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ABSTRACT

ARTICLE INFO

The use of a double-skin fagade (DSF) is a quite new approach in the building
renovation process, complementing conventional renovation strategies. A dou-
ble-skin fagade is an envelope wall construction that consists of two transpar-
ent surfaces separated by a cavity and can essentially improve the thermal and
acoustic resistance of the building envelope. The main double-skin wall com-
ponents are usually composed of a hardened external single glazing pane and
a double or triple thermal insulating internal glass pane, which are connected
to the frame structure. Recently, many studies have analysed the thermal and
acoustic performance of DSF elements, but almost none in terms of structural
behaviour, especially in terms of determining the racking resistance of such
wall elements. Moreover, with a view to reduce the global warming potential,
an eco-friendly timber frame instead of a commonly used steel, aluminium or
plastic frame is studied in this analysis. However, structurally combining tim-
ber and glass to develop an appropriate load-bearing structural element is a
very complex process involving a combination of two materials with different
material properties, where the type of bonding can be selected as a crucial pa-
rameter affecting the racking resistance range. Since the costs of experiments
performed on such full-scale DSF elements are very high and such experiments
are time-consuming, it is crucial to develop special mathematical models for
analysing the influence of the most important parameters. Therefore, the main
goal of this paper is to develop the finite element mathematical model of the
studied DSF structural elements with a highly ecological solution by using a
timber frame. In the second step, the developed model is further implemented
in the numerical analysis of racking stiffness and followed by a comprehensive
parametric numerical study on different parameters influencing the horizontal
load-bearing capacity of such DSF timber elements. The obtained results indi-
cate that the new approach of the developed load-bearing prefabricated timber
DSF elements can essentially improve racking resistance and stiffness com-
pared with the widely studied timber-glass single-skin wall elements and can
thus be fully recommended especially in the structural renovation process of
old buildings.
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1. Introduction

In the past few decades, climate change has prompted experts to urgently call for action to remove
the causes and alleviate the consequences of climate change that affect the environment, and de-
sign new buildings primarily with eco-friendly materials. Therefore, the field of energy consump-
tion is witnessing a global trend aiming is to reduce greenhouse gas emissions. Consequently, a
new strategy to design buildings with net zero emissions has to be adopted not only for new build-
ings, but also for building renovations, [1-4]. Since most energy flux is transmitted through
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building envelope elements [5, 6], the facade upgrade with essential thermal transmittance de-
crease can be one of the most effective interventions to improve the thermal efficiency and aes-
thetic appeal of existing buildings, [4]. In this sense, the advantages of wood and glass have led to
the development of so-called timber-glass wall elements, in which single-layer outer and thermal
insulated inner double or triple glass panes are rigidly connected to the timber frame with a bond-
ing line, [2, 4, 5]. Since such DSF wall elements were developed primarily as external building
envelope elements to enhance solar heat gains of the building during the heating period, they are
usually placed on the south fagade of the building. The proper orientation of such transparent
facade elements enables the utilisation of solar energy for heating and internal illumination of the
building [7-11]. However, the consequent asymmetrical layout of such transparent wall elements
can result in many problems with the horizontal stability of the whole building. Their asymmet-
rical position can cause a serious plan irregularity problem, which may result in high torsional
actions caused by heavy seismic or wind loads. The contribution of such DSF wall elements to the
horizontal carrying capacity of the whole building is usually neglected and has not yet been im-
plemented in any standards.

Moreover, the hybrid steel-glass or timber-glass shear wall system can be created to realise
hybrid structures with glass as the main stabilising material. Various hybrid glass component so-
lutions are currently being studied mainly in the academic context, [12]. It was demonstrated in
many experimental [4, 13, 14] and numerical studies [15] performed on full-scale single-skin tim-
ber-glass load-bearing structural wall elements that triple insulating glazing can foster higher
racking resistance and stiffness compared with the single glazing. However, the racking stiffness
is not in a range with the timber-framed walls with conventional sheathing boards, such as OSB
or fibre-plaster boards, which are prescribed as primary load-bearing racking structural wall ele-
ments by standards. However, the goal of the design process in the comprehensive renovation of
old buildings is also to improve the thermal standard of the building, and the sound and the rack-
ing resistance of the load-bearing envelope fagade elements. Consequently, the concept of a spe-
cially developed double-skin facade (DSF) elements with an additional single-layer outer glass
pane added to the commonly used triple insulating inner glazing rigidly connected to the frame
structure and separated by a cavity could be a good and useful approach [16-18]. Such a solution
can significantly decrease the U-value of such transparent envelope wall elements, and consider-
ably improve the sound resistance.

