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Abstract: This paper presents an experimentally validated model for the computational analysis of
metal-reinforced wooden composites. The model can be used in both research and in industry to
effectively estimate how much a certain composite design improves the bending stiffness and strength
of a hybrid metal-reinforced wooden component. A model based on computer simulations allows
the prediction and analysis of the mechanical behaviour of a hybrid composite material consisting
of several interconnected components made of different base materials. The model for different
boundary conditions and parameters provides the correct data on stiffness, especially bending, and
the associated maximum displacements. It allows for a variation of the mechanical and geometrical
properties, and makes it possible to observe the initiation of irreversible change in the window-frame
member. The model enables parametrical simulations to find the optimum layout of reinforcements
in the window-frame member, as well as to make estimations of the maximum performance of certain

designs.

Keywords: composite wooden beams; bending stiffness; numerical modelling; reinforcements;

window frames; mechanical testing

1. Introduction

After decades of neglect, wood has been gaining popularity because of its aesthetic
value, wide range of properties, and renewability. As a construction material, wood
offers good weight-specific stiffness and strength while simultaneously providing excellent
insulation. In contrast to building materials such as metals, concretes, and plastics, wood
also has a positive environmental impact by reducing CO, emissions. As environmental
regulations and life-cycle assessments (LCAs) become increasingly important, wood is
expected to be more heavily relied on in the future [1,2].

The use of wood covers many mechanical applications, ranging from Formula 1 racing cars
to homes. However, on its own, wood lacks stiffness and strength compared to other materials
(for example, fibre-reinforced polymers (FRPs) and metals). Therefore, new technologies are
being introduced to enhance wood based on hybrid composite designs [3-7]. Modern beams
can thus be strengthened in the production phase [8], or old wooden beams can be repaired
and retrofitted by adding FRP laminates [9-17] and honeycomb sandwich panels [18].
This strengthening can even be made reversible [19] or, in certain cases, adaptive [20].
While the use of FRPs is very common [6,7,21-25], the potential for reinforcement with
metals remains under-addressed and under-investigated, despite their comparatively
higher stiffness and strength. Moreover, equal strengths in the tensile and compressive
directions make metals [26,27] very appropriate for reinforcement beams that are subjected
to alternating loads [28]. There are not many attempts to use aluminium as a reinforcing
material. Steel is much more commonly used due to higher elastic moduli and better
thermal properties. There are not many attempts to use aluminium as a reinforcing material.
Steel is much more commonly used due to its higher elastic moduli and better thermal
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properties [26,29] Jasieriko [27] studied the interaction of a glued-in steel bar over the
cross section of a reinforced wood element. The experimental results showed an irregular
distribution along the bonding joint of normal and shear stresses. Some researchers [23]
compared experiments on glulam beams reinforced by plates. Their results confirmed the
importance of the reinforcements in enhancing the overall mechanical behaviour of wooden
beams. Kim and Harries [23] showed that there is a limit to the reinforcement-to-wood
ratio beyond which the ultimate load cannot increase.

Composite wooden beams are currently expanding to the window-frame industry
(Figure 1), as the contemporary design of windows with very large dimensions has ex-
ceeded the limits of wood’s load-bearing capacity [30-32]. Thin window frames with a size
of 5 m are currently manufactured solely with aluminium frames, while wood, the oldest
window-frame material with excellent thermal insulation properties, has not yet been able
to penetrate this segment due to its stiffness is inferior to that of aluminium. New solutions
are therefore being sought, and introducing reinforcements into wooden window frames
appears to be the next rational step.

The motivation for this study comes from the fact that a composite structure allows
for a case-specific customisation, and that this process can be greatly improved with
computational prototyping [33-36]. The goal of this study is therefore to present a validated
model for the computational analysis of metal-reinforced wooden composites, which can
be used in research and industry to effectively estimate how much a certain composite
design improves the bending stiffness and strength of a hybrid, metal-reinforced wooden
component.

Reinforcements

Figure 1. Vertical member of a window with minimum support at its ends.

2. Materials and Methods
2.1. Computer Modelling

The three-dimensional numerical model is based on the finite-element method (FEM)
for use in Simulia Abaqus [37], where the following material and contact models are
implemented to simulate the general case of a hybrid, reinforced, wooden composite: (i) an
isotropic elastic—plastic model for reinforcements; (ii) an anisotropic elastic—plastic model
for wood; and (iii) a traction—-separation model for adhesives.

