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Abstract InsulatedGlassUnits (IGUs) typically con-
sist of two glass layers, either monolithic and/or
laminated sections, that mechanically interact via an
hermetically-sealed air (or gas) cavity, and a series
of linear spacer connections along their edges. In this
paper, based on the experimental tests for small-scale
IGU joints under pure shear and IGU prototypes in
bending discussed in “Part I”, a special care is spent for
the Finite Element (FE) numerical characterization and
analysis of these composite systems,with a focus on the
actual mechanical properties and load-bearing mecha-
nism for the involved components. Major advantage is
taken from the full 3D solid geometrical description
of the connection components and the gas cavity infill.
The actual role of both primary and secondary sealant
layers is first assessed. Further support is derived from
analytical calculations for the connection efficiency
assessment, based on the adaptation of simplified for-
mulations of literature. Finally, a calculation example
is proposed to assess the magnitude of load sharing
phenomena, based on FE numerical and analytical cal-
culations for selected configurations.
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1 Introduction

Insulated Glass Units (IGUs) are largely used in build-
ings for several advantages, but are still not well known
from a pure mechanical point of view. Compared
to other glazing systems, a combination of multiple
mechanical and thermal aspects should be in fact taken
into account for their load-bearing performance assess-
ment. So far, however, only few research studies have
been spent for specific mechanical issues of IGUs, see
for example Morse and Norville (2016), Bedon and
Amadio (2018a, b), McMahon et al. (2018). In this
regard, it is generally recognized that Finite Element
(FE) numerical models or simplified analytical formu-
lations can both support the detection of optimal design
configurations. On the other side, it is also known
that several key input parameters should be accurately
defined and calibrated, for reliable stress/displacement
estimates. This is the case of glass structures in gen-
eral, but especially of IGUs, due to the presence of lin-
ear edge spacer connections and an interposed cavity
infill that can react to various ambient variations, thus
requiring extensive investigations in support of reliable
FE assumptions (Buddenberg et al. 2016).

This paper follows and extends the experimental
investigation reported in a previous “Part I”, see Bedon
and Amadio (2020), and specifically focuses on the
mechanical characterization of IGU components based
onFEnumerical studies (ABAQUS;Simulia 2020). For
both pure shear or bending loading configurations, the
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actual role of primary and secondary seals on the over-
all load-bearing performance of IGUs under short-term
loads is first explored. For sake of clarity, the numerical
analyses are divided for shear tests on small-scale IGU
joints (Sect. 2), bending of 2-edge sealed IGU speci-
mens (Sect. 3) and bending of 4-edge sealed IGU spec-
imens, thus inclusive of the gas cavity infill (Sect. 4).
Additional support to the comparative calculations is
derived from analytical models summarized in Bedon
and Amadio (2020), and being respectively referred to
composite beams with flexible mechanical connection
(i.e., the γ -method adapted from Möhler 1956) or to
sandwich beam-like assemblies with adhesive bonding
(extended from Pascual et al. 2019).

In conclusion, see Sect. 5, the reliability of simpli-
fied analytical formulations provided in prEN 13474-1
(2007), CNRDT210 (2013) to account for load sharing
phenomena is also preliminary assessed. The actually
available load sharing formulations are in fact specifi-
cally recommended for IGUs with four linear supports
along all the edges, and subjected to uniformdistributed
pressures. While these boundary and loading configu-
rations are certainly of interest for design purposes,
however, they do not reflect the high variability of
possible operational conditions for IGUs in buildings.
For the case-study configuration reported in Sect. 5,
both the boundary configurations of four or two (short-
est) linearly supported edges are taken into account
for IGUs under external uniform pressures. Both FE
numerical and simplified analytical stress and deflec-
tion estimates are compared for the constituent glass
panels, giving evidence of major variations.

2 FE numerical analysis of IGU joints in shear

2.1 Methods

The preliminary FE model (“FE-S0nom”, in the fol-
lowing) was assembled in ABAQUS (Simulia 2020)
to describe the nominal geometry of the test specimen
(triplet shear sample) schematized in Fig. 1, and inclu-
sive of nedges = 4 spacer connections composed of:

• WE bar (CHROMATECH Ultra®16 – Version F
(AluPro)),

• butyl primary seal (Butylver®), and
• silicone bond for the secondary seal (DOWSILTM

3363).

The simulationswere carried outwith theABAQUS/
Explicit solver, so as to facilitate the convergence of
analyses in the damaged stage. Geometrical nonlinear-
ities were taken into account. As usual, displacement-
control simulations in a quasi-static regime under the
monotonic increase of imposed deformations were
ensured by controlling the energy balance of the whole
system. The overall loading strategy was set to cap-
ture the reference experimental setup (with 1mm/min
the imposed displacement rate in Bedon and Ama-
dio 2020). The monotonic increasing displacement for
the shear triplet was uniformly distributed on the top
face the middle glass panel (“Glass 2”). At the same
time, a linear base restraint was assigned to the bottom
face of the external “Glass 3”. Additional symmetry
restraints were taken into account as schematized in
Fig. 2. For symmetry, the computational cost of anal-
yses was in fact minimized by considering 1/4th the
specimen geometry in Fig. 1.

In order to capture in detail the mechanical inter-
action of the involved components under pure shear
deformations, a set of 8-node brick elements (C3D8R
type from ABAQUS library) were used to reproduce
each FE joint specimen. These included (for 1/4th
the experimental sample) two glass panels, one sili-
cone layer, two butyl layers and the WE spacer bar.
Careful consideration was thus spent for the detec-
tion of reliable FE modelling assumptions, but aim-
ing at privileging a simplified geometrical description
of joint details. As known, spacer connections have a
key role on the assessment of IGU behaviours under
both mechanical or climatic loads. The mathematical
and/or FE assumptions, accordingly, should properly
reflect the actual response and reciprocal interaction
of the involved components. Differing from Budden-
berg et al. (2016), where equivalent tension springs cal-
ibrated to experimental climatic loads were proposed
for the linear edge seals, a more refined FE description
(but still in presence of certain approximations) was
adopted in this paper for the connection components.