Combining timber and glass to make an appropriate load-bearing structural element is a very
complex process involving a combination of two materials with different material properties,
where the bonding line can be selected as a crucial parameter affecting the obtained load-bearing
range [14], [19-26]. It is important to point out that only the load-bearing approach to the racking
resistance and stiffness of such timber DSF elements will be numerically analysed in this paper as
an upgrade of the already published experimental [5, 13, 14] and numerical studies [15, 27] per-
formed on full-scale timber-glass wall elements with double and triple insulating glazing, but only
as a concept of single-skin facade (SSF) elements. No energy, LCA or acoustic studies on DSF ele-
ments will be performed in the presented study.

[t should be emphasised that, to our knowledge, no special studies have been published on the
topic of the racking resistance of timber DSF elements. In the broader study in [18], the structural
approach to timber DSF was studied, but only for the vertical load impact. In [28], an experimental
analysis of the racking resistance and stiffness of DSF elements was carried out as part of a na-
tional research project in two different specially selected full-scale test groups, varying the type
of the adhesive connecting the insulating inner glazing to the timber frame (polyurethane and
epoxy). As mentioned before, there are many different parameters which significantly influence
the racking resistance and stiffness of timber DSF elements, especially the type of the bonding line
between the glass pane and the timber frame, and the type and thickness of the glass panes. Since
the experiments performed on such full-scale DSF elements are very time-consuming and also the
costs are very high, it is crucial to develop special mathematical models to be used to further ana-
lyse the influence of most important parameters, and based on these results, to develop special
simple final expressions for the racking resistance and stiffness of timber DSF elements to be suit-
able also for simple engineering usage.
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The main goal of this paper is to develop a mathematical model of the studied DSF structural
elements with a highly ecological solution by using a timber frame (Section 3). The developed
finite element model can be further implemented in the numerical analysis of the racking re-
sistance and stiffness (Section 4) and followed by a broad parametric numerical study on different
most important parameters influencing the horizontal load-bearing capacity of such DSF elements
(Section 5). Special attention will be dedicated to analysing the influence of the thickness ¢, and
width w, of the bonding line, and to the thickness of the outer and inner glass pane tg. Based on
our previous experimental [5, 13, 14, 25, 26] and numerical studies [15, 27] performed on con-
ventional single-skin facade (SSF) timber-glass wall elements and certain findings from experi-
ments performed on full-scale DSF elements [28], only a case with a polyurethane adhesive in the
bonding line between the insulating inner glazing and the timber frame is analysed in the pre-
sented study as the most appropriate and useful bonding solution (Fig. 1).

2. Main concept of timber double-skin fagade wall elements

According to [16], a double-skin fagade (DSF) is an envelope element that consists of two trans-
parent surfaces rigidly connected to a frame structure and separated by a cavity. The cavity is
used as an air channel and can be naturally or mechanically ventilated and thus it does not offer
an occupied space. The width of the cavity can vary from 200 mm to over 2 m. Solar shading sys-
tems can be integrated within the cavity. The insulating glazing is usually placed on the inner side
of the facade, while the extra skin is placed on the external side to significantly improve the ther-
mal transmittance of the wall element, and reduce the energy demand for heating and cooling,
[16-18], [29-36]. The extra skin can reduce the cooling demand in the summer and the heating
demand in the winter. Therefore, DSF elements have been proposed as a promising passive build-
ing technology to enhance energy efficiency and improve indoor thermal comfort [29]. Simula-
tions of different envelope scenarios in the Mediterranean climate [36] have shown that the most
energy efficient DSF is with low-e glazing as the outer layer. It is concluded in [17], however, that
in warm climates its benefit in the summer is limited. Such a constructed envelope element also
demonstrates better sound resistance [29, 35, 36] in comparison with widely used SSF elements
and can, therefore, be suitable for high noise areas where a high level of sound insulation is re-
quired.

