanus specimens
since there are 8 available experimental data of each timber
material. Figure 9 shows the distribution and the corre-
sponding histogram of the computed MoEgqp, for these 64
virtual specimens. Table 4 summarizes the mean value of

b)

13500 E
qu Bz MOE, global, ex mmm Yn' ex r54 E.
= =
13000 =
o) '52 c
= 2
912500 2
é +50 8
2 ©

x
=12000 F48 2
= o
_8 b
) -
©11500- 46 2

Pine-Platanus beams

Figure 8. Experimental global modulus (MoEgopaiex) and the corresponding position of the neutral axis (Yn,e,): a) 8-Pine beams (Pi); b) 8 Pine-Platanus

beams (PiPI).
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Table 3. Experimental (ex) global modulus of elasticity (MoEgionaiex) and the corresponding position of the neutral axis (Yne,). Analytical (an) moduli in tension
(Ean) and compression (E..,) using Eqgs. 9 (Pi) and Eqgs. 14 (PiPl). K is the ratio between moduli in tension and compression for the 8-Pine and 8-Pine-Platanus

beams specimens with their corresponding mean values.

Experimental

Analytical - Eqgs. 9 (Pi) and Eqgs. 14 (PiPI)

Methodology
MOEgIobaI,ex Ynex Ec,an Et,an
Layout (MPa) (mm) (MPa) (MPa) K
Pine 14556 51.0 14556 14556 1.00
(Pi) 14628 48.7 13393 16042 1.20
14175 50.8 14065 14287 1.02
12868 48.6 11737 14170 1.21
13669 48.5 12421 15115 1.22
14386 47.5 12598 16584 1.32
14634 49.9 14023 15286 1.09
13299 50.3 12941 13672 1.06
MOEgIobaI,ex,mean Ynex,mean Ec,an,mean Et,an,mean Kmean
(MPa) (mm) (MPa) (MPa)
14027 494 13217 14964 1.14
Pine-Platanus MOE giobal,ex Yne, Ecan Etan K
(PiPI) (MPa) (mm) (MPa) (MPa)
12747 50.9 12697 12797 1.01
13066 50.7 12914 13221 1.02
12776 51.0 12776 12776 1.00
12969 47.4 11315 15014 1.33
11588 49.6 10977 12251 1.12
11829 47.3 10283 13752 1.34
12353 49.2 11525 13273 1.15
12748 50.7 12599 13273 1.05
MOEgIobaI,ex,mean Ynex,mean Ec,an,mean Et,an,mean Kmean
(MPa) (mm) (MPa) (MPa)
12510 49.6 11886 13295 1.13
Variation of mean values of PiPI respect to Pi layout (%) —-10.8 0.4 —-10.1 -11.2 -0.9
— 15500
0.00104 ---- MOE, global, an
| < 14500 1
s
0.0008 + = 13500
z
= < 12500 A
S 0.0006 >
g 2 11500 _
o © |
& 0.00041 2 105001 |
@ !
0.0002 \ L :
_ S8 § 8500 4 — MOEgiobal,an :
0.0000 -—+== = — Eten !

11000 11500 12000 12500 13000 13500 14000
Modulus of elasticity (MoE) [MPal

Figure 9. Analytical global modulus (MOE giopaian) Using Eq. 13. Distribution of
64 Pine-Platanus virtual specimens.

Table 4. Experimental (MOEgiopal,ex) and analytical (MoEgiopai,an) mean value of
global modulus of Pine-Platanus layout (PiPl) and the corresponding variation.

MOE giobalex MoEgiobatan Variation
Layout (MPa) (MPa) (%)
PiPI 12510 12526 0.13

computed global modulus (12526 MPa), compared with a
mean value of the experimental global modulus (12510 MPa)
and its corresponding variation. The difference between ana-
Iytical and experimental value shows a subtle variation,
being extremently low, around 0.13%.

5.2.3. Application 3: Parametric analysis of multiespecies
Pine-Platanus glulam beams

The combination of Pine and Platanus provides a multiespe-

cies beam (PiPl) with a global modulus closer to the one of

7500
0

T T T

10 20 30

40

50

60 70

100

% Platanus (Plane-Tree)

Figure 10. Global modulus of elasticity (MoEgipaian) and the corresponding
moduli in tension and compression (E. ., and E.n) as a function of the Platanus
percentage along the combined cross-section, employing the obtained solu-
tions from Egs. 18 and 14.

the Pine (Pi), as seen in Figure 7. In order to analyze the
influence of the percentage of both species that compose the
cross-section in the moduli of elasticity, the Eq. 18 can
be applied.

Figure 10 shows the MoEgqpa and the corresponding
equivalent moduli of elasticity in tension and compression
of the combined beam (PiPl), using the Eqs. 18 and 14. As
expected, the global modulus lies around the mid-range
defined by the tension and compression moduli. The three
curves (Figure 10) show that the influence of the Platanus
layers is negligible for a percentage up to 35%, while a
decrease of the slope starts to be visible after 40%.

For this study, the combined manufactured specimen is
composed of six layers with a thickness of 17 mm, two
external Pine layers and four inner Platanus layers. Thus,



the Platanus percentage for the experimental specimens cor-
responds to 66%. Hence, the analytical variation of the
curves at 66% (see dash-dotted line in Figure 10) provides
similar values as the ones determined based on the experi-
ments (Table 4).

As seen in Table 4, the analytical results related to the
global modulus, provided by the parametric analysis and the
results corresponding for a Platanus percentage of 66%, are
comparable with the results acquired from the experimental
part. In addition, the analytical moduli in tension and com-
pression obtained from the Egs. 14, are very close to the
moduli obtained employing parametric analysis.

6. Conclusions

In this paper, an analytical model based on the transformed
method of composite sections, is developed to compute the
global modulus of elasticity and the corresponding moduli,
in tension and compression, for glulam beams. The combin-
ation of a relatively low-quality timber (Platanus) and a
high-quality one (Pine) has been studied. The main aim is
to substitute the inner part of a pure Pine beam by
Platanus, to obtain a more economical and sustainable
cross-section. The experimental tests have revealed that the
combined layouts are characterized by a high global modu-
lus of elasticity closer to Pine layouts.

The developed analytical procedure can assess the global
modulus and the corresponding moduli in tension and com-
pression, estimating also the variation between analytical
and experimental results with an accurancy less than 1%.

The analytical results demonstrate that this model is a
powerful technique to characterize the behavior of a cross-
section subjected to pure bending, expanding the analyses
proposed in current standards. The proposed model allows
to establish the Platanus influence within the combined sec-
tion and to estimate the main mechanical properties for a
future manufactured specimen.

Finally, in view of the obtained results, the developed
model represents an adequate starting point for the opti-
mization process. Although experimental tests for the char-
acterization of the timber in tension and compression have
not been carried out, the analytical model provides results
that are in accordance with the experimental trends, where
the modulus in tension is greater than the one in compres-
sion. Additionally, it is worth to remark that the developed
analytical model in this study is a versatile one and it can be
extrapolated to any combined timber beam made up by dif-
ferent wood species or reinforced timber beams.
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