In the case of theWE spacer bar in Fig. 1c, in partic-
ular, a simplified box-shaped cross-section was taken
into account for numerical purposes (0.1m the uniform
thickness, with 15.5mm × 6.5mm the external size),
and used in place of the nominal corrugated profile.
Accordingly, butyl and silicone strips were schema-
tized in the form of adhesive strips with rectangular
cross-sections, see Fig. 2.
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Mechanical analysis and characterization of IGUs 329

Fig. 1 Small-scale IGU joint specimen: a axonometry and b schematic transversal cross-section (detail), with c nominal geometry for
the WE bars in use. (reproduced from www.alupro.it)

Besides these geometrical simplifications, the com-
putational efficiencyofFEsimulationswas still affected
by mesh features. The mesh pattern consisted in fact
of a series of variable edge-size brick elements, with a
strongly refined scheme in the region of the spacer con-
nection (butyl layers and bar). To avoid locking issues,
the minimum edge size was set in 0.1mm. In the case
of the connection components, due to their nominal
geometry, such a minimum size was used for a regular
mesh pattern. For the glass panels only, the minimum
size of 0.1mm was kept constant in the thickness of
the panels, along the lateral edges of each specimen.
The same edge size was then progressively increased,
thanks to a variable mesh scheme, with a reference size
up to 2.5mm for the brick elements belonging to the
portions of glass not in contact with the spacer connec-
tion (i.e., central region).

2.2 Mechanical interactions and material properties

The characterization of load-bearing members and the
reciprocal interaction between the involved compo-
nents was mainly based on past experimental obser-
vations reported in Bedon and Amadio (2020) and lit-
erature efforts. The major challenge was represented
by the sealant layers, being responsible of the overall
mechanism for the assembled IGUs and of the acti-
vation of a composite bending response. As known,
the rubbering bonds in use for spacer connections, are
typically characterized by a viscoelastic behaviour that
is sensitive both to time loading and temperature con-
ditions (see for example Wolf 2002, 2003). Service-
life operational conditions can then further affect the
nominalmaterial properties, thusmanifest in additional
degradation mechanisms for IGU systems. Accord-
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Fig. 2 Reference FE model (1/4th the nominal geometry) of a IGU joint under shear loads (ABAQUS)

ingly, refined studies should be generally carried out
based on the accurate knowledge of the viscous param-
eters for the compound in use (Liang and Mackley
1994; Turowec and Gillies 2016; Sharma and Bhat-
tacharya 2019). Many other influencing parameters to
assess could be then represented by the surface proper-
ties, dimensions, ageing effects, etc. (Machalicka and
Eliasova 2016).

On theother side, in thefieldof structural glass appli-
cations, it is also recognized that equivalent material
properties can be often used to obtain reliable stress-
strain estimates of bonded systems. This is also the
case of simple laminated glass sections, where the
interlayer foils in use to provide a certain shear cou-
pling to glass panels can be efficiently described (as
far as degradation and delamination phenomena are
disregarded Dural 2016; Bedon 2019) in the form of
equivalent secant moduli that are specifically referred
to a given time loading and temperature configuration
(Haldimann et al. 2008;CNRDT210 2013;Hänig et al.
2019; Kuntsche et al. 2019). Finally, seeKoslowski and
Wolf (2016), primary seals have negligible structural
roles in IGU assemblies.

Compared tomore refinedFE approaches, the herein
preferred modelling assumption consisted in the use of
a “tie” constraint for all the involved interfaces (i.e.,
glass-butyl, glass-silicone, butyl-bar, silicone-bar and
butyl-silicone), thus assuming an ideal bond enabling
possible relative deformations for the surfaces of inter-
est. At the same time, however, such a constraint choice
was supported by an accurate mechanical characteri-
zation of materials, so as to capture the overall shear
response of the joint specimens discussed in Bedon
and Amadio (2020), as well as the IGU specimens in
bending (see Sect. 3). Rigid “tie” constraints, are in
fact reasonably accepted to represent reliable bonding
interfaces for structural glass applications, both at the
laminated section level (i.e., glass-interlayer interface)
or in terms of adhesive joints. Past literature studies
focused on the numerical investigation of structural
glass components and systems (i.e., hybrid beams or
panels) with adhesively bonded members proved that
“tie” constraints can be efficiently combined with reli-
able constitutive laws for the bonding materials in use,
and offer rather accurate global estimates especially for
mechanical systems under short-term loads. Certainly,
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Table 1 Input mechanical properties for FE modelling of small-scale IGU joints in shear (“FE-S0nom” model)

Material E (MPa) ν(−) fy (MPa) fu (MPa) ρ (kg/m3)

Glass(1) 70000 0.23 – – 2490

Butyl(2) 0.56 0.49 0.25 0.25 600

Silicone(3) 4.80 0.49 1.50 1.50 1100

Stainless steel(4) 197000 0.3 360 750 7800

Key: values from (1) EN 572-2 (2004); (2) Turowec and Gillies (2016); (3) www.dow.com; (4) EN 10088-2: (2014)

a generalized discussion of major outcomes summa-
rized in this paper should be based on FE assump-
tions integrated by more refined surface interactions
(i.e., Cohesive Zone Modelling (CZM) approaches for
adhesively bonded connections in glass) and viscous
constitutive laws for the sealant layers, so as to include
progressive damage phenomena of destructive simula-
tions (see for example Bedon et al. 2018; Katsivalis
et al. 2019).

Careful consideration was thus paid for the mechan-
ical features of the selected IGU components. At a first
attempt (“FE-S0nom” model), the nominal properties
reported in Table 1 were taken into account. A linear
elastic behaviour was considered for glass, given that
an elastic, rigid-body translation was expected for the
plates under the imposed shear setup of Fig. 1. Accord-
ingly, through the post-processing stage, stress peaks
in the glass plates were monitored and compared with
nominal tensile bending resistance values, to ensure the
reliability of FE results. At the same time, three equiv-
alent, ideal elasto-plastic stress-strain constitutive laws
were used for steel (spacer bar), DOWSILTM 3363 sil-
icone and Butylver®.Worth of interest in Table 1 is the
relatively low resistance of primary seal, thus enforc-
ing its negligible load-bearing contribution and the use
of a rigid “tie” constraint, in place of more expensive
CZM techniques (whose input characterization would
require additional local and global experimental mea-
surements).