The exterior glazing primarily consists of a hardened fully tampered single glass pane, while
ordinary annealed glass is usually used for the thermal-insulating double or triple inner glazing,
as schematically presented in Fig. 1. As already mentioned in the introduction, the type of the
bonding line with appropriate adhesive dimensions was the crucial parameter in the structural
behaviour of experimentally and numerically tested single-skin timber-glass facade wall elements
against a horizontal load impact. Additionally, there are many types of adhesives to choose from,
such as silicone, polyurethane, acrylate and epoxy.
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Fig. 1 Schematic presentation of the timber DSF wall element
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Basically, the frame structure can be made from many different materials, but it is mainly made
from steel, aluminium or plastic. However, it is obvious that, for this specific building typology to
reach the zero energy building targets, mere energy conserving strategies involving decreases
with the DSF elements energy demand for heating and cooling, as stated before, may not suffice.
Renewable energy sources and technologies should be additionally considered as integral parts
of the building envelope and systems [36]. Bearing in mind an eco-friendly renovation approach,
the use of low-carbon materials is one of the most acknowledged mitigation measures for carbon
reduction. Therefore, the adoption of timber as the main structural frame material can potentially
further reduce the overall embodied carbon, [18]. Consequently, our study will be limited to the
approach using a timber frame.

In addition to the foreseen structural advantages, the DSF envelope wall elements improve
the sound insulation of the building envelope and energy performance compared to the regular
triple insulating glazing [17, 18, 29], therefore they can be very useful especially in renovation
process by upgrading of the envelope elements in old existing buildings, compared also with
commonly used single-skin facade solutions. However, most studies do not address structural
solutions, instead focusing on energy analyses and their impact on the LCA results or analyses of
sound insulation compared to single fagade transparent elements. The numerical study in [18] is
focused only on the vertical load impact but does not address the racking resistance range as the
most important if the DSF elements are considered bracing structural elements.

3. Mathematical model

The studied DSF wall elements have been modelled and analysed by using the commercial finite
element model (FEM) computer program SAP2000 Nonlinear v 17.0.0 [37]. In the computational
model, the timber frame was modelled by 1-dimensional (beam) finite elements, while the glazing
boards were modelled using 2-dimensional finite elements of the “composite shell” type, which
allows for the simulating of composite multi-layer shells. The adhesive bonding of the glazing
panes to the timber frame was modelled using linear link elements (springs). As in reality, the
adhesive bonding is provided continuously over the whole perimeter, the stiffness properties of
the discrete spring elements were defined based on the spacing of the springs in the computa-
tional model using Egs. 1 and 2 [15, 22, 38] for the inner and outer type of the bonding line:
_ Eq'dq _ Eqg(Wg'la)

ot ta

K, (1)

__GgrAg __ Ggr(wg'lg)
K, = St - Sl )

where K; is the stiffness in the direction normal to the connected plane, while K: is the shear stiff-
ness in the two perpendicular directions in the connected plane. E; and G, are the modulus of
elasticity and the shear modulus of the adhesive material, respectively, t, and w, designate the
thickness and the width of the adhesive layer, respectively, while I, is the impact length for a single
spring element and is equal to the spacing between the springs. According to the scheme in Fig.
2b in our study, the bonding line between the inner glazing and the timber frame is marked with
tainn and Wginn variable parameters for the springs in Egs. 1 and 2, while the parameters 0. and
Wa,ou are used for the outer bonding in the modelling process.

The present study was performed for the case of the double-skin timber-glass wall system DSF-
P (double-skin facade) with full-scale dimensions of 1.25 m x 2.34 m (Fig. 2a), taken from the
experimental analysis performed in [28]. The geometry and the typical cross-section of the DSF
wall element with all adhesive types are shown in Fig. 2. As stated, two different types of adhesives
were used, i.e. polyurethane (Kodiglaze P, [39]) for the inner triple insulation glazing, and silicone
(Kodiglaze S, [40]) for the outer single glazing. The timber frame is composed of glue-laminated
timber GL24h according to the EN 1194 classification [41]. For the inner triple insulating glazing,
float glass (44.2) is used [42], i.e. glass panes 2, 3 and 4 in Fig. 2b, while a thermally toughened
soda lime silicate safety glass (TVG 55.4) is used for the single outer glazing [43], i.e. glass pane 1
in Fig. 2b. It is important to point out that only the linear-elastic behaviour of all material compo-
nents will be considered at this stage of modelling.
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Fig. 2 External dimensions of the wall samples and dimensions of the timber frame elements (a), and the system
cross-section with installation details (b)