The model is intended to allow for simulations of the elastic behaviour of hybrid wood-
metal composites, while also enabling the prediction and observation of plastification onset
and damage initiation. Plastic deformation and damage progression are not covered in this
model, since the model is intended to evaluate the mechanical performance in operating
regimes until the onset of failure. However, the model can be extended to cover failure
regimes in the future. In addition, the model is currently limited to metal reinforcements
for two reasons: (i) FRP reinforcements in hybrid wood composites have already been
numerically addressed to some extent [17,19,23,34-36] and (ii) the industrial requirements
call for metal (especially aluminium) reinforcements in the case of large window frames.
Window-frame manufacturers rely on aluminium for its price, extrusion simplicity, and
their experience of combining it with wood, although until now only in the form of
protective covers for the wooden frames of smaller windows. However, the presented
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model can also be extended in the future by including other reinforcement materials, for
example, anisotropic glass FRP or carbon FRP.

2.1.1. Material Behaviour

The presented computer model is based on the finite-element method (FEM) and
implemented in Abaqus software [37]. The model encompasses constitutive material
models with recommended values of the material properties, geometrical representa-
tion, and interaction inclusion. The model allows for a variation of the material, ge-
ometrical, interaction, and boundary-condition parameters. The material’s behaviour
is limited to the elasticity with an irreversible deformation limit. In the scope of the
FEM, the material behaviour of continuous domains was modelled with constitutive
equations of the type o = D~ le, which relate the infinitesimal (logarithmic) deforma-

tion tensor e/ = [ €11 €2 €33 Y12 Y13 V23 ] to the true (Cauchy) stress tensor
cl=[ o011 o o0 012 013 023 | through the elasticity tensor D, whose inverse
1/E; —vy1/Ey —v31/E;3 0 0 0
—vip/Ey 1/Ey;  —v3/Ej3 0 0 0
p1_ | “vis/Er —vs/Er  1/E; 0 0 0 )
0 0 0 1/Gqp 0 0 !
0 0 0 0 1/Gys O
0 0 0 0 0 1/Ga3

is expressed in terms of engineering constants. For a more compact description, the integer
indexes i, j, k € {1, 2, 3}; i #j, i #k, j # kin this work indicate the associated spatial
directions of the material domain.

2.1.2. Modelling of the Wooden Material
Orthotropic Elasticity

In the elasticity tensor from Equation (1), the orthotropic elastic behaviour of the
wood is defined with the following engineering constants: (i) Young’s moduli E;, (ii) shear
moduli G, and (iii) Poisson’s ratios v;;

i ) @)

Orthotropic Irreversibility Surface

However, stiffness is not the only criterion for evaluating the design of the composite
product. It is also necessary for engineers to be able to estimate the onset of irreversible
deformation in the product during the design process. With the exception of a few applica-
tions where the structural role of the composite component is failure-related, the composite
structure’s static, dynamic, or creep-related loading limits must be known so as to limit the
product’s operation to a reversible regime only. These limits can be numerically estimated
based on the known limits for the wooden domain. Although irreversible change can come
in the form of plastic yield, damage, or creep, an irreversibility surface [38] can be used to
model the onset of the irreversibility.

The irreversibility surfaces of wood are complex, as they depend on the wood type,
wood quality, and the environmental exposure during its growth and preparation. The
correct description of the irreversibility surface therefore demands extensive experimental
testing, which is normally not justified or beyond the resources available for predictive
modelling in regular product development. In this study, a more practical and straightfor-
ward approach to the definition of irreversibility surfaces, based on Hill’s surfaces [39-42],
is presented. It relies on the inevitable necessity to perform validation experiments. Here,
all the irreversible transformations of the material are modelled based on the quadratic Hill



Forests 2021, 12,918

40f16

criterion f (o) > 1. The Hill’s surfaces used [43] assume that the wood is hydrostatically
incompressible, and a simplified analytical equation can be used,

flo) = \/51 (022 — 033)° +52(033 — 011)* + 83(011 — 02)” + 2(110% + t20% + t30%,)  (3)

It is an extension of the Huber-Mises—-Hencky criterion, where s; and ¢; are constants,

defined as
1/ 1 1 1
5i =5 2+2_2>' )
2 (R].]. R2. R2
1
b=y ©)
2R

and R;; = 0;;/0p are the irreversibility stress ratios, defined with the irreversibility-onset
stress 0;; in relation to some reference stress 0p, when the stress 0;; is the only stress the
material is subjected to. In the case of an irreversible transformation, the associated flow
rule of the small deformation theory defines the plastic strain rate’s direction as normal to
the irreversibility surface.