2.3 Experimental characterization of silicone and
reference FE configurations

At a final stage of the FE modelling procedure, the
attention was focused on possible case-study con-
figurations of technical interest, with respect to the
experimental outcomes reported in Bedon and Ama-

dio (2020). These included variations in geometrical
and/or mechanical assumptions.

Among others, differing fromTable 1, the equivalent
mechanical stiffness and resistanceof siliconewere cal-
ibrated from the experimental shear estimates of IGU
joints in Fig. 1. At the time of the shear experiments, it
was in fact pointed out that both the butyl and silicone
layers are responsible of the actual bonding (and thus
load-bearing capacity) for the tested small-scale spacer
connections. However, the butyl layer was recognized
to have a marginal contribution for structural purposes,
and the response of the silicone layers was experimen-
tally associated to an equivalent material with:

G joint = s · K joint

2 · Abond
= 2.16MPa (1)

E joint = G joint (2 · (1 + vs)) = 6.44MPa (2)

the elastic moduli, with νs = 0.49, where:

τ joint = Fjoint

nbond
· 1

Abond
= 1.84MPa (3)

is the ultimate shear resistance.
In Eqs. (1)–(3), s = 16mm is the silicone height

(and cavity thickness, see Figs. 1 and 2), nbond = 2
represents the number of shear resisting surfaces and
Abond is the corresponding area (for a single silicone
strip), while:

– Kjoint in Eq. (1) is the experimental serviceability
stiffness of a single spacer connection (i.e., detail
of Fig. 2), with:

K joint = Kser

nedges
= 0.292 kN/mm (4)

– and Kser in Eq. (4) represents the experimental ser-
viceability stiffness of the IGU specimen (com-
posed of nedges = 4 representing the number of
spacer connections according to Fig. 1),

Finally:
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Fig. 3 Schematic
representation of connection
detailing for the FE
parametric study
(ABAQUS)

– Fjoint in Eq. (3) is the ultimate resistance of a single
spacer connection, with

Fjoint = Fshear
nedges

= 1.0125 kN (5)

– and Fshear in Eq. (5) denotes the experimental ulti-
mate resistance of the IGU specimen (nedges = 4),

In addition to the experimental derivation of material
properties for the silicone layers, a careful consider-
ation was spent on the actual quantification of stiff-
ness and resistance contributions due to the same sil-
icone strips. Further consideration was finally paid to
numerically assess the possible mechanical interaction
between the silicone layers and the adjacent spacer bar
(lateral surface), so as to indirectly account for pos-
sible uncertainties on adhesion or production defects.
Accordingly, the FE investigation on IGU joint speci-
mens in shear was thus extended so as to include dif-
ferent geometrical and mechanical configurations of
technical interest for sensitivity analysis of past exper-
iments, and being representative of:

(a) FE-S0nom: geometrical system of Fig. 2, with
nominal mechanical properties for all the materi-
als (Table 1);

(b) FE-S0: the same of case a), but with experimen-
tally derived mechanical properties for the silicone
layers (see Eqs. 1–3);

(c) FE-S1: as in case b), but removing the silicone layer
(spacer bar + butyl layers only), see Fig. 3a;

(d) FE-S2: the same of case b), but with an imposed
debond for the silicone-to-bar interface (Fig. 3b).

2.4 Results

The analysis of FE results herein reported was mainly
focused on the evolution of stress peaks in the bond-
ing layers for IGU joints agreeing with Fig. 2, so as to
assess their load-sliding response at different load lev-
els. Actually, besides the simplicity of the reference FE
configuration described in Fig. 2, the numerical inves-
tigations allowed to capture some relevant aspects of
the IGU joint performance.

Moreover, the FE models generally proved to cap-
ture with accuracy the overall shear response of the
tested IGU joint specimens. The FE-S0nom in Fig. 4a,
for example, gave evidence of a load-sliding mech-
anism in shear that mostly fits with the experimen-
tal measurements. Even more accurate correlation was
obtained from the FE-S0 system in Fig. 4a, with exper-
imentally derived silicone properties.

The support of such a kind of FE predictions was
thus further exploited to detect the relevant joint stiff-
ness parameters, as a function of the stress peaks in the
bonding layers (butyl and silicone respectively). The
typical FE response was in fact generally characterized
by three different stages, namely represented by:

– Stage I: initial elastic response, with both the butyl
and silicone layers in the elastic regime;

– Stage II: first yielding of butyl layers, with the pro-
gressive transmission of the load-bearing capacity
from the butyl layers to the silicone strip;

– Stage III: yielding of the silicone layer, with
achievement of the ultimate resistance for thewhole
FE system.
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a b

Fig. 4 Shear performance assessment of IGU joints (ABAQUS): stiffness estimates for a whole IGU specimens (nedges = 4), with
experimental measurements from Bedon and Amadio (2020), or b single spacer connections (sensitivity study)

Table 2 Calculation of shear performance parameters for single spacer connections according to Fig. 4b

FE model # Kjoint,1 (kN/mm) Kjoint,2 (kN/mm) Fjoint (kN) �Kjoint,1 (%) �Kjoint,2 (%) �Fjoint (%)

FE-S0 0.458 0.187 1.035 – – –

FE-S1 0.296 – 0.115 −35.37 – −88.89

FE-S2 0.365 0.135 1.020 −20.31 −27.81 −1.45

As far as the shear performance assessment is car-
ried out in terms of full specimen (with nedges = 4
spacer connections), see Fig. 4a, the above stages I-to-
III basically correspond to a joint stiffness that can be
expressed as:

– Kser,1: initial stiffness for thewhole IGU specimen,
calculated under the limit condition that the butyl
layers first yield;

– Kser,2: plastic stiffness of the whole IGU specimen
calculated under the limit condition that the silicone
layers also yield.

In order to collect some generalized numerical out-
comes of technical interest, however, it is convenient to
investigate a single spacer connection, and focus on the
actual contribution of silicone layers. Such an approach
leads to the definition of stiffness parameters Kjoint,1

(elastic stage) and Kjoint,2 (plastic stage) that are in
correlation with Kser,1 and Kser,2 defined above. This
corresponds to the load-sliding responses in Fig. 4b
and to stiffness parameters listed in Table 2. There,
absolute values from the FE models herein explored
are reported. In addition, percentage scatter values are

proposed, with respect to the FE-S0 assembly that bet-
ter captures the experimental results.