Table 1 Material properties of the adhesives [39, 40]

Poisson's ratio Shear modulus Elastic modulus Decay time Decay constant

% Gs (MPa) Eo (MPa) td (s) B
Silicone (Kodiglaze S) 0.5 0.351 1,053 100 0.0026
Polyurethane (Kodiglaze P) 0.49 0.454 1,354 290 0.0016

The input data for two types of adhesives, and the material properties of the glass and timber
are listed in Tables 1 and 2, respectively.
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Table 2 Material properties of the timber [41] and glass components [42, 43]

Timber frame GL24h [41] Float glass [42] Thermally toughened glass [43]

Standard EN 1194 EN 12150 EN 12150

E (MPa) 111,600 L1720 70,000 70,000

v(-) 110.25 1 0.45 0.23 0.23

G (MPa) 11720 L35 0.45 0.45

ft (MPa) 1114 10.5 45 120

f: (MPa) 1114 105 500 500

p (kg/m3) 380 2,500 2,500

The developed numerical finite element model of the whole composite DSF wall element as
established in SAP 2000 [37] is shown in Fig. 3a. The timber material was considered as an iso-
tropic elastic material (with the modulus of elasticity Eomean) and the elements of the timber frame
were modelled as the simple plane-stress elements. Both glass panes were modelled using the
linear shell elements offered by the SAP2000 software. While glass is a very brittle material it was
therefore modelled as acting linearly elastic in tension and compression. The schematic presenta-
tion of the detail bonding line modelling simulating the adhesive bonding between the timber
frame and both glazings by using discrete two-dimensional spring elements with perpendicular
stiffness properties Kiand K; is presented in Fig. 3b. It is important to point out that the bonding
lines for the outer and inner glazing are modelled and simulated separately with different values
of K1and K; according to Eqgs. 1 and 2. The tensile (left bottom) support was arranged using three
M16 bolts and two steel plates (one on each side of the wall element). The steel plates were con-
nected to a rigid steel frame. In the numerical model, the bolts were considered as linear elastic
spring supports with the stiffness equal to the slip modulus K., for bolts. It should be noted that
the steel plates were not included in the numerical model. The compressive (right bottom) sup-
port was modelled using rigid point supports.

b)
Fig. 3 a) DSF-P finite element model, and b) the presentation of the spring/link elements

4. Numerical analysis and discussion of results

In the numerical analysis, the model was loaded with a vertical load in the first phase, followed by
the second phase with a gradual increase of the horizontal load (“step by step analysis”). Based on
the ratio between the horizontal force and the calculated displacement, the racking stiffness R was
determined. Subsequently, the results were compared with the results of the experimental tests
performed in [28].
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Fig. 4 shows a comparison between the results of the experimental tests [28] performed on
three full-scale test samples with the polyurethane adhesive for the inner glazing (DSF-P1, DSF-
P2 and DSF-P3) and the numerical analysis performed on the test samples with exactly the same
all dimensions presented in Fig. 2 and all material properties listed in Tables 1 and 2.

The diagram shows a very good agreement between the numerical and experimental results of
three full- scale test samples regarding the behaviour of the structure in the elastic range until
irreversible non-linear deformations appear. However, it should be mentioned that the test sam-
ples in [28] were experimentally tested pending the total failure of the element and the yielding
of both adhesives occurred by the forces of approximately F; = 28 kN. This yielding stage of the
adhesive was not modelled with our developed mathematical model, as in the first phase of the
developed new structural DSF elements, it is assumed to be used only as a bracing element for
buildings, where the wind load is decisive as the horizontal load impact and the structure thus has
to be dimensioned only in the linear-elastic range.

The horizontal displacement u; at a force of F1 = 10 kN and the calculated racking stiffness R
for both experimental test and the numerical simulation are presented in Table 3. For the experi-
mental results, the average value of all three test samples is calculated [28].