2.1.3. Modelling of the Metal Material
Isotropic Elasticity

In the elasticity tensor from Equation (1), the isotropic elasticity is defined with the
isotropic (i) Young’s modulus E = E;, (ii) shear modulus G = G, and (iii) Poisson’s ratio
v = v;j;, which are related through

E
¢= 2(1+v) (©)
Isotropic Irreversibility Surface

The Huber-Mises-Hencky irreversibility criterion f(c) > 1is used to model the onset
of irreversible changes in the metal domain, which evaluates the effective true stresses ;;
based on the hydrostatic-stress-independent irreversibility surface

flo) = \/; (((722 —033) + (033 — 011)% + (091 — (722)2) +3(0x+ 0% +0%,).  (7)

Here, T represents the stress limit for the onset of the irreversible transformation of

the material. The elastic parameters E and v as well as the irreversible limit parameter &
are therefore needed for a description of an isotropic material with this model. In the case
of an irreversible transformation, the associated flow rule of the small deformation theory
again defines the plastic strain rate’s direction as being normal to the irreversibility surface.

2.1.4. Modelling of the Adhesive Joints

A cohesive model relates the traction vector 1 = [ thy ts I ] between two joined
surfaces of a cohesive domain with their relative position. The index n here indicates the
normal direction to the surface, while s and f indicate the first and second directions in the
local tangential-to-contact plane, respectively. The relative position of the two planes is
described differently for thin and thick joints. The Abaqus program makes it possible to
define constitutive models for cohesive behaviour based on the engineering constants in
the stiffness tensor for thin joints, and in the elasticity tensor for thick joints. The uncoupled
model, which does not constitute the relations between the n, s, and t directions, was used.

Depending on the thickness of the adhesive layer, the adhesive between the solid
domains is modelled based on two different approaches. In the case of the thicker adhesive
layers, the adhesive is modelled as an independent material domain, whereas in the case
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of the very thin adhesive layers it is modelled as a contact interaction. In both cases, the
adhesion model is based on the following traction-separation laws.

Modelling of the Thin Adhesive Joints

The thin joints do not exhibit significant geometrical thickness (Tjomt ~ 0), and are
modelled as contacts with the constitutive traction-separation model ¢ = K&, where
6T = [ On Os O ] is the vector of separation between the joined surfaces. In the stiffness
tensor

Kyy 0 0
K= 0 Ks O 8)
0 0 Ky

Kun, Kss and Ky are the stiffness constants in the directions 7, s and t, respectively.

Modelling of the Thick Adhesive Joints

The adhesive layers of the thick joints are modelled as geometrically discretised
domains. The constitutive model of elastic traction-separation behaviour is defined as
t = Ee, where €T = [ €1 € € ] is the separation strain vector of the two surfaces, with
the components €,y = 0y /Ty, x € {n, s, t}. The initial layer thickness Ty is automatically
acquired in Abaqus from the element thickness in the spatially discretised adhesive domain.
The elasticity tensor

Ewp O 0
E= 0 Ess 0 ’ (9)
0 0 Ey

is composed of the elasticity constants E;;;, Ess, Ey that are associated with the directions 7,
s and t in the joint.

Irreversibility Surface

The onset of the irreversible transformation in the adhesive joint is modelled based on
the quadratic nominal-stress-based initiation criterion f(#) > 1, where the surface

() w

is defined with the traction limits t,,, fs and f;, which are representative when the joint is
subjected to unidirectional traction in the #, s or t direction, respectively. Therefore, for a
complete model description, the parameters Ky, Kss, Kit, £y, ts, and f; must be defined.

2.1.5. Definition of Material Parameters

The material parameters of metals, in particular aluminium and steel, can be found in
the literature [30], and are listed in Tables 1 and 2, respectively.

Table 1. Material parameters of aluminium.

Parameter Value Unit
E 71,000 N/mm?
v 0.33 -
1o 160 N/mm?

Table 2. Material parameters of steel.

Parameter Value Unit
E 210,000 N/mm?
v 0.3 -
o 275 N/mm?
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The properties of wood, on the other hand, are extremely stochastic and subject to
numerous external influences. They are therefore very difficult to capture for reliable pre-
dictive modelling. Some degree of inverse engineering is, therefore, inevitable in this case.
However, in the inverse-engineering process, the experimentation normally represents
the greatest investment in resources, and the intention is therefore to reduce its extent as
much as possible. In this work, the methodology for the input parameter’s definition relies
on the assumption that some validation tests are necessary for the development of good
predictive models.