Worth of interest in Fig. 4b and Table 2 is the FE-S1
initial response (no silicone bonds). On one side, it is in
fact generally recognized that the primary butyl layers
are conventionally regarded as non-structural compo-
nents.However, they are clearly responsible of the com-
posite action activation for the examined IGUassembly
(at least for limited load levels), and thus of the initial
joint stiffness estimates (K joint,1). Such a FE outcome
is also in close correlation with Starman et al. (2020),
were it was numerically proved that the primary seals in
cold conditions and under short term loads are respon-
sible for relevant stiffness contributions. On the other
hand, see Table 2, the ultimate resistance of spacer con-
nections is primarily offered by silicone layers (up to
the ≈90% of total estimates).

For both the elastic and plastic stages, further rel-
evant considerations can be derived for the adjacent
silicone layers. The FE studies herein summarized
proved that the shear stiffnesses K joint,1 and K joint,2

are affected not only by the silicone features (size and
rigidity), but also by its possible bonding interaction
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Fig. 5 Bending performance assessment of IGU panels: a reference test setup and b FE model detail (ABAQUS), with c AL spacer
bar in use. (reproduced from www.alupro.it)

with the lateral spacer bar. Such an outcome can be
recognized by the comparison of the FE-S0 or FE-S2
results in Fig. 4b and Table 2. Disregarding that the bar
web and the silicone layer are mechanically intercon-
nected, the FE-S1 results show that the spacer con-
nection would obtain a minimum stiffness increase,
compared to FE-S1 estimates. First, the butyl layers
are in fact responsible to carry-on most of the imposed
shear deformations. The limited resistance of butyl lay-
ers, however, vanishes for small imposed deformations,
and such a limit condition activates the transmission of
imposed loads from “damaged” butyl to the adjacent
silicone layer, thus resulting in a certain residual stiff-
ness (Kjoint,2) andultimate resistance (Fjoint). The shear
performance of the spacer connection in Fig. 4b totally
modifies, with enhanced stiffness improvement, as far
as the silicone joint is fully bonded with the spacer bar,
see FE-S0.

3 FE numerical analysis of 2-edge sealed IGUs in
bending

3.1 Methods

Following Sect. 2, the reference geometry and four-
point bending test setup schematized in Fig. 5a was
taken into account for the analysis of IGU samples.
Modelling methods and assumptions were kept quali-
tatively identical to Sect. 2, with the exception of trivial
variations in the boundary and loading conditions, as
well as interactions (i.e., for the gas cavity infill). The
bending performance assessment was carried out in the
formof displacement-controlled simulations in a quasi-
static regime. The imposed bending loads were applied
through distributed pressures reproducing the setup of
Fig. 5a, and linearly increase up to the failure stage for
each one of the selected specimens.
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Table 3 Four-point bending tests (group I, with a = 400mm × b = 1100mm)

Series Test repetitions Label h (mm) Spacer bar Seal type Sealed edges in total Secondary seal (no. of sealed edges), bs (mm)

2C 1 2C_01 5 AL P 2 X

2C2S 1 2C2S_01 5 AL P + S 2 Y (2), 9

Key: AL aluminum, WE warm edge, P primary seal (Butylver 0.25mm), S secondary seal (DOWSIL 3363 silicone), Y yes, X no

For double symmetry, 1/4th of the nominal geome-
try for both the 2C2S_01 and 2C_01 bending IGU spec-
imens with h1 = h2 = h = 5mm thick glass panels
and early discussed in Bedon and Amadio (2020) was
numerically reproduced, with appropriate restraints
(see Fig. 5b and Table 3). In order to minimize pos-
sible uncertainties in the comparison of FE and past
experimental estimates (and especially the actual bend-
ing stiffness of WE bars in Fig. 2), the attention was
mainly focused on specimens with AL spacer bars (see
Fig. 5c). The latter was described in the form of a reg-
ular box section (0.31mm the uniform thickness, with
15.5mm × 6.5mm the external size), that well adapts
to the nominal geometry.

C3D8R solid elements from ABAQUS library were
used. As in Sect. 2, a regular mesh scheme was used
for the spacer connection components, while a variable
pattern was preferred for the glass panels. The refine-
ment in the region of the external edges (i.e. for the
bonding layers, the spacer bars and the perimetral por-
tions of glass) typically resulted in 250,000 brick ele-
ments and 800,000 DOFs for each FE assembly (see
Fig. 5b).

3.2 Mechanical interactions, material properties and
reference configurations

All the mechanical interactions for the involved FE
components were defined as in the case of shear triplets
(i.e., with surface-distributed “tie” constraints). The
presence of 2-edge sealed panels facilitated the numer-
ical assembly and allowed to disregard potential load
sharing phenomena due to unsealed cavity.

Regarding the mechanical characterization of mate-
rials in use, based also on Sect. 2, nominal silicone
properties were disregarded, in place of the more
accurate experimentally derived properties that were
directly implemented in ABAQUS (see Eqs. 1–3).
Glass andbutylwere indeed still described as inTable 1.
The use of a linear elastic material for AN glass, in this

regard, was justified by the major focus on the pre-
fracture numerical analysis of bending responses. At
the same time, such an assumption was recommended
due to the severe scatter and variability in the actual
tensile resistance of AN glass, thus in the high vari-
ability that could have affect the experimental frac-
ture patterns. Through the post-processing stage of FE
results and corresponding experimental deformations,
accordingly, the evolution of tensile stresses along the
restrained edges of glass was specifically investigated
(being representative of the fracture origin for all the
experimental samples). Finally, an equivalent elasto-
plastic constitutive law was used for the AL spacer
bar. According to EN 573-3 (2019) and EN 485-2
(2016) product standards, the mechanical parameters
were set equal to Eal = 70GPa, fy,al = 160Mpa and
fu,al = 195MPa, with εu,al = 9% the nominal elon-
gation at failure and ρal = 2721 kg/m3.