It is obvious from the presented results that the numerical results exhibit a very good agree-
ment with the experimental ones. Therefore, it can be concluded that the developed FE model can
be used for further parametrical studies with different parameters, which can significantly affect
the racking resistance of DSF wall elements.
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Fig. 4 Experimental and numerical force-displacement diagrams for the DSF-P wall element

Table 3 Experimental and numerical displacements at an acting force of F1= 10 kN and racking stiffness R

Model type DSF-P
Displacement u1 (mm) at F1= 10 KN - numerical 11.67
Displacement u1 (mm) at F1=10 kN - experimental [28] 11.00
Numerical stiffness: R=F1 /ui1 (N/mm) 857
Experimental stiffness [28]: R = F1 / u1 (N/mm) 909
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5. Parametric numerical analysis of the horizontal load-bearing capacity and
stiffness of DSF-P wall elements

The parametric analysis was performed on the DSF-P model, in which the polyurethane adhesive
thickness of the inner insulating glazing t,»» was varied first, while the other parameters, such as
silicone adhesive thickness of the outer glazing, glass thickness ty and the width of the adhesive
layer w,, remained unchanged. The thickness of the outer single glass (Glass 1) and the thickness
of the triple inner insulating glass (Glass 2, 3, 4) according to Fig. 2b were further varied. In this
case, the widths of the adhesive layer changed depending on the thickness of Glasses 2 and 3.

5.1 Analysis of the influence of the adhesive thickness on the horizontal load-bearing capacity of DSF
wall panels

In the first parametric study, the thickness of the polyurethane adhesive bonding the triple insu-
lating glazing to the timber frame was parametrically changed (tqin» = 3 mm, 5 mm, 7 mm, 9 mm),
while the thickness of the silicone bonding the outer glass pane to the timber frame was constant
taour = 3 mm in all cases.

Table 4 and Fig. 5 show the results of displacements at an acting horizontal force of F1 = 10 kN
and the calculated racking stiffness as a function of the thickness of the variable polyurethane
adhesive.

As expected, the racking stiffness of the wall element almost hyperbolically decreases with the
increasing thickness of the polyurethane adhesive, since a greater thickness of adhesive repre-
sents a greater yielding of the joint between the timber frame and the glass. Very similar conclu-
sions on the influence of the adhesive thickness were also obtained in the numerical study in [15]
performed on single-skin facade elements with only triple or double insulating glazing.

Table 4 Displacements u and stiffnesses R at different thicknesses of the polyurethane adhesive ta,inn

ta,irm u at Fl =10kN R
(mm) (mm) (N/mm)
3 6.40 1,563
5 9.26 1,080
7 11.67 857
9 13.07 765
DSF-P
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Fig. 5 Racking stiffness values for the parametrical selected adhesive thicknesses tqinn
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5.2 Analysis of the influence of the glass thickness on the horizontal load-bearing capacity of DSF
wall elements

Parametric analyses were also carried out, varying the thickness of the outer Glass 1 tg0.: and of
the inner glasses 2, 3, 4 t4,i:» and taking into account the respective constant width of the polyure-
thane adhesive layer ws = 28 mm for the inner glazing. The layout of the glasses is shown in Fig. 6.

Table 5 shows the results for different thicknesses of the outer single Glass 1 g4 at an acting
horizontal force of F; = 10 kN with a constant adhesive thickness of 4, = 7 mm and width wgeue
= 20 mm for the fixing of the triple inner insulating glass to the timber frame. The silicone adhesive
of the constant thickness of t,..: = 3 mm was used to fix the single outer insulating glass to the
timber frame. The thicknesses of the inner triple glazing (Glasses 2, 3, 4) are constant and the
same as used in the experimental analysis [28].

It is evident from the listed results that the glass thickness ty0u.c has almost no impact on the
racking resistance if the width of the bonding line wg,o. is not adequately changed. Therefore, the
width of the adhesive in the bonding line w, will be systemically changed with the increasing
thickness of the glass panes ty in our further analysis.

tgl,out tgl,inn
. — A e

1. Laminated glass
2. Float glass
3. Float glass

;J . o 4. Laminated glass

outside inside
glass 1 234

Fig. 6 Illustration of the glass layout and thickness of the DSF-P wall element

Table 5 Calculated displacements u and stiffness R for different glass thicknesses of outer Glass 1 tgiout

Thicknesses of the outer glass tgioue and inner glass tgiinn (mm)

Glass pane

Example 1 Example 2 Example 3 Example 4
1 - outer 4+4 5+5 6+6 7+7
Wa,out (Mmm) 20 20 20 20
2 - inner 6 6 6 6
3 - inner 6 6 6 6
4 - inner 4+4 4+4 4+4 4+4
u (mm) at F1 =10 kN 11.68 11.67 11.66 11.64
R (N/mm) 856.16 856.90 857.63 859.11