As a benchmark, an experiment on the unreinforced (non-hybrid, non-composite)
wooden prototype is suggested. The prototype should roughly resemble the final product,
but be as close as possible to the anticipated final design, whereas the experimental setup
should be as similar to the expected load case during the real operation of the product. The
definition of the model’s input parameters is divided into two parts: (i) the definition of the
elasticity parameters and (ii) the definition of the irreversible onset parameters. Once the
experiment is performed, its behaviour is decomposed into a purely elastic regime and an
irreversible regime, divided by a maximum load limit, for which the product prototype still
behaves purely elastically (based on the observations). A wood-based numerical model
of the prototype is then developed (like the model described in the previous sections)
and loaded according to the experimental load case. With iterations, the model’s elastic
parameters are defined inversely to describe the experimental elastic behaviour. Then,
using the maximum limit load as the reference, all the material irreversibility parameters
are minimised, with zero irreversibility under the reference load as the minimum constraint
(see Figure 2). For an initial definition of the parameters, previous studies were heavily
relied on in this study, which significantly reduced the input-parameter definition time.

P € (611, 022, 033, 012, 013, 023)
f(P),Py,dP,ddP,C,q
f(P)<C :
sign(Py) == sign(dP) == sign(ddP) 013
|ddP| < |dP| < |Py]
0<g<1

Initiation:

J12

f |
> P =Py —dP F(P)>C | +dP = dP + ddP|

N
dP = dP — ddP|

033 Y fpy<c ~ 922

Result: Z d

N Y T =
ddP=ddP-q-—d;:P<T P=Py—dP 023

Figure 2. Definition of parameter envelope with an inverse-engineering approach.

For use in the hybrid composite model, the recommended values of the material
parameters are collected below (Tables 3 and 4). These were determined based on the
material libraries, calibration, and engineering evaluation.

Table 3. Material parameters of spruce wood.

Parameter Value Unit
Eq 14,460 * N/mm?
E, 900 N/mm?
E3 470 N/mm?
V12 0.37 -
V13 0.46 -
V23 0.44 -

Go 880 N/mm?
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Table 3. Cont.

Parameter Value Unit
Gi3 882 N/mm?
Gy 43 N/mm?
T 43* N/mm?
T 1.3* N/mm?
733 1.3* N/mm?
T1o 5.2% N/mm?
513 52*% N/ 1’1’11'1’12
T3 5.2* N/mm?

* Indicates that the values were defined with a calibration.

Table 4. Material parameters of adhesive.

Parameter Value Unit
Ky or Epn/ To 200 N/mm3
Kss or Ess /Ty 200 N/mm3
Kyt or E /Ty 200 N/mm?
tn 1.3 N/mm?
ts 52 N/mm?
t 5.2 N/mm?

2.1.6. Model Geometry

The presented model makes it possible to vary the geometry (with mesh and inter-
actions) and optimise the reinforced, hybrid wooden beams for a specific load case. The
geometry of each component of the reinforced hybrid wooden beam (i.e., timber, rein-
forcements, adhesive layer) is modelled independently. Figure 3 illustrates the hybrid
composition of a reinforced wooden beam intended for a general description with this
numerical model. The wooden layers are indicated with the ochre colour, while the grey
colour represents the metal reinforcements. The model assumes that the wood and rein-

forcement domains are joined with a layer of adhesive whose thickness can be thick or thin,
depending on the adhesion procedure.

|:| Wood Symmetry

|

View A ) )
E___ i — = - D Adhesive Tie
i oS 5| - I:l Reinforcements Adh. contact
LI ] K o B
HEN - - 5 il i
EEEaEas 3 100/ A0F D
— o | |

: | |
tg Symmetnl “__— A: L1 | |
- = | . Tl |

et 1 {11/ WER I IAER

— - -
e ~ ==

— =l

|

[Elap

Figure 3. Assembly of separate components (wooden parts, reinforcements, and adhesive layers)
into a geometrical model of a hybrid wooden beam.