Three reference FE system options were thus taken
into account for bending performance assessment of
2-edge sealed panels:

(a) FE-B0: all the interfaces with ideal “tie” constraint,
with nominal mechanical properties for the materi-
als (Table 1), with the exception of silicone (exper-
imental features from Eqs. 1–3). Such a reference
FE systemwas used to represent the 2C2S_01 spec-
imen of Table 3;

(b) FE-B1: the same of case a), but deprived of the
silicone layers (thus including only spacer bars +
butyl strips). This FE model was implemented to
describe the 2C_01 specimen of Table 3, with con-
nection details in analogy with Fig. 3a;

(c) FE-B2: as a further configuration of technical inter-
est, the FE assembly was described as for case a),
butwithout anymechanical connection between the
silicone layer and the adjacent spacer bar (Fig. 3b).

3.3 Load-deflection results

As shown in Fig. 6a, the tested configurations offered
a useful feedback on the actual bending performance
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a b

Fig. 6 Bending performance assessment of 2-edge sealed IGU panels (ABAQUS): a FE limit conditions and b detailed estimates,
compared to the past experimental results (Bedon and Amadio 2020)

Table 4 Bending stiffness assessment for the selected IGU panels in Fig. 6b

FE model EIeff,1 (kN/mm) EIeff,2 (kN/mm) �EIeff,1 (%) �EIeff,2 (%)

FE-B0 0.0812 0.0633 – –

FE-B1 0.0615 0.0456 −24.26 −27.96

FE-B2 0.0679 0.0533 −16.38 −15.80

of IGU specimens. Compared to the FE limit condi-
tions associated to weak (layered) or fully rigid (mono-
lithic) connection between the glass edges, the selected
specimens clearly show a medium/poor degree of con-
nection, for the 2C2S and 2C series respectively, thus
enforcing the positive contribution of silicone layers.

Detailed comparison are collected in Fig. 6b, where
it is worth of interest to notice the rather close correla-
tion between the two specimens and the corresponding
FE models. For the intermediate FE-B2 configuration
(lateral debonding for the silicone layer), a sensitive
variation of bending stiffness can be perceived, when
compared to the ideal FE-B1 system.

From Fig. 6, a significant variation in the slope of
load-deflection curves can be also appreciated, for the
past experiments as well as (even less pronounced)
corresponding FE models. The latter was found to be
numerically associated to the progressive yielding of
butyl layers, and thus by the consequent activation (if
any) of the silicone layers. In analogy with Sect. 2, it
can rationally detected a bending stiffness parameter
denoting:

– EIeff,1: the initial elastic response of a given IGU
panel (up to the first yielding of butyl layers), and

– EIeff,2 : the plastic bending stiffness of the system
(up to fracture f glass, or failure of silicone bonds).

Table 4 shows the so calculated performance parame-
ters, with the percentage variation with respect to the
ideally bonded FE-B0 assembly.

3.4 Stress results

As shown in Fig. 6a, the tested configurations proved
to offer useful feedback on the actual bending perfor-
mance of IGU specimens. Compared to the FE limit
conditions associated to weak (layered) or fully rigid
(monolithic) connection between the glass edges, the
selected specimens offered an intermediate bonding
level. Values in Table 4 are inclusive of spacer con-
nection features but also glass stiffness contributions,
as well as possible uncertainties in the actual bonding
behaviour of the involved components. For the exam-
ined scenarios, however, they can provide a first quan-
tification of sealant roles. The same bending stiffness
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Fig. 7 Bending performance assessment of 2-edge sealed IGU
panels (ABAQUS, with scale factor = 3): a typical beam-like
deformation (displacement values in m) and b corresponding bi-

triangular bending stress distribution in the glass panels (stress
values in Pa)

contributions directly reflect on the stress distribution
in each load-bearing member, glass panels included.

Given the relatively small aspect ratio and imposed
test setup for the selected IGU panels, a typical beam-
like bending performance was observed for them (see
Fig. 7a). FE results are proposed for the FE-B1 sys-
tem deprived of the silicone bonds. The relatively weak
bonding effect offered by the spacer connections in use

(AL bar+ butyl) resulted in a bi-triangular distribution
of stresses for both the glass panels (Fig. 7b). Maxi-
mum stress peaks were achieved in the region of load
introduction, as in the case of most of the experimental
specimens (see Bedon and Amadio 2020).

Fracture propagation andpost-crackingperformance
for the selected IGU panels were both preliminary dis-
regarded in the current FE study, given that the attention
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a b

Fig. 8 Bending response of 2-edge sealed IGU panels (ABAQUS): amaximum envelope of tensile stresses along the restrained edges,
as a function of the imposed load and b sliding of glass panels

was focused on the pre-cracked stage for glass. For all
the FE models, however, stress peaks and evolution at
different loading stages were in any case monitored,
and compared with nominal resistance values for glass
(45MPa, for AN glass). Regarding the FE-B1 model
in Fig. 7, for example a maximum tensile stress in the
range of 20MPa can be observed at an imposed deflec-
tion of ≈ 17mm, that roughly corresponds to the col-
lapse deformation for the 2C_01 sample with identical
features.

Besides theglobal bendingperformancewasobserve
to qualitative agree with Fig. 7 for all the investigated
FE models, the primary effect of different mechanical
properties for spacer connections was found in local
effects emphasized in Fig. 8. For the FE-B0 model
with a rather efficient bond, almost identical stress
peaks along the glass edges were calculated for the
top and bottom panels, with up to ≈20MPa under
1kN of total load (≈0.18mm the relative sliding, see
Fig. 8b). These stress peaks progressively increase—

for the same load level of 1kN—up to 25MPa (+25%)
and 30MPa (+38%) for the FE-B2 and FE-B1 models
respectively, and similar variations can be observed for
the sliding values in Fig. 8b.

3.5 Analytical analysis of experimental and numerical
estimates

As a further validation of the past experiments and FE
numerical estimates, additional analytical calculations
were carried out with the analytical models adapted
fromMöhler (1956) and Pascual et al. (2019) for sand-
wich sections respectively, and further discussed in
Bedon and Amadio (2020).