5.3 Analysis of the influence of the adhesive layer width on the horizontal load-bearing capacity of
DSF wall elements

Table 6 shows the obtained numerical results for different parametrically selected thicknesses of
the triple inner insulating glass (glasses 2, 3, 4) at an acting force of F1 = 10 kN. The inner glazing
is bonded to the timber frame with a polyurethane adhesive with a constant thickness of tginn = 7
mm. The thickness of the silicone adhesive fixing of the outer single glass (Glass 1) to the timber
frame remained unchanged t,o. = 3 mm and the thickness of the outer Glass 1 tg0. remained
constant (5 + 5 mm) as used in the experimental study [28].

The calculation of the spring stiffness takes into account the influence of the adhesive layer
width w, and varies according to the thickness of glasses 2, 3 and 4. Consequently, the values wa,inn
systematically increase from 24 mm in Example 1 to 36 mm in Example 4.

The calculated results are graphically presented in Fig. 7. The linear approximation is marked
with the dashed line.
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Table 6 Displacements u and stiffness R for different glass thicknesses 2, 3, 4

Thicknesses of the outer glass tgiout and inner glass tgiinn (mm)

Glass pane Example 1 Example 2 Example 3 Example 4
1 - outer 5+5 5+5 5+5 5+5
2 - inner 4 6 8 10
3 - inner 4 6 8 10
4 - inner 3+3 4+4 5+5 6+6

Wa,inn (Mm) 24 28 32 36

u (mm) at F1 =10 kN 12.62 11.67 10.90 10.25

R (N/mm) 792 857 917 976

DSF-P
1000 917 - 9_76
857 o ocemmmar T
792 w77
800 g
IS
£
~
Z 600
[+
ﬁ 400
£
&
200
0
Example 1 Example 2 Example 3 Example 4
w

a,inn

Fig. 7 Stiffness for different cases of the considered width of the adhesive

The results evidently demonstrate that the thickness of the outer single Glass 1 has practically
no influence on the racking stiffness of the wall element if the corresponding width of the adhesive
is not changed. On the other hand, increasing the thickness of the inner insulating glasses 2, 3 and
4, but considering the corresponding increasing width of the adhesive layer w, in Egs. 1 and 2,
increases the overall DSF racking stiffness in an almost linear way, and has an important positive
effect on the horizontal load-bearing capacity of the wall element.

6. Conclusion

The paper presents the finite element model developed and used for the numerical analysis of the
resistance and stiffness of double-skin facade (DSF) elements. Respecting the known facts from
different experimental and numerical analyses performed on single-skin timber-glass wall ele-
ments, there are many various parameters which significantly affect the racking resistance of such
elements and can be further implemented to double-skin timber glass facade elements. Consider-
ing that the costs of the experiments performed on such full-scale DSF elements are very high and
such experiments are time-consuming, an extensive parametric numerical study of various main
parameters influencing the horizontal load carrying capacity of such DSF elements was per-
formed. Particular attention was paid to the analysis of the influence of the adhesive thickness and
the width of the bonding line as well as the thickness of the outer and inner glazing panel.

The computational analyses carried out on individual load-bearing DSF wall elements have
shown a considerable influence of the adhesive layer width bonding the glass pane to the timber
frame with almost linear behaviour approximation (Fig. 7), while the second important parame-
ter, i.e. the adhesive thickness, exhibited almost hyperbolical influence (Fig. 5). On the other hand,
the glass thickness was found to be a less important parameter, which becomes relevant only if
the width of the adhesive layer increased simultaneously and adequately with the glass thickness.

The obtained results indicate that the new approach of the developed load-bearing prefabri-
cated timber DSF elements can essentially improve racking resistance and stiffness compared
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with the widely studied timber-glass single-skin wall elements and can thus be fully recom-
mended especially in the structural renovation process of old buildings.

However, the presented spring FE model is maybe still complex for practical engineering usage,
but very useful for parametrical research studies. Therefore, our future work will be focused to
development of a simple mathematical model with fictive diagonals [27] also for DSF elements to
be used in simple computational FEM programs. Due to its simplicity such a model than it can be
used for modelling with simpler and cheaper programs.
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