2.1.7. Mesh

The geometries of the components are put in the structured meshes of the finite
elements. The domains with isotropic and orthotropic material models are put in a mesh
of hexaedric finite elements with quadratic interpolation and reduced integration (C3D20R
type). Domains with cohesive material models (thick joints) are meshed with cohesive
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elements (COH3D8 type). In comparison with a non-structured mesh, a structured mesh
gives more reliable results. It also makes it possible to thin the mesh in the directions of a
monotone building, which can significantly reduce the time required for the calculation.
The mesh thickness is defined along all the edges of the geometrical properties based on a
convergence analysis, by means of which its negligible impact upon the model results is
proved. An example is presented in Figure 4, where due to insignificant convergences a
negligible impact upon the model results is established for all the checked mesh densities.

Along beam length

80
70 — Bound. Cond. 1
60
= —— Bound. Cond. 2
é 50
5 40 — Bound. Cond. 3
B 30
E 20 — Bound. Cond. 4
e ~— Bound. Cond. 5
]
3 4 5 6

Number of elements [-]

Figure 4. Example of a model with reinforced edges of geometrical properties, where the mesh
density was checked with a convergence analysis (left) and an example of convergence analysis
results for the mesh density along the reinforcement width (right).

2.1.8. Interaction

Interactions link the models of different components into a physical whole. The
following interaction types are foreseen: (i) connected surfaces; (ii) ideally stiff contact; (iii)
very thin glued joint; and (iv) friction in the case of boundary conditions. It is necessary
to connect the surfaces on the common surfaces of domains that lie next to each other
and have to remain like that if they do not share common nodes. Such a phenomenon
appears at the transition between the domain of isotropic and orthotropic materials and the
cohesive domain with a thick joint (Figure 5). Although in this case the cohesive elements
prevent the domains from overlapping, it is also recommended to prescribe an ideally stiff
contact for the connected surfaces of non-cohesive domains (Figure 5). For very thin glued
joints, the cohesive behaviour is prescribed in the form of a contact between the joined
surfaces. The requirement of the ideally stiff contact and the friction between the surfaces
can be used in some cases of requesting the boundary conditions of an analysis that no
longer belongs to the description of a hybrid composite model.

Connected nodes
and ideally stiff
contact

Cohesive model
for thin joint

Figure 5. Places in an example of a wooden hybrid composite model with glued reinforcements, as
shown in Figure 3.
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3. Results and Discussion

An experiment is needed for the validation of the model and/or the calibration of the
model’s input parameters. The model was validated on the basis of previously obtained
experimental results [44,45]. In this case, the four-point bending test was taken for the basis
of the experiments and the simulation. Four cross-section variations (Figure 6), representing
a preliminary frame-member design, were tested to evaluate their stiffness and to validate

the performance of the computer model.
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Figure 6. Cross-sections of type A, B, C, and D specimens.

l‘w

The four-point static bending tests, up to failure, were performed using a Roel Amsler

HA 100 universal servo-hydraulic testing machine (Figure 7).

The flexural load was tested to the point of failure in displacement-control mode using
an actuator velocity of 0.1 mm/s. Between both applied loads there was a constant bending
moment, a zero-shear force, and the peak of the relative deflection was only the result of the
bending moments. The deflections for every specimen were measured at two points with
linear voltage-displacement transducers (LVDTs). These are indicated by IND in Figure 8.
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Figure 7. Test equipment for the four-point bending tests.

lF

A N

Figure 8. Basic configuration of the test instrumentation.

The absolute deflection was the average of the those measured at the midspan (i.e., at
IND 1 and IND 2 in Figure 8). The displacement, strain, and load were recorded with a
data-acquisition system (Dewesoft DEWE 2500).

The deflection (1) at midspan was measured as a function of load (F) for all beam
types (Figure 9). The angle of the linear part of the curves from the abscissa defines the
bending stiffness. The larger the angle, the higher the bending stiffness. All experimental
results have been published in previous research [44].

The numerical simulation fully simulates the experimental four-point bending test
(Figure 10) in terms of the composite material’s properties, geometry, the interactions of
domains and type of supports, and the loading.
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30

25 4

5]
[=]
1

Load - F [kN]

10
AB-A10
5 - e B6-B10
C6-C10
— — — — D]_DS
U T T T T
0 20 40 60 80 100

Midspan deflection u [mm]

Figure 9. Load-deflection relationship for A, B, C, and D profile.

Figure 10. Schematic presentation of a mechanical experiment (four-point bending test) with used
boundary conditions and observed values.

In the numerical analysis, material data for the wood, aluminium, and glue were
used as described in previous sections. Geometrically, four cross-sections were made (one
without reinforcements and three with reinforcements, Figure 11) that precisely simulated
the cross-sections of the experimentally tested supports (Figures 7 and 8) of experiments
carried out in previous research [44].