The so-called γ-method from Möhler (1956), in
particular, was used in Bedon and Amadio (2020) to
extrapolate the spacer connection efficiency from the
equivalent bending stiffness of each tested IGU speci-
men, i.e.:

(E I )y,e f f =
∑2

i=1
Eg Iy,i + γ ·

(
2EgAi · z2i

)

+ nb · (
2E I y,bar

) + ns · (
2E I y,sec

)

(6)

and thus

0 ≤ γ = (E I )y,e f f − ∑2
i=1 Eg Iy,i − nb · (

2E I y,bar
) − ns · (

2E I y,sec
)

2EgAi · z2i
≤ 1 (7)

with:

• Eg the modulus of elasticity of glass;
• Ai = A = a × hi the cross-section of each glass
layer (i = 1, 2);

• Iy,i = (a × h3i )/12 the corresponding second
moment of area (i = 1, 2);
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Fig. 9 Bending performance assessment of IGU panels
(ABAQUS): analytical estimates of past experimental results
(from Bedon and Amadio 2020)

• and zi (i = 1, 2) the distance between the middle
axis of each glass panel and themiddle longitudinal
axis for the IGU as a whole.

In the second case, see Pascual et al. (2019), the ana-
lytical formulation has been derived from the sandwich
beam theory and well applies to the reference mechani-
cal systemsherein explored.Assuming that the bonding
connection is ideally comprised between the layered
(η = 0) and fully monolithic (η = 100%) conditions,
the connection efficiency parameter is in fact given by:

0 ≤ η = wlayered − w

wlayered − wmonoli thic
100 ≤ 100% (8)

with w the mid-span deformation of the system due to
the actual bonding layers.

According to Fig. 6b, the adapted beam sandwich
theory still offers a rather good correlation with the
past load-deflection experimental estimates. Compara-
tive analytical calculations are shown in Fig. 9. More-
over, it is possible to notice that the simple bonding
connection given by butyl layers (2C series) can be

associated to a degree of interaction in the order of
η = 17% (γ = 0.031), and this is also in line with past
experimental outcomes. Accordingly, the introduction
of a bonded silicone layer (2C2S series) manifests in an
increase up to ≈3 times the connection degree for the
given geometry (η = 43.5%). Such a beneficial contri-
bution is overestimated in comparison to the γ-method,
with γ = 0.054 for the 2C2S series (≈1.75 times the
unsealed specimen).

4 FE numerical analysis of 4-edge sealed IGUs in
bending

4.1 Methods

As a further extension of Sect. 3, the reference geom-
etry and four-point bending test setup schematized in
Fig. 5a was adapted to cover the geometrical configu-
rations summarized in Table 5.

For the FEmodelling stage, in addition to trivial geo-
metrical variations, a special care was spent to account
for the presence of a sealed cavity, and thus the related
load sharing effects. A fluid interactionwas in fact used
in the cavity volume (pneumatic gas law), so that the
effect of a possible interaction between the top and bot-
tom glass panes could be numerically assessed.

To this aim, an initial FE step was defined before
the four-point bending stage, in order to represent the
cavity infill for the examined IGU specimens. At this
stage, major efforts were thus spent for the definition
of reliable cavity configurations. The sealing stage of
IGUs (as well as the typical deformations of thermo-
plastic sealants under ordinary operational conditions)
are in fact generally accepted to continuously change
the cavity conditions. In the same way of temperature
variations, ambient pressure changes can thus cause ini-
tial bending of glass panels that should be separately

Table 5 Four-point bending tests (group II, with a = 300mm × b = 1100mm)

Series Test repetitions Label h (mm) Spacer bar Seal type Sealed edges in total Secondary seal
(n. of sealed
edges), bs
(mm)

4C4S_AL 1 × 3 specimens 4C4S_AL01 10 AL P + S 4 Y (4), 6

4C4S_AL02 10 AL P + S 4 Y (4), 6

4C4S_AL03 10 AL P + S 4 Y (4), 6

Key: AL aluminum, WE warm edge, P primary seal (Butylver 0.25mm), S secondary seal (silicone DOWSIL 3363), Y yes, X no
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Fig. 10 Bending performance assessment of 4-edge sealed IGU panels (ABAQUS): a load-deflection, b load-tensile stress in glass,
and c stress distribution in the glass panels (values in Pa). Experimental results reported from Bedon and Amadio (2020)

assessed (Koslowski and Wolf 2016), as an additional
contribution leading to possible premature fracture of
glass. All the other potential climatic effects (tempera-
ture, altitude, etc.) could then manifest in even further
stress/deformation variations that should be combined
with the external mechanical loads (wind, etc.).

In this research paper, the reference FE modelling
assumption was to assume the worst possible atmo-
spheric variation for the sealing stage of the examined
IGUs, while disregarding additional climatic events
(that should be separately assessed). In this sense, it
is known that the common atmospheric pressure pamb

fluctuates in the range from pmin = 0.95 atm (lowpres-
sure) to pmax = 1.03 atm (high pressure), and thus
both the limit conditions were taken into account to
fill the FE gas cavity (Koslowski and Wolf 2016). A
given IGU is in fact conventionally manufactured and
sealed at a specific atmospheric pressure pseal that falls
in the above interval (pmin ≤ pseal ≤ pmax). This
means that a daily fluctuation of the ambient pres-
sure pamb unavoidably manifests in a certain imbal-
ance with the internal cavity pseal (with up to �p =
±(pmax − pmin) = ± 0.08 atm, depending on the
sealing conditions). The latter, accordingly, tends to

flex the glass panels inward or outward, depending
on pseal and patm. Given the lack of specific details
andmeasurements for the experimental specimens pre-
sented in Bedon and Amadio (2020), such a conserva-
tive FE assumption resulted respectively in an initial
cavity over-pressure or under-pressure, compared to
the external ambient, thus in a series of initial bend-
ing stress/deformations for the glass panels (due to
pressure/volume variations in the cavity) that exhib-
ited prior to the application of mechanical loads. For
the examined geometrical configurations, the amount
of these stress/deformation effects was generally found
to be negligible (≈1MPa of tensile stress at the mid-
span section of glass), compared to the effects due to
the four-point bending setup in use at the time of the
destructive experiments.

4.2 Load-deflection and stress results

In general, the use of FE modelling approaches and
input parameters according to Sect. 4.1 resulted in
rather close correlation with the corresponding test
measurements. In Fig. 10a, comparisons are shown in
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terms of load-deflection estimates, for the reference FE
model as well as for the limit layered and monolithic
configurations. Besides the presence of 4-sealed edges
and fully insulated IGUcomponents, no sensitive varia-
tions were observed in comparison to the 2-edge sealed
specimens discussed in Sect. 3. Accordingly, γ- and η-
analytical estimates of connection efficiency resulted
in ≈0.08 and ≈18% respectively, thus further enforc-
ing the presence of a relatively weak edge connection
among the 10mm thick glass panels.

As far as the stress evolution is investigated for
the top and bottom glass panels, maximum tensile
peaks were first numerically estimated for the bottom,
unloaded panel, see Fig. 10b. Both the glass panes still
proved to offer a beam-like bending distribution of ten-
sile stresses (see also Fig. 10c). Under a total imposed
load of 4kN, stress peaks were predicted in the order of
≈27MPa and ≈35MPa for the top and bottom layers
respectively, thus suggesting (as far as the variability of
the actual resistance of glass specimens is disregarded)
a fracture initiation from the bottom glass panel. Such
a numerical outcome is also in line with the experimen-
tal observations reported in Bedon and Amadio (2020),
where crack initiation was visually detected from the
bottom glass panes of the three specimens belonging
to the 4C4S series with AL spacer bar.

5 Load sharing effects and calculation example

At a final stage of the numerical investigation, the FE
outcomes partly summarized in Sect. 4 were further
elaborated, in order to develop useful comparative cal-
culations with some analytical formulations, The atten-
tion was focused on the simplified analytical formu-
lations currently in use to account for load sharing
phenomena in glass panels belonging to IGUs under
mechanical loads or climatic (internal) events (see for
example prEN 13474-1 2007; CNR DT 210 2013).

Certainly, the IGUgeometrical configurations inves-
tigated in this studymay not be realistic for the descrip-
tion of full-scale load-bearing IGUs of practical use.
In addition, it is important to remind that a detailed
structural design process for IGU assemblies should
generally take care of multiple aspects, namely the
optimal thickness of glass, but also the detailing of
spacer sealants under the expected operational con-
ditions (see for example Dow Corning 2016; Wolf
2002, 2003). This is not the case of the calculation

example herein reported, that preliminary focuses on
the expected stress/displacement effects for the glass
panels only, due to interposed edge connections and
gas infills. In any case, the comparative results herein
reported should represent a useful feedback for the reli-
ability assessment of simplified design methods in use.
The actually available load sharing formulations, see
(prEN 13474-1 2007; CNR DT 210 2013), are in fact
specifically recommended for IGUs with four linear
supports along all the edges, and subjected to uniform
distributed pressures. While these boundary and load-
ing configurations are certainly of interest for design
purposes, however, they do not reflect the high vari-
ability of possible operational conditions for IGUs in
modern buildings.

As such, for comparative purposes, the 4C4S model
in Fig. 10 was further explored in this paper, under
the effects of a given uniformly distributed pressure
q = 2 kPa, being imposed on the external glass surface
of panel “1”, see Fig. 11a. The latter can be represen-
tative of a short-time wind pressure acting on glass,
or other short-term accidental loads. All the IGU geo-
metrical features for global dimensions, glass thick-
ness and spacer connection components were kept fix,
as in the experimental investigation summarized in
Sect. 4 and Bedon and Amadio (2020). Possible tem-
perature/humidity variations were also disregarded in
the calculation examples, so as to do not further affect
the gas cavity (and thus involve additional potential
initial stresses and deformations for the glass panels).

The comparative calculations were repeated for the
same IGU geometry and imposed external pressure q,
for the two different boundary conditions in Fig. 11b,
c.

According to the (prEN13474-1 2007;CNRDT210
2013) technical documents, key parameters for load
sharing effects in IGUs with linear supports along all
the edges like Fig. 11b are:

k1 = h31
h31 + h32

= 0.5 ( f or h1 = h2 = h) (9)

k2 = 1 − k1 = 0.5 (10)

with i = 1 for the exposed (loaded) glass panel and
i = 2 the unexposed panel, while:

ϕ = 1

1 + ( a
a∗

)4 = 0.908 (11)

a∗ = 28.9 4

√
h31 h

3
2 s

(h31 + h32) k5
= 0.531 (12)
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Fig. 11 Reference
case-study system: a
schematic representation of
the whole geometry (with
a < b), with b, c selected
boundary conditions

where λ = a/b = 300/1000 = 0.27 and k5 = 0.07
depends on the IGU aspect ratio λ.

Based on Eqs. (9)–(12), it follows that the imposed
pressureq is expected to redistributes onto the twoglass
panels in the form of:

q1 = (k1 + ϕ k2) q = 0.954q (13)

q2 = (1 − ϕ ) k2 q = 0.046q (14)

and thus most of the external pressure would be sus-
tained by the external layer “1” only.

The conventional static calculation approach for the
selected IGU requires then that the maximum tensile
stresses and deformations due to the so calculated pres-
sure contributions q1 and q2 are separately assessed
for each layer. In other words, the minimum required
thickness can be calculated for each panel as in the case
of independent glass layers, under the effects of load
contributions from Eqs. (13)–(14). Such a goal can be
achievedwith the support of non-linear analytical mod-

els agreeing with Table 6, where h is the thickness of
glass plates and A = a × b, with E the MoE of glass
(while k1 and k4 are defined in the CNR DT 210 doc-
ument as a function of the loading rate and λ).

The expressions recalled in Table 6 are known
to offer reliable estimates for single monolithic (or
even laminated, with equivalent thickness assump-
tions) glass plates under various boundary conditions.

Their reliability is alsobrieflyemphasized inTable 7,
where FE numerical and analytical calculations (from
Table 6) are proposed for an independent, single mono-
lithic glass panel under the loading and boundary con-
ditions earlier schematized in Fig. 11 (with h = 10mm
the nominal thickness). For a given glass plates with
both 4 or 2 linear edge supports and uniform pressure
q, the rather good correlation of stress and deflection
estimates can be perceived from Table 7.
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Table 6 Analytical model for rectangular glass panels under distributed design pressure (CNR DT 210/2013)

Parameter 4 linear supports Fig. 11b 2 linear supports (short edges restrained) Fig. 11c

Stress σmax = k1
A
h2
qi σmax = 0.75 b2

h2
qi
E

Displacement wmax = k4
A2

h3
qi
E wmax = 0.148 b4

h3
qi
E

Table 7 Numerical and analytical stress/displacement estimates for a single glass panel (h = 10mm) under a q = 2 kPa distributed
pressure

4 linear supports Fig. 11b 2 linear suppoorts (short edges restrained) Fig. 11c
Independent, single glass
panel (legend values in m)

Independent, single glass
panel (legend values in m)

FE numerical (ABAQUS) Analytical (Table 6) FE numerical (ABAQUS) Analytical (Table 6)

Stress (MPa) 1.32 1.32 15.10 15.00

Displacement (mm) 0.04 0.04 4.45 4.23

Major issues, on the other side, arise from the anal-
ysis of IGUs under the above loading and boundary
conditions. As far as static calculations are extended to
composite IGUs, stress/deflection estimates can in fact
take advantage of Eqs. (9)–(14) for 4-edge linearly sup-
ported panels. In contrary, 2-edge linearly supported
IGUs still suffer from the availability of dedicated (and
reliable) load sharing analytical models.