Profile A Profile B Profile C Profile D

Figure 11. Visualised simulation results for numerical models of hybrid composite supports with
four different geometries of the cross-section (from left to right: A, B, C, and D).
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30
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10

Maximum deflection for given load [mm)]

During the experiment [44] and also during the simulation, the largest deformation of
the hybrid composite support was observed. Figure 12 presents the comparison between
the numerical and experimental results [44]. The results match very well. Consequently,
the model was validated to be used in comparable analyses.

m Experiment = Numerical

Profile A Profile B Profile C Profile D

Figure 12. Comparison of numerical and experimental results for a four-point bending test of a reinforced composite

support.

Bending stiffness [KN/mm]
o
w

For the area of the established linear dependency of the bendings of a hybrid support
on the load, the bending stiffness of the support (ratio load/bending) was calculated
on the basis of numerical results and also analytically [44] on the basis of adding the
products between elasticity modules and the torque of single-component domains in the
cross-section. Figure 13 presents a comparison between the numerically and analytically
determined bending stiffnesses [44] of the composite support with four different reinforced
cross-sections.

® Analytical m Numerical
Profile A Profile B Profile C Profile D

Figure 13. Comparison of numerically and analytically determined bending stiffnesses of a reinforced composite support.

There is very good agreement between the numerical, analytical, and experimental
results, as shown in Figure 14 in the load-deflection diagram (for Profile A). Similarly good
correspondences can also be found for other profile types.
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25

20

15

10

Load - F [kN]

0 20 40 60 80 100 120

Maximum deflection - U [mm]

Experiment Experiment avg Numerical = = = Analytical

Figure 14. Load-deflection relationship (Profile A).

Consequently, the numerical model of the composite support is verified for use in
comparable analyses.

Architectural trends favour open views through windows, with as few visible window
frames as possible. Therefore, for this study, profiles with a small cross-section (i.e., slender)
were analysed to explore the limits of improving their bending stiffness and strength when
reinforced with stiffer materials. This investigation was an initial point for subsequent
analyses that relate more to the reinforcements in window-element profiles. The Mullion
profile (i.e., the middle window profile in a double-sashed window, Figure 15) combines a
commonly used window profile and an element of a window that is most exposed to the
load resulting from wind.

105

=) e

37

190

L »

Figure 15. Mullion—middle fixed element of the double sashed window.

From the test data and numerical results, we can conclude that the best arrangement
for reinforcement would be to combine the reinforcements for specimens of type C and
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type D. With reinforcements located in the tensile and compressive regions, the tensile
and compressive strengths of the beams (e.g., the type-C specimens) can be increased. A
vertically positioned reinforcement that covers most of the cross-sectional height (e.g., the
type-D specimens) prevents shear failure before reaching the tensile and compressive stress
limits. Figure 16 shows such a hybrid window beam.

80

KA
R

A
i

NN

25

Figure 16. Example of a window profile with horizontally and vertically positioned reinforcements.

In contrast, a vertical metal reinforcement that covers the height of the specimen
can mean thermal transmission and thus lower the thermal efficiency of the window. In
the worst case, it can cause a local reduction of the internal temperature, which could
mean condensation followed by mould [46]. If the proper bending stiffness of the window
elements could be achieved with aluminium reinforcements for the whole height of the
profile, we would have a very cost-effective solution for manufacturing windows.

In subsequent numerical analyses with our developed model, the Mullion profile will
be employed to set the highest-possible bending stiffness and load-bearing enhancements,
while considering the material, orientation, position, and reinforcement.

4. Conclusions

The paper describes an experimentally validated numerical model of a hybrid beam
that is a numerical platform for the optimisation of window-frame members.

e A model based on computer simulations allows the prediction and analysis of the me-
chanical behaviour of a hybrid composite material consisting of several interconnected
components made of different base materials.

e  The model includes the material and geometrical properties of the joints connecting
the assembled components.

e  The model for different boundary conditions and parameters provides the correct data
for stiffness, especially bending, and the maximum deformations.

e  The model allows for simulations of the elastic behaviour of hybrid wood-metal
composites, while also enabling the prediction and observation of plastification onset
and damage initiation.

e The model enables parametrical simulations to find the optimal layout of reinforce-
ments in the window-frame member, as well as the estimations of the maximum
performance for a certain design.
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