For comparative purposes, FE and analytical IGU
predictions are thus reported in Table 8. The collected
FE results, as also in accordance with previous experi-
mental validations, generally gave evidence of a rather
uniform redistribution of load effects onto both the
exposed (loaded) and unexposed (unloaded) glass pan-
els. Besides that, a more detailed analysis of the bend-
ing response for the single glass layers composing the
IGUwas found tobe still in linewith the contour plots in
Table 7. More in detail, see Table 8, a close correlation
can be observed in the stress/displacement response of

the 4-edge linearly supported IGU (for both the glass
panels), with respect to the analytical predictions of
Eqs. (9)–(14) and Table 6.

In the case of 2 linearly restrained edges, other-
wise, no analytical feedback is available from the
existing load sharing analytical approach. The bending
response was found to agree with the experimental out-
comes reported in Sect. 4. Accordingly, Table 8 shows
that stress and displacement effects in glass are rather
uniformly distributed on both the exposed and unex-
posed glass panels, with mostly identical effects due
to the external pressure q, that roughly corresponds
to q1 = q2 ≈ 0.5q. Such an effect can be primar-
ily explained in the global bending deformation of the
two reference configurations, namely a plate (for the
4-edge supported) and a beam-like (2-edge supported)
behaviour, and thus on the actual bending contribu-
tion of the spacer bars in use. In the second case, more
in detail, the bars themselves are subjected to relevant
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bending deformations, due to the lack of continuous
restraints along the longest edges. As far as the spacer
connection is able to carry on the external loads, it fol-
lows that the unexposed glass panel is forced to bend
in the same way of the loaded glass panel, thus to attain
large deformations and high stress peaks.

For the same boundary condition, moreover, pres-
sure/volume variations in the gas cavity (still occur-
ring) were indeed found to have a minor contribu-
tion, compared to the typical load sharing phenomena
that are generally expected in IGUs with 4-edge lin-
ear supports. In order to further generalize such a kind
of effect, however, further extended studies should be
dedicated to IGUs with similar loading/boundary con-
ditions and characterized by a high variability of geo-
metrical features (i.e., aspect ratio λ, glass thickness h,
cavity thickness s, etc.) or mechanical characteristics
(i.e., spacer connection components, size,materials), as
well as loading conditions (including long-term effects
or ambient variations). Finally, a separate care should
be dedicated to the analysis of triple glass unitswith two
gas cavities, in which the above outcomes are expected
to further magnify.

6 Conclusions

Insulated Glass Units (IGUs) are largely used in build-
ings, due to a series of motivations. Among others,
IGUs can be involved as mechanical systems able to
behave as composite assemblies characterized by the
presence of linear connections along their edges. As
such, dedicatedmethods of analysis and design are con-
ventionally required to capture their actual mechanical
performance, first of all the well-known load sharing
effects.

This paper further extended a previous research
study (“Part I”), in which the mechanical response of
IGU specimens under shear and bending was experi-
mentally investigated. Careful consideration was paid
for the shear performance assessment of silicone sealed
spacer connections of typical use for IGUs, as well as
on the bending performance of IGU prototypes with
two linearly supported edges.

Based on the past experimental outcomes, in partic-
ular, accurate Finite Element numerical models have
been presented to explore the load-bearing perfor-
mance of selected configurations of spacer connec-
tions and IGU geometries. A focus was spent on the
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actual mechanical contribution of primary and sec-
ondary seals, and on how they can both contribute to
the final stiffness and resistance of IGU assemblies.

Taking further advantage of FE numerical models
validated towards past experiments, final efforts were
dedicated to the preliminary assessment of analytical
models that are in use to account for load sharing phe-
nomena in IGUs. Among others, the European stan-
dards formulations are sensitive to the size of a given
IGU to verify, as well as to the thickness of the con-
stituent glass panels, and the thickness of the inter-
posed gas cavity. Especially for IGUs with relatively
small slenderness ratio, in addition, the latter results
in load sharing phenomena that are mostly conserva-
tive for the glass plate that is exposed to the assigned
external loads, while disregarding possible load shar-
ing effects for the unexposed glass panel. Moreover,
the standardized analytical approach for load sharing
effects is suitable for IGUs with four linearly sup-
ported edges, and cannot be adapted to other boundary
conditions of technical interest (i.e., 2-edge restrained
assemblies, etc.). As such, simple analytical calcula-
tions of literature that actually support IGU designers
are specifically intended for assemblies with a plate
behaviour, rather than a beam-like response under the
design mechanical or climatic loads.

According to the collected FE and analytical predic-
tions, it was shown in this paper that even in the case
of 2-edge supported, beam-like IGUs, both the spacer
connection features and the interposed gas infill can be
still responsible od a coupled mechanical interaction
for both the constituent glass panels in use, thus result-
ing in a relatively balanced redistribution of design
loads and thus in similar stress/strain estimates for the
glass layers to design. Such an effect mostly depends
on the bending deformation of the spacer bars along the
unrestrained IGU edges. As far as the spacer connec-
tion components are able to carry on the imposed loads,
it turns out that the unexposed glass panel is forced to
flex in the same way of the loaded glass plate.

At the same time, besides the research outcomes
reported herein, it is also recognized that further influ-
encing parameters should be further assessed for IGUs
or even Triple TGUs, including a combination of
mechanical variations and also various operational con-
ditions (i.e., long-termphenomena, climatic loads, etc.)
of technical interest. The actual comparative results
and conclusions, accordingly, will be further extended
towards the assessment of simplified analytical mod-

els in use for IGU assemblies under various boundary
conditions